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Anuwat Chanhome : COORDINATION BETWEEN CENTRAL AND
LOCAL CONTROL OF PHOTOVOLTAIC GENERATION
SYSTEM FOR CONTROLLING VOLTAGE
VIOLATION AND UNBALANCE IN DISTRIBUTION SYSTEMS. Advisor:
Asst. Prof. SURACHAI CHAITUSANEY, Ph.D.

Solar energy is a clean and pollution-free energy. Economic growth has led to
increased demand for electricity in many countries, which has encouraged the installation of
solar power generation systems, especially in LV distribution system. Households have the
potential to install solar power generation systems because the costs of installation and
maintenance have been continuously decreased. However, when there are many connected
solar power generation systems in LV distribution system, the following problems may
occur: (1) Loss of real power generation due to the operation of overvoltage protection of
solar power generation systems, especially the ones on downstream nodes and (2) Voltage
unbalance due to the connection of single-phase solar power generation system.

In this dissertation, solar power generation system is determined as only
Photovoltaic (PV) system. To cope with the above mentioned problem in LV distribution
systems, this dissertation applies a control strategy to support high PV penetration which is
the coordination between central and local controls. Central control is used to assess
parameter setting for local control by considering the following principles: (1) the total
connected PV system must inject real power output at the maximum value and (2) the
parameter setting result must not cause voltage violation under uncertainty condition in LV
distribution system. 2-stage Particle Swarm Optimization (PSO) is applied in central control
for the parameter assessment of local control. The parameter setting will be sent to local
control which consists of P(U) and Q(U) functions. P(U) and Q(U) functions are used for
real and reactive power output adjustment from connected PV system respectively. The
operation of P(U) and Q(U) functions will be regulated when the voltage at the connection
point of PV system changes. In this dissertation, the power flow algorithm with using local
control P(U) and Q(U) functions applies Newton-Raphson Method with step-length
adjustment. The test systems are modified 19 and 29 node distribution systems. The power
flow results show that the parameter setting obtained from central control enables the local
control operate effectively under uncertain conditions in LV distribution systems.

Field of Study:  Electrical Engineering Student's Signature .........c.cceeeevveneenen.
Academic Year: 2018 Advisor's Signature .........ccceeeverveennnne
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CHAPTER 1

INTRODUCTION

The introduction begins with the problem statement which specifies the problem
to be solved in this dissertation. After that, objective, scope, steps of study, and expected

benefits are described. Finally, the dissertation structure is presented.

1.1 Problem Statement

Solar energy is a clean energy and does not cause pollution to environment.
Therefore, the technology for generating electricity from solar energy has been
developed such as Photovoltaic (PV). In many countries, the renewable energy,
especially solar energy, is emphasized for replacing the electricity generation from
fossil fuel. In Germany, their policy supporting the PV installation into the grid such as
high Feed-In-Tariff (FIT) and Distribution System Operators (DSOs) are obliged to
respond grid reinforcement cost to support PV installation according to §14 EEG [1].
Then, there are total PV installations around 41.3 Gigawatts peak (GWp) in Germany
in 2016. In Thailand, there is Alternative Energy Development Plan (AEDP) [2] that
total PV installations in 2035 should be around 11% of global electricity production.
For total PV installation, the ministry of energy and the related agencies in Thailand
have set the additional guidelines for covering in the household level to drive AEDP to
meet the goal. The additional guideline relates PV installation at the house rooftop for
supporting electricity in Low Voltage (LV) distribution system. However, more PV
installations in LV distribution system can bring about such the following problems:

- Loss of real power generation because the overvoltage protection of the PV
inverter is operated, whereby most PV inverters in the downstream nodes
are disconnected.

- Voltage unbalance due to the connection of a single-phase PV inverter.

Generally, the aforementioned problems can be resolved by the followings [3-
6]:

- Installing an MV/LV transformer with an On-Load Tap Changer (OLTC).

- Installing an energy storage system.
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- Changing conductor size of LV feeder.

However, installing an OLTC has the limitation that it increases significantly the cost
of the MV/LV distribution transformer and is unable to change tap positions frequently
when voltage variation occurs on the LV feeder due to intermittent sunlight. Energy
storage systems, which have been proved as flexible tools for peak-shaving, power
shifting, and electrical backup, are still very expensive. Finally, changing into larger
conductor size have to invest for new line conductor.

To support more PV installation or high PV penetration in LV distribution
system, many previous researches [7-13] have studied in controlling PV system instead
because it is cheaper than installing OLTC, installing energy storage system, or
changing into new larger conductor. In addition, PV system is an electronic device that
can adjust power output frequently. The previous researches [7-13] have been studied
with different three aspects as follows.

1. Central control regulates each PV system directly: In the research [7],
central control or Distribution System Operator (DSO) regulates only
reactive power output from each PV system every 10 second in 3-phase
balanced LV grid. In the researches [8, 10], central control regulates
maximum allowable real power output and reactive power output from each
PV system every 1 hour. The research [8] considers on 3-phase balanced
LV distribution system but the research [10] considers on 3-phase
unbalanced LV distribution system. The researches [7, 8] consider only 3-
phase PV system and the research [10] considers only single-phase PV
system.

2. Each PV system is controlled by self-local control: Each PV system have
self-local control to adjust real or reactive power output automatically. The
research [11] considers only local control Q(U) function which reactive
power output will be changed when voltage at the connection of PV system
is changed. The research [12] considers only local control P(U) function
which real power output will be changed when voltage at the connection of
PV system is changed. Finally, the research [9] considers both P(U) and
Q(U) function. All researches [9, 11, 12] consider on 3-phase balanced LV
distribution system and only 3-phase PV system.
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3. The coordination between central and local control: In this case, central
control can adjust parameter setting of local control of each PV system. The
research [13] considers the adjustment of local control once per day. The
local control includes Q(P) function, which reactive power output will be
changed when real power output is changed, and real power limitation
which PV system will not generate real power output more than specified
real power limitation. The research [13] considers on 3-phase unbalanced
LV distribution system and only single-phase PV system.

All researches [7-13] determine the control of PV system by central or local
control for controlling voltage, current and transformer capacity in LV distribution
system within the limit. The researches [7-9, 11, 12] consider on 3-phase balanced LV
distribution system but the actual LV distribution system is normally a 3-phase
unbalanced grid. All researches [7-13] determine PV system as only 3-phase or 1-phase
connection that conflict the actual situation. The actual LV distribution system will be
connected by both 3-phase and 1-phase PV system. The research [7] needs very reliable
communication system because central control communicate each PV system every 10
seconds. If the communication system fails, PV system cannot adjust reactive power
according to the command of central control and, then system voltage may be risen and
exceed the limit if the system load is decreased. Consequently, some PV system will be
disconnected from LV distribution system by its overvoltage protection of each PV
system. The researches [8] and [10] predict load and solar irradiance one hour ahead
and find optimal maximum allowable real power output and reactive power output from
each PV system. The researches [8] and [10] do not consider the uncertainty of load
and solar irradiance during one hour and, then the disadvantage is that if the system
load during one hour ahead such as 30 minutes ahead decreases from the predicted
system load, it can cause voltage rise that may exceed the limit and some PV system
will be disconnected from LV distribution system. The researches [11] and [12]
consider fixed parameter setting of local control P(U) or Q(U) function from the load
and solar irradiance profile which are assumed as the same in every day. The
disadvantage is as load and solar irradiance profile actually are not the same in every
day and, then the result of fixed parameter setting of local control is not reliable for

applying in real LV distribution system. The research [9] determines the same
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parameter setting of local control of each PV system which the system voltage results
can be within the limit. However, the research [9] does not determine the maximum
utilization of real power output from each PV system. Finally, the research [13] find
the parameter setting from predicted load and solar irradiance profile one day ahead.
The disadvantage is that if the actual load is less than the predicted load, it can cause
voltage rise that may exceed the limit and some PV system will be disconnected from
LV distribution system.

In this research, the coordination between central and local control is chosen for
the applied control strategy because communication system does not need for very
reliable system and the parameter setting of local control can be adjusted to suit each
specific time period. Some researches [7-9, 11, 12] consider LV distribution system as
a 3-phase balanced distribution system that conflict with the actual LV distribution
system. Then, this research considers LV distribution system as 3-phase unbalanced
distribution system. All researches [7-13] consider PV system as only 3-phase or 1-
phase connection. Then, this research considers PV system as both 3-phase and 1-phase
connection according to actual situation in LV distribution system. All researches [7-
13] does not consider the uncertainty of load and solar irradiance. Then, this research
considers the uncertainty of load and solar irradiance carefully for finding optimal
parameter setting of local control. Moreover, All researches [7-13] does not consider
the voltage unbalance due to the connection of 1-phase PV system. Then, the voltage
unbalance is considered in this research. Local control scheme function is determined
both continuous and piecewise linear functions. The power flow algorithm with using
local control function will apply Newton-Raphson method with step-length adjustment.
2-stage Particle Swarm Optimization (PSO) will be applied for finding optimal
parameter setting of local control in this research. The optimization problem is
maximization of real power output from overall PV systems. The modified 19-node and
29-node will be demonstrated to show the effectiveness of the result of the optimal
parameter setting of local control.

The main contribution of this dissertation can be concluded that the uncertainty
of load and solar irradiance are considered carefully for finding optimal parameter

setting of local control. The power flow results from the optimal parameter setting can
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be shown in Chapter 7 and they are regulated within the limit effectively under the

uncertainty of load and solar irradiance.

1.2 Objective

- Determine the coordination between central and local control strategy to
support high PV penetration in LV distribution system.

- Determine the solution for assessing the optimal parameter setting of local
control of PV system by considering the uncertainty of load and solar

irradiance..

1.3 Scope of Research Work and Limitations

1. Only LV distribution system is considered.

2. LV distribution system is considered as only radial system.

3. 3-phase PV system is considered as generating only positive sequence
current.

4. PV system of any one household has only one PV inverter.

5. PV system is assumingly lossless.

6. PV system can be embed both two types of local control function such as
continuous and piecewise linear functions but only one type can be selected
to operate at specific time.

7. LV distribution system is considered as 3-phases 4-wires system with
multi-grounded.

8. LV distribution system is considered in normal condition and fault
condition is not considered.

9. The constraints of line flow limit, transformer capacity limit, voltage limit,

voltage unbalance factor limit in LV distribution system are considered.

1.4 Steps of Study

1. Studying the principles of LV distribution system.
2. Studying 3-phases power flow.
3. Studying grid connected PV system standards.
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4. Reviewing the literatures related to the voltage control in LV distribution
system.

5. Reviewing the literatures related to PSO optimization technique.

6. Formulating and developing the optimization problem in order to determine
the optimal parameters setting of local control.

7. Determining the relevant data in simulation.

8. Simulating the test system.

9. Concluding the research and writing the dissertation and academic papers.

1.5 Dissertation Structure

The rest of this dissertation is organized as follows. In the next chapter, the
current situation of PV system in LV distribution system in many countries is presented.
Chapter 3 clarifies interconnection system requirements for PV system in LV
distribution system in many standards. In Chapter 4, the applied control strategy is
presented in coordination between central and local control. In Chapter 5, 2-stage PSO
and the power flow algorithm with using local control function will be explained in
optimization process. Chapter 6 presents 2 test systems and 1 week collected data in
test system details. After that, the simulations are demonstrated in 2 test systems and 1
week collected data and the results are discussed. Finally, the conclusion of this

research is drawn.
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CHAPTER 2

THE CURRENT SITUATION OF PV SYSTEM IN LV
DISTRIBUTION SYSTEMS

PV system is a renewable energy source that has grown steadily in many
countries, because solar energy is a clean energy source that is never used up and is
environmentally friendly. Plus, the prices of equipment related to the PV system are on
the downward trend. It is the cause for many country to expand the electrical generation
by promoting rooftop PV system installation at residence or at L'V distribution system.

In this chapter, it will be divided into 3 topics.

2.1 Components of PV System

There are two components of PV system that are consisted of PV array and PV
inverter as shown in Figure 2.1.

DCSide | ACSide

PV A \MEP—T Inverter /. Distribution
ey /" System

Figure 2.1 PV System

2.1.1 PV Array

Photovoltaic (PV) cell is an electronic invention made of semiconductor and it
is responsible for turning light energy into electricity. The light may be from the sun or
lamp. Many PV cells are combined together into PV module to produce higher voltages,
current and power levels. A PV array is the complete DC current generating unit,
consisting of any number of PV modules. The most popular substance that is used to

produce PV cell can be divided into 2 type [14-16].
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2.1.1.1 Silicon

At the present, PV cell is mostly produced from silicon substance and it can be

divided into two types according to the crystal characteristic.

1.

Crystalline silicon can be divided into mono and poly crystalline silicon.
Silicon is one of the most abundant elements in the world from the smelting
and sanding processes and, then, silicon is the cheapest semiconductor
material. Silicon is commonly used as a substance for electronic industry
such as transistors and Integrated Circuits (ICs). For mono crystalline
silicon or c¢-Si, it is popular and widely used, such as in remote rural areas,
or in places where access to electricity utilities is difficult, such as in the
northern part of Thailand. For poly crystalline silicon or pc-Si, it is a result
of the efforts to reduce the cost of c-Si solar cells. pc-Si solar cells
production have lower cost than c-Si solar cells around 10% and, then, pc-
Si solar cells are popular in Thailand too.

Amorphous silicon is the product of silicon substance too but not in the
form of crystals. Amorphous silicon cause a thin layer of silicon only 300
nano metre thin. It is lightweight, easy to manufacture, has the advantage
of not polluting the environment. The application of amorphous silicon are

such as small calculator and watch.

2.1.1.2 Non-Silicon

Non-silicon solar cells are made of other substance that is not silicon. The

highlight of this type of solar cell is the efficiency of up to 25 percent, but the price is

very high. It is rarely used on the earth. Often used in space, such as satellites and

concentrated solar power plant. Currently, only 7% of this type of solar cells is used.

2.1.1.3 Maximum Power Point Calculation of PV Array

PV array can produce DC current when sunlight fall onto the PV cell and PV

inverter will track DC current at Maximum Power Point (MPP) which can be calculated

regarding to the solar irradiance, ambient temperature, and the characteristic of module

as shown in equations (2.1)-(2.5) [17].



LLE8GEBSET

9 thes | £0:1g 16T 2952L0vz A9a1 | uo 1veviess ip tzzevtzos siseutt o I[NNI

Nor — 20
Teen = Tamp + Sirr <—> (2.1)
0.8
S.
Iy = Olr8r Igc + Ki[Tcen — Nor]) (2.2)
Voc = Vo% + Kv[Tcell - NOT] (2.3)
VI\(/;PP 'IAQIPP
FF = —F—F— 2.4
VeI 24
Pypp = Ng - FF - Vo * Isc (2.5)

where T,eyy, Tamp and Nop are temperature (°C) of cell, ambience and nominal cell
operation respectively. s, is solar irradiance (kW/m?); V.2 is open-circuit voltage at
normal cell operating temperature (V); IS, is short-circuit current at normal cell
operating temperature (A); Vpp is MPP voltage at normal cell operating temperature
(V); Ipp is MPP current at normal cell operating temperature (A); K, and K; are
voltage and current temperature coefficient (V/°C and A/°C) respectively; N is number

of PV module; Pypp i1s MPP power from PV array (W).
2.1.2 PV Inverter

PV inverter is a device that converts DC current into AC current to connect to
electrical system properly and PV inverter must meet the requirement from grid code
[18, 19] such as PV inverter must not generate harmonic current exceeding the limit
and must be able to adjust Power Factor (PF). Most of PV inverter will initiate to
generate real power output when solar irradiance is more than 0.05 kW/m? [20].

In this research, a single-phase PV system is defined as a PV system that
consists of only one single-phase inverter which apparent power output at any
connected phase can be calculated from P(U) and Q(U) local control functions. A three-
phase PV system is defined as a PV system that consists of only one three-phase
inverter. For a three-phase PV inverter, it is considered as positive-sequence current
generation source [21]. Then, positive-sequence current (Iip o= Iip o 4 Il.p %My can be
calculated, when total generation P;,,,, and Q; ,,, are known from P(U) and Q(U) local
control functions, in equation (2.6). The derivation of equation (2.6) is shown in
Appendix A. After Il.p ? is obtained, each phase current injection can be calculated from

equation (2.7) where zero and negative sequence currents (I7¢ and [;*°) are defined as
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zero because this inverter generates only positive-sequence current. Finally, apparent
power output of each phase can be calculated from equation (2.8) where § is phase

angle. The P(U) and Q(U) local control functions will be addressed later in Chapter 4.

Ipo,r 1 VpO,T‘ Vpo,m -1 p.
bom| =3% [ppom _ipor| %07 26)
Il- ’ 3 Vp Vp Qi,pv
I 1r°
I7|= [1 a? a] X 1”" =|a*-I°| ;a=12120° 2.7)
If a1’
PlApv +j- folpv ViAL5A IiA "
Pprv +j- prv = 0 ViBLé‘iB 0 X IiB
Pi,pv +] ’ Qgpv 0 0 ]/lCL(SlB IlC (28)

viest - (17" —j-17°™)
= |VE2(6F +120°) - (17" —j - 17°™)
VEL(8E =120 - (17" = j - I7°™)
For example, there is three-phase PV inverter connected with node i that phase
A, B and C voltages are 2202£0°, 2252 — 127° and 2212£121° V respectively. Total
power output P; ,,, + jQ; p 18 5,000 — j2,000 VA. Then, power output of each phase
can be calculated in 4 steps as follows.

STEP 1: Find positive sequence voltage from equation (2.9).

Ve 11 17t v
Vipo _ [1 a? a‘ x |VP (2.9)
yne 1 a a? Ve
Then,
VPOT 4 jVPO™ = 221.4297 — j7.85454 V (2.10)

STEP 2: Find positive sequence current from equation (2.6).
IPo7 +jIP°™ = 7.62 + j2.74 A (2.11)
STEP 3: Find current of each phase from equation (2.7).
l ‘ 7.62 + j2.74
[ 1.44 — j7.97

6.19 + j5.23

A (2.12)
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STEP 4: Find power output of each phase from equation (2.8).

SE|=11,627.48 — j821.03
S¢ 1,695.23 — j576.11

YS 1,677.29 — j602.87
[ VA (2.13)

2.2 The Current Situation of PV System in Thailand

Thailand is near the equator and can absorb sunlight throughout the year. Most
areas get solar irradiance around 5 kWh/m?. Therefore, Thailand is a high potential
country for installing PV system. Thai government support under the AEDP plan [2]
requires the use of renewable energy to replace fossil fuels by at least 30% or 6,000
MW within 10 years.

Currently, the purchase of electricity from PV system is fixed Feed-In-Tariff
(FIT). FIT is the policy tool, designed to accelerate investment in installation of PV
system by offering long-term contracts. FIT comes from the calculation of plant
construction costs, operating and maintenance costs over a 25 year life span. In
addition, a special FIT purchase rate has been set in addition to the normal FIT purchase
rate for projects in the southern border provinces of Thailand that include Yala, Pattani,
Narathiwat and 4 districts in Songkhla such as Jana, Tepa, Sabayoi and Natawee to
strengthen the electrical stability in the area. FIT in Thailand can be shown in Table
2.1.

Table 2.1 FIT rate for PV system in Thailand

Supported
Installed FIT rate Special FIT
Type period
Capacity (Bath/kWh) (Bath/kWh)
(year)
Less than 10
House 6.85 25 +0.5
kWp
Small Business | More than 10 to
o 6.40 25 +0.5
Buildings 250 kWp
Medium or large-
More than 250
sized business 6.01 25 +0.5
o to 1,000 kWp
building / factory
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Supported
Installed FIT rate Special FIT
Type period
Capacity (Bath/kWh) (Bath/kWh)
(year)
Government
agencies and More than 1 to
5.66 25 -
agricultural 5 MWp
cooperatives.

From data in 2015 as shown in Figure 2.2 [22], the installed solar PV system
volume was lower than the AEDP 2012-2021 target (the target is 3,800 MW). Then,
Thai government should increase incentives to increase the installation of PV system
as planned or as close to the plan as possible.

nsuaa Wi M durguIsuis udud e
uwu AEDP U 55-64 (3,800 MW)

2,500
2,000
1,500 %
1,000
500
Solar Farm Solar Rooftop  Solar 51%n15/annsal
nSNEAS
B Jvune AEDP 2,000 MW ‘ 200 MW ‘ 800 MW
M ffndsuda 1,322.2 MW ‘ 31.9 MW ‘ 0 MW

Figure 2.2 The bar chart between the installed PV capacity and the AEDP 2012-2021
target[22]

2.3 The Current Situation of PV System in Other Countries

PV system is a widely used electricity generation system in foreign countries.
In this section, the countries with the highest proportion of installed PV capacity are

presented such as Germany, Japan and USA.
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2.3.1 Germany

Germany or the Federal Republic of Germany located at latitude 51° 30' 0" and
longitude 10° 30' 0". Figure 2.3 compares the intensity of sunlight in Germany
compared to Thailand. Thailand has an average solar intensity of 1,800 kWh/m?, which
is higher than Germany with an average solar intensity of 950 kWh/m?. It is found that
Germany has a lower average solar intensity per square meter than Thailand but
Germany is currently the top proportion of PV system in the world. Electricity
generated from renewable energy as shown in Figure 2.4, it is showed that Germany
can generate 217,857 GWh from renewable energy source in 2017. Considering only
solar power, Germany can generate 39,895 GWh from solar power generation in 2017

and electricity generated from solar power generation is on the rise every year.

Figure 2.3 The intensity of solar radiation in Germany and Thailand [23]
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200,000 4 I
150,000 L I I I
100,000 4

50,000 4

1990 1994 1998 2002 2006 2010 2014

Electricity generation from renewables since 1990 {in GWh, excluding geothermal)f21]
W Hvdro Waste incineration Onshore Wind  [JJ] Offshore Wind Solar
pv [l Biomass

Figure 2.4 Electricity generated from renewable energy [24]

The cost of electricity produced by PV system is comparable to other fuels as
shown Figure 2.5 that the tariff of consumed electricity in Germany was cheap at the
beginning but the prices are rising every year (shown in Line 5). The FIT of PV system
was previously very expensive and is likely to decline rapidly (shown in Line 1). The
tariff of consumed electricity and the FIT of PV system are the same in 2012 (as shown
in the chart) and the FIT of PV system is a tendency to decrease continuously in the
future.

The rate of electricity purchased from Germany's solar PV systems is Fix Feed-

in-Tariff as shown in Table 2.2.
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Figure 2.5 Price of electricity from various power generation systems [25]

Table 2.2 FIT rate for PV system in Germany [26]

FIT rate
Installed PV Capacity
(ct/kWh)
<10 kWp 19.5
<40 kWp 18.5
< 1,000 kWp 16.5
<10 MWp 13.5

2.3.2 Japan

Japan is another successful country in installing PV system. In Japan, the
installed PV capacity of 2010 was 990 MW, 95% of which was installed on the roof of
the house. But after the earthquake and the explosion of the Fukushima nuclear power
plant in 2011, Japan has turned its attention to more renewable electricity generation.
In 2011, total PV capacity was installed at 1,296 MW which PV system on the roof are
80%. In 2012, total PV capacity has been installed 1,718 MW, up 33% from the

previous year.
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Japan aims to install PV systems by 2030 as shown the target plan in Figure 2.6,
expectedly with a 36.4 GW share of installed PV systems at residence, a 34.6 GW share
of installed PV systems for a plant of PV system is less than 1 MW and a 29.1 GW
share of installed PV systems for a plant of PV system is more than 1 MW. The total
installed PV systems will be 100 GW in 2030 or 11% of the electricity demand in Japan.

Figure 2.6 The target of installed PV capacities [27]

For the electricity price trend per kWh produced from PV systems, Figure 2.7
shows that in 2010, the cost of electricity generated from solar PV systems was 40
JPY/kWh. It is twice as expensive as consumed electricity price, but the price per kWh
of electricity produced by solar PV systems is on the downward trend. In 2014, the
price of electricity generated by PV systems is expected to decrease to 26 JPY/kWh
which is lower than the consumed electricity price of the same year at 26.3 JPY/kWh.
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Figure 2.7 Electricity price per kWh from residential PV generation system [2§]

2.3.3 USA

The United States is another country with more installed PV systems. Even
though the electricity generated by PV systems is only 0.4% of the country's capacity,
it has grown significantly. Figure 2.8 shows the size of the installation of a PV system.
The overall size of the installation is likely to increase every year, especially on

residence side.

Figure 2.8 The installed PV capacity [29]
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The price of solar panels per panel and the cost of installing PV system in the
United States is shown in Figure 2.9. Looking back in 2008, the cost of installing PV
system are § 8 per watt, while the cost is decreased into the half in 2017. The cost of
PV system installation is on the downward trend during the year 2008-2012 that the
price of solar panels dropped by 86% and the total PV system installation cost dropped
by 39%. In 2013-2017, the price of solar panels decrease by 6% while the price of whole

installation decreased by 33%.

Figure 2.9 Cost of installing solar PV system in the United States [30]
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CHAPTER 3

INTERTCONNECTION SYSTEM REQUIREMENTS FOR PV
SYSTEM IN LV DISTRIBUTION SYSTEM

To respond the increase in household PV system or PV system connected to LV
distribution system, it should have a standard to support connected PV system to
prevent problems in LV distribution system. In this research, there are 4 standards to

be considered as follows.

3.1 VDE-AR-N 4105:2011-08, Power Generation Systems Connected to the Low-
Voltage Distribution Network — Technical Minimum Requirements for the
Connection to and Parallel Operation with Low-Voltage Distribution Networks

(2011) [31]

This standard is used in Germany. It applies to the planning, construction,
operation and modification of PV systems that are connected to a network operator’s
LV system and operated in parallel with LV system. The details of this standard can be

clarified into:
3.1.1 Capacity of PV System

If several single phase PV inverters are connected to the same connection point,
then uniform distribution of the power supplied to the three line conductors shall be
aimed for, where a maximum power difference of 4.6 kVA shall not be exceeded. For
the maximum allowable capacity of PV systems in LV system, it will be determined by

system operator.

3.1.2 Power quality at the connection point of PV system
Connecting a PV inverter to LV system, it requires the following feature:
3.1.2.1 Voltage and PF Control

PV inverter must disconnect from LV system when voltage is out of limit as

follows where Vy is normal operating voltage.
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Table 3.1 The duration of PV inverter for disconnecting from LV system

Protective Function

Protection Relay Setting Values

Voltage drop protection V< 0.8-Vy <100 ms
Rise-in-voltage protection V > 1.1-Vy <100 ms
Rise-in-voltage protection V> 1.15-Vy <100 ms

Irrespective of the number of feed-in phase, PV inverter shall allow for

operation under normal stationary operating conditions in the voltage tolerance band

Vy £ 10% and in their permissible operation points starting with an active power output

of more than 20% of the rated active power with the following displacement factors

cos ¢ or PF. Figure 3.1 shows the standard characteristic curve for cos ¢(P) or PF(P)

where P,,; 1s real power output from PV inverter and P4, 1s rated real power of PV

inverter.

PF(P)

0.9 or 0.95

0.9 or 0.95

Pout /Pmted

Figure 3.1 Standard characteristic curve for cos @(P) or PF(P) [31]

- PVinverter size < 3.68 kVA:

PF = 0.95under-excited t0 0.950ver-excited Which can be adjusted in fixed PF.

- PVinverter size < 13.8 kVA but > 3.68 kVA:

Characteristic curve provided by network operator within PF = 0.95under-

excited 10 0.950ver-excited (see F igure 32)
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- PV inverter size > 13.8 kVA:
Characteristic curve provided by network operator within PF = 0.90under-
excited 10 0.900ver-excited (see Figure 32)

A L
I | @iFn | Il L
under-excited under-excited under-excited under-excited

-~ “
o

4 = 048 \

i
- %} 1 >
Vo me =10 “ Yio mr
O NNNET. VO Tio !
048
LY
S

&
m A ; v m
over-excited “~__ - over-excited ovar-excited = -=7"  pver-excited

(a) PV inverter size < 13.8 kVA but >
3.68 kVA

(b) PV inverter size >13.8 kVA

Figure 3.2 Limit power range for the reactive power of PV inverter [31]

3.1.2.2 Frequency Control

PV inverter must disconnect from LV system when voltage is out of limit

between 47.5 to 51.5 Hz as follows.

Table 3.2 The duration of PV inverter for disconnecting from LV system

Protective Function Protection Relay Setting Values
Frequency decrease protection  f < 47.5 Hz <100 ms
Frequency increase protection  f > 51.5Hz <100 ms

At frequencies between 50.2 Hz and 51.5 Hz, all adjustable PV inverter shall
reduce (for frequency increase) or increase (for frequency decrease) the active power
Py generated instantaneously (at the time of exceeding the mains frequency 50.2 Hz;
freezing the value on the current level) with a gradient of 40% of P,, per Hertz (see
Figure 3.3, where Py, is the power generated at the time of exceeding 50.2 Hz; P is the
power reduction; fp,4ins 1 the mains frequency). From this, it follows that PV inverter

will continuously move up and down the frequency characteristic curve in the
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frequency range of 50.2 Hz to 51.5 Hz with regard to its active power feed-in (“running

along the characteristic curve”).

Figure 3.3 Active power reduction at over-frequency [31]

3.1.2.3 Flicker Control

Flicker describes a phenomenon which is characterized by voltage fluctuations
whose frequency and amplitude are of a magnitude that causes lamps supplied with this
voltage to show disturbing brightness fluctuations. PV inverter shall not exceed long-

term severity values (P;;) at 0.5.
3.1.2.4 Harmonic Control

According VDE-AR-N:4015-2011 [31], permissible harmonic currents related
to the network short-circuit power Sy, that may be supplied in a network connection

point can be shown in Table 3.3.

3.1.2.5 DC Current Control

In this standard, the limit of DC current generation from PV inverter does not
specify.
3.1.3 The Need for Communication System

In Germany, audio-frequency centralized ripple-control, which are usually
operated at frequencies between approximately 100 Hz and 1,500 Hz, use to broadcast
control action, such as limiting real power output, to connected PV inverter.

Broadcasting levels of audio-frequency impulses are normally about 1% V), to 4% V.
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Table 3.3 Permissible harmonic currents [31]

Ordinal number v, g Permissible related harmonic current i, in AIMVA
3 3
5 1.5
7 1
9 0,7
11 0,5
13 04
17 0,3
19 0,25
23 0,2
25 0,15
25 < v<40? 0,15 - 25/v
Even 1.5/v
<40 1,5/v
42 < yu<178° 45lv
2 Qdd.
b Integral and non-integral within a range of 200 Hz with the mid-band frequency v. Measurement in accordance with
DIN EN 61000-4-7 (0847-4-7.)

3.2 Standard for Interconnecting Distributed Resources with Electric Power

Systems, PEA Grid Code, Thailand (2016) [19]

This standard is used in 74 provinces of Thailand, except Bangkok, Nonthaburi

and Samutprakarn. The details of this standard can be clarified into:

3.2.1 Capacity of PV System

In LV distribution system with voltage level 380/220 V, PV system can connect

to LV system with single phase connection if the capacity of single phase PV inverter

is not more than 5 kW. In case of more than one single phase PV inverter need to

connect to LV system, the owner must distribute into each phase connection and the

summation of single phase PV inverter at any phases must not be more than 5 kW.

Moreover, total connection of PV inverter behind distribution MV/LV transformer

must not be more than 15% of the capacity of that MV/LV transformer.

3.2.2 Power quality at the connection point of PV system

The owner must control the PV inverter to comply the followings:
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3.2.2.1 Voltage and PF Control

PV inverter must disconnect from LV system if voltage, line to neutral, exceed
the limit according to Table 3.4. For PF control, PV inverter must be able to adjust
Power Factor (PF) 0.95 lagging to 0.95 leading with only fixed PF method.

Table 3.4 The duration of PV inverter for disconnecting from LV system

Voltage Level Duration (sec)
Viien < 50% 0.3
50% <V, <90% 2.0

90% < Vi;_n < 110%

Still Connect

110% < Vi;_,, < 120%

1.0

0.16

3.2.2.2 Frequency Control

PV inverter must synchronize with LV system all time. If frequency is out of

limit 47 to 52 Hz, PV inverter must disconnect from LV system within 0.1 sec.
3.2.2.3 Flicker Control

PV inverter must have short-term and long-term severity values (Pg; and Pj;)

within the limit: Pg; < 1.0 and P;; < 0.8.
3.2.2.4 Harmonic Control

For harmonic voltage, total harmonic distortion must be less than 5%,
Moreover, odd and even harmonic voltages must be less than 4% and 2% respectively.

For harmonic current, the limit can be shown in Table 3.5.
3.2.2.5 DC Current Control

PV inverter must not generate DC current more than 0.5% of rated current of

PV inverter into LV system.



LLE8GEBSET

9 :bas / £0:28:6T 295z20vz :Ava4  uotieriass p tzzzertzos s isaul i o I

25

3.2.3 The Need for Communication System

PV system connected with LV system does not need the communication system

connected with Supervisory Control And Data Acquisition (SCADA) of PEA.

Table 3.5 Harmonic order and current limit

Harmonic Current Limit Harmonic Current Limit
Order (A rms) Order (A rms)
2 48 11 19
3 34 12 6
4 22 13 16
5 56 14 5
6 11 15 5
7 40 16 5
8 9 17 6
9 8 18 4

10 7 19 6

3.3 Standard for Interconnecting Distributed Resources with Electric Power

Systems, MEA Grid Code, Thailand (2016) [18]

This standard is used in 3 provinces of Thailand, include Bangkok, Nonthaburi

and Samutprakarn. The details of this standard can be will clarified into:
3.3.1 Capacity of PV System

In LV distribution system with voltage level 380/220 V, PV system can connect
to LV system with single phase connection if the capacity of single phase PV inverter
is not more than 5 kW. In case of more than one single phase PV inverter need to
connect to LV system, the owner must distribute into each phase connection and the
summation of single phase PV inverter at any phases must not be more than 5 kW.
Moreover, total connection of PV inverter behind distribution MV/LV transformer

must not be more than 15% of the capacity of that MV/LV transformer.
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3.3.2 Power quality at the connection point of PV system
The owner must control the PV inverter to comply the following:
3.3.2.1 Voltage and PF Control

PV inverter must disconnect from LV system if voltage exceeds the limit
according to Table 3.3. For PF control, PV inverter must be able to adjust Power Factor

(PF) 0.95 lagging to 0.95 leading with only fixed PF method.

Table 3.6 The duration of PV inverter for disconnecting from LV system

Voltage Level (Volt)
Duration (sec)
Line to Line Line to Neutral
Vi1 <199 Viien < 115 0.1

199 < V;,_, < 346

115 < V;;_,, < 200

2.0

346 < V;;_, < 416

200 < V;;_, < 240

Still Connect

416 < V;,_, < 539

240 < V;;_, <311

2.0

Vi1 = 539 Vii_n = 311 0.05

3.3.2.2 Frequency Control

PV inverter must synchronize with LV system all time. If frequency is out of

limit 47 to 52 Hz, PV inverter must disconnect from LV system within 0.1 sec.
3.3.2.3 Flicker Control

PV inverter must comply as follows: IEC 61000-3-3 if rated current of PV
inverter is less than 16 A; IEC 61000-3-5 if rated current of PV inverter is more than
75 A; IEC 61000-3-11 if rated current of PV inverter is less than 75 A.

3.3.2.4 Harmonic Control
MEA defines only harmonic current limit as shown in Table 3.7.
3.3.2.5 DC Current Control

PV inverter must not generate DC current more than 0.5% of rated current of

PV inverter into LV system.
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3.3.3 The Need for Communication System

PV system connected with LV system does not need the communication system

connected with SCADA of MEA.

Table 3.7 Harmonic order and current limit

Odd-Harmonic Even-Harmonic
Order Current Limit (%) Order Current Limit (%)
3-9 4.0 2-10 1.0
11-15 2.0 12-16 0.5
17-21 1.5 18-22 0.375
23-33 0.6 24-34 0.15
>35 0.3 >36 0.075
Total Harmonic Distortion 5

3.4 IEC/TR 61850-90-7: Communication networks and systems for power utility
automation — Part 90-7: Object models for power converters in distributed

energy resources (DER) systems (2013)

PV systems tend to increase the connection in LV distribution system because
of the policies of many countries and the reduction cost of related devices in PV system.
The increment of PV installation in LV distribution system will cause high PV
penetration problem in LV distribution system. National Research Energy Laboratory
(NREL) recommends in supporting high PV penetration in LV distribution system that
PV inverter should develop into advanced or smart one whose include non-autonomous
and autonomous functions in PV inverter and the details can be shown in Table 3.8.

The above 3 standards (VDE-AR-N:4105-2011, PEA and MEA grid code) do
not recommend smart PV inverter to support high PV penetration in LV distribution
system. PEA and MEA grid code specify high PV penetration level at 15% of the size
of MV/LV distribution transformer. For VDE-AR-N:4105-2011, the high PV
penetration level depends on the assessment from grid operator. However, this IEC/TR

61850-90-7 standard [32] talks about the control function in smart PV inverter that the
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main functions can be described such as immediate control, volt-var management, watt-

triggered behavior and voltage-watt management function.

Table 3.8 Autonomous versus non-autonomous inverter functions [33]

3.4.1 Immediate Control Functions

Immediate control functions assume a tightly coupled interaction between PV
systems and a controlling entity (utility, energy service provider or grid operator). This
implies that the controlling entity has knowledge about the capabilities of the PV

systems, can request updates on their current status, can expect the PV systems to
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follow the command to the best of their capabilities, and will receive a direct response

from the PV systems on the results from following the command.
3.4.1.1 Connect/Disconnect from Grid Function

This function causes the PV system to immediately physically connect or

disconnect from LV system at the connection point to LV system.
3.4.1.2 Adjust Maximum Generation Level up/down Function

This function sets the maximum generation level at the connection point to LV

system as percentage. This limitation could be met by limiting PV output.
3.4.1.3 Adjust Power Factor Function

Fixed power factor will be managed through issuing a power factor value and

corresponding excitation.
3.4.2 Volt-Var Management Functions

Since utilities (and/or grid operator) will be requesting var support from many
different PV systems with different capabilities, different ranges, and different local
condition, it would be very demanding of the communications systems, unnecessary,
and ultimately impossible for the utilities to issue explicit settings to each PV system
every time a change is desired. Therefore, volt-var behaviors can be configured in to a
PV inverter using arrays that establish a volt-var relationship or curve for use during

normal operating system.
3.4.2.1 Available Var Support Mode With No Impact On Watts Function

As one example of volt-var modes, the available vars mode reflects the
calculation of the most efficient and reliable var levels for PV systems at specific
connection point to LV system without impacting the watts output. This mode could
also help compensate for local high voltage due to real power output back flow in LV
system. In this mode, PV systems will be provided with a double array of setpoints: a
set of voltage levels and their corresponding var levels as % of available vars
(VArAval). The voltage levels will range between V1 and V4 in increasing voltage
values. Values between these setpoints will be interpolated to create a piecewise linear

volt-var function. Figure 3.4 provides one example of volt-var settings for this mode.
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For VArAval, it can be calculated in equation (3.1) where S, is the apparent power

limit of PV inverter and P, is real power output from PV inverter.

VArAval = |SZ,e. — P2 3.1

Figure 3.4 Available var support mode with no impact on watts function [32]

3.4.2.2 Static Mode Based on Setting or Fixed PF

Another example mode establishes fixed var settings for PV inverter as

illustrated in Figure 3.5. This mode does not use curves but only settings.

Figure 3.5 Static var support mode based on maximum reactive power (VArMax)

[32]
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3.4.2.3 Passive Mode With No Var Support

This example mode is the same as the mode in Subsection 3.4.2.2, except that

the var levels are zero.
3.4.3 Watt-Triggered Behavior Functions

The amount of watts provided at the connection point to LV system can be set
to gradually modify the power factor. This watt-power factor mode is shown in Figure
3.6. The power factor will be set in relation to the feed-in power, in this example ranging
from 0.85 underexcited to 0.90 overexcited. These settings are not expected to be

updated very often over the life time of the PV system.

Figure 3.6 Power factor controlled by feed-in power [32]
3.4.4 Voltage-Watt Management Functions

A voltage-watt management can be used for smoothing voltage deviation. From
Figure 3.7, PV real power output will be constant if voltage increase from V1 to V2 but
PV real power output will be decreasing if voltage is increasing from V2 to V3. It is
because of prevention from overvoltage at V3 due to real power generation from PV

inverter.
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Figure 3.7 Configuration curve for maximum watts vs. voltage [32]
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CHAPTER 4

COORDINATION BETWEEN CENTRAL AND LOCAL
CONTROL

This chapter will address the problem in high PV penetration in LV system,
which is aimed to be solved by applying only central or local control and coordination

between central and local control.

4.1 Impact of the Installation of PV system in LV System

The connection of PV systems is currently increasing in LV distribution system,
especially at households, due to the support of government and the decrease of solar
PV system installation cost. However, more installation of solar PV systems in LV

distribution system can cause the disadvantages as follows.
4.1.1 Voltage Unbalance

In the situation where there is too many solar PV systems installed in LV
distribution system, especially single-phase PV inverter and the installation in each
phase is not the same size. Consequently, the voltage in each phase is not equal which
is the problem with unbalanced voltage in the LV system. For example, Figure 4.1
shows a connected single-phase PV inverter with only 2 phases (A and B) and also
different size, so it will cause a voltage unbalance. From the IEC 61000-2-2 [33], it
specifies voltage unbalance factor in LV distribution system that should not exceed 3%
of The voltage unbalance factor can be calculated from equation (2.6) where VUF; is
voltage unbalance factor at node i; V; ,, is negative-sequence voltage at node i (V);

Vipo 18 positive-sequence voltage at node i (V).

| Vi,ne |

VUF, =

X 100% 4.1
WVipal < D
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1 Neutral M
I T |
D2 of [ I
S NB B ! !
e I I
| |
| PVI i PV2
// Distribution i 5kWp i 3kWp
s o Transformer
! 23/0.4 kV
|
] o ___] |
|

Figure 4.1 The example of installed single-phase PV inverter which causes voltage

unbalance
4.1.2 Loss of PV generation

In the situation where there is solar PV system installed in LV system, especially
on downstream nodes, voltage can be risen at the end of system as shown in Figure 4.2
(a). However, voltage can be ramped up over the overvoltage limit when system load
is decreased as shown in Figure 4.2 (b) and, then the overvoltage protection of the PV
inverter will operate, whereby the PV inverters in the downstream nodes are

disconnected. Consequently, loss of PV generation is occurred.

MV/LV
Transformer  Upstream LV Feeder Downstream
Peakﬁ % Peakﬁ %
Load Load
PV Inverter PV Inverter
Voltage

Overvoltage Level

Rated Voltae

(a) At peak load
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MV/LV
Transformer  Upstream LV Feeder Downstream - Abnormal Yoltagc
- Prtection
—e
Li ght‘IJ_'I /-]'/'/ Light
Load L Load
PV Inverter _-e PV Inverter
Voltage -~ 3 PV
- nec
—————————— o= - ——---------- Overvoltage Level
Disconnecteﬁa PV
———————————————————————————————— Rated Voltae
(b) At light load

Figure 4.2 Voltage profile example in LV distribution system

4.2 Central Control

The concept of central control is that there is a central computer unit which
controls each connected PV system following the command of central unit such as
adjusting power factor, real power output and reactive power. The diagram for the
concept of central control can be shown in Figure 4.3. The advantage is fast response
in voltage control in LV system through communication system. The disadvantage is
the need of very reliable communication system because some PV system will be
disconnected from LV system in some situations if the command in communication
medium is lost or that PV system is uncontrolled as shown in Figure 4.4 which is

modified from Figure 4.2 in light load situation.

Figure 4.3 The diagram of central control and connected PV system [7]
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Communication line
Central Control ---------- o= ——————— e — - |
I
! //i\ __ The lost of
| ! \I 4~ command
MV/LV | KN
Transformer  Upstream i LV Feeder Downstream ) :\i/// _- Abnormal Yoltage
! 7 Prtection
=) = 1
Light s Light
Load s Load
PV Inverter - /\7 PV Inverter
Voltage - /Ec/&@ ?
__________:::,‘::__(;ol\ﬁ‘ —————————— Overvoltage Level
Disconnected PV
———————————————————————————————— Rated Voltae

Figure 4.4 The communication lost which can cause the disconnected PV system

4.3 Local Control

Local control or autonomous control can operate at PV inverter autonomously.
For example, they can be shown in previous Subsections 3.4.2 to 3.4.4. In Figure 3.4,
volt-var function, when voltage at the connection point of PV system is changed,
reactive power output from PV system is also changed. In Figure 3.6, watt triggered
behavior function, when real power output from PV system is changed, reactive power
from PV system is also changed. Finally Figure 3.7, voltage-watt management function,
uses for smoothing voltage deviation. When voltage at the connection point of PV
system is changed, real power output from PV system is also changed. The advantage
of local control is that there is no need for communication system with other units
because PV system just uses local condition for adjusting following local control
function. The disadvantage is the parameter setting of local control is fixed for all times
that it is not optimal for any specified period, such as one-week period because load
profile from each one-week period is likely to be different. Then, optimal parameter

setting should be readjusted every one week.

4.4 Coordination between Central and Local Control

This research applies coordination setting between central and local control to
support high PV penetration in LV distribution system. It is because of benefits as

followings:
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- The coordination setting between central and local control does not need for
very reliable communication system because central control rarely contacts
with each PV system to update parameter setting of local control.

- When the communication signals to the PV systems are loss. Those PV
systems can still operate following the past parameter setting of local

control.

The big picture of the coordination between central and local control can be
shown in Figure 4.5 which LV distribution system must be based on smart grid. LV
distribution system must integrate with smart meter or even ambient weather sensor to
monitor or predict the condition that affects LV distribution system. PV system must
be smart and can be embedded local control for controlling real and reactive power
output. Moreover, PV system must be capable to receive or send signal to remote unit

or central control.

. Solat/ Temperature

AANERY
‘4
Ambient Weather
Sensor
|
Bi-directional |
N |
Central | Gateway / 777777?}%2??—13;10}1 __________ Gateway /| | Gateway /
Control Router Router Router
T T |
| |
Send Total Household Load | ! ! T Send PV output; i
. | | | | 3 |
Pi,total + ]Qi,total ‘ i i Pi,pv + ]Qi,pu }
Meter:{| | ] dated Meter
PCC. Iy Receive (Updated parameters) PCC,
LV ! |
Grid | Software
|
t 777777777 Local
Pi,mtal + jQi,mtal Control
TP ipy T J Qi.:av Hardware Pippp
« «—
IGBT
Piioad +JQit0ad
Loa Lo v Controlable PV Array
PV System
Household
Load
***** C ication Li Sk, . _ . ,
ommunication Line where Pyoeq + jQitoaa = [Pi,total +1Qi,tota1] + [Pi,pv +]Qi,pv]

— LV Feeder

Figure 4.5 The coordination between central and local control
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4.4.1 Local Control Application

In this dissertation, PV system is determined that it can be embed by both two
types of local control function such as continuous and piecewise linear functions and,
however, only one type can be selected to operate at specific time. The details of both

two types of local control function can be explained as follows.

4.4.1.1 Continuous Local Control Function

Research [12] uses local control that can be shown in equation (4.2) where Q;
is reactive power output from PV inverter at connection point i (Var); Q/"** is
maximum reactive power capability of PV system at connection point i (VAr); §; is
slop of Q;(Q{™**, 8;,V;) function at connection point i; V; is voltage at the connection

point i of PV system (pu.).

2
Qi(q"*, 8, Vi) = Q" (1

( 1+ exp[—4(V, — 1)/6i]) (4.2)

Voltage-watt function or P(U) function in equations (4.3) and (4.4) that are used

in this research. They can be modified from equation (4.2). Q;"*** in equation (4.2) is

replaced by P/*** or maximum real power output that depend on specified rated real
power output (P; rq¢eq) and MPP from PV array (P; ypp) and P/"** determination can
be shown in equation (4.5). For P; y/pp, it can be calculated from Equations (2.1)-(2.5).
The constant 1 which is in term of exp in equation (4.2) is replaced by V%, or V; ;.

The variable §; in equation (4.2) is replaced by 67, or §; ,. The variable V; in equation

(4.2) is replaced by |V?| or (|ViA| + |Vl-B| + |Vl-C|)/3. The equations (4.3) and (4.4) are
for single and three phase PV inverter respectively. The adjustment of V; .,; (or Vi%,;)

will cause the change of the voltage which initiates limiting real power as shown in

Figure 4.6 (a). The adjustment of §; , (or §7,,) will cause the change of slope as shown

in Figure 4.6 (b).

1
pg = pmax(1_
v =5 ( 1+exp[—4(|Vi"|—V€fcri)/5§-’.p) ()
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1
=PI 1 (4.4)

A B C
vom | (BT, Y ]

pmax — { Pi,MPP ) Pi,MPP < Pi,rated
i - .
Pi,rated ’ Pi,MPP > Pi,rated

P i,pv

(4.5)

where o is any phase (A, B or C); V is voltage at the connection point i of PV system
(pu.); Vi cri (or Vi%,;) and &y, (or 67,) are adjustable parameters at the connection point

i of PV system.

X Pimax (W)

| T T T T T T T T T |
1r X DAND ALY\, : e
08 | *, 0y AL |

2 | |—% V. .=1.02 © £ A
= 06 | I,cri B \® '{i A _

o | —0- Vi,cri =105 ® 'k xi
041 | — Vi,cri= 1.08 b@ _k'k | |
02F | |—AV, =11 ) +y
0 I 1 1 1 1 1 1 I*ﬂm

09 092 094 0.96 0.98 1 1.02 1.04 1.06 1.08 11

V. (pu)
(a) Adjustment of V; c; and fix of 8;,, that equals 0.05
X PimaX (W)

| T T T T T T T T T I
1+ # o '.."..' —

| % AAA _k+ |
0.8 [ | AAA \+® | -

> | |[—% d =0.01 AAZ ) |
=06 | "P _ \ 7

o —0o- d, 0= 0.03 |
04 | T I

| — di’p 0.05 \\ gﬁAA |
0.2 : —A— di’p =0.1 X \o* AA i

O Il 1 1 1 Il 1 1 H%%“

09 092 094 0.96 0.98 1 1.02 1.04 1.06 1.08 1.1
V. (pu)

(b) Adjustment of b, ,, and fix of V; oy; that equals 1.05

Figure 4.6 Characteristic curve of P(U) function when adjust 6;, or V; ¢y

For applying volt-var function or Q(U) function in equations (4.6) and (4.7), the

constant 1 which is the first term of equation (4.2) is replaced by K, or K;;. The
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constant 2 in the second term of equation (4.2) is replaced by K7, or K; ,. The variable
V; is replaced by V2 or (V; + V& + V) /3. The other constant 1 which is in term of
exp is replaced by V7, or V; 4. The variable §; in equation (4.2) is replaced by §7; or
6; 4- The equation (4.6) and (4.7) are for single and three phase PV inverter respectively.
The adjustment of K; ; (or K} ) and K; , (or K,) will cause the change of reactive power
output as shown in Figure 4.7 (a). The adjustment of V; ; (or V%) will cause the change

of the voltage which initiates to absorb or inject reactive power as shown in Figure 4.7

(b). Finally, The adjustment of §; 4 (or 67,) will affect the slope as shown in Figure 4.7
(c).

o omar (e _
Qpe = 1 (K 1+exp[—4(|via|—vzq)/asfq> (+0)

‘ \
Qipy = Q"% (Kl,l —~ L2 (4.7)

A B 3
1+ exp l—4<|Vi |+ |V§ [+ V] - Vi,q>/51,ql

where K; 1 (or K}), K; 5 (or K75), V; 4 (or V%) and & 4 (or 67,) are adjustable parameters

at the connection point j of PV system.

x Q"®* (VAr)

T T T T T T |

11 s}eﬁeﬂek—xeak***xe***** 1
| Capacitive

—¥ Ki1 =1, Ki2 =1.5
—O- Ki1 =0.5, Ki2=1 .
L Ki1 =0.3, Ki2 =1.3
_A_ Kn =0, Ki2 =1

Inductive

0.9 092 094 0.96 0.98 1 1.02 1.04 1.06 1.08 1.1
V. (pu)

(a) Adjustment of K; ; and K; , and fix of V; 4 and 8; 4 which equal I and 0.05

respectively
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(b) Adjustment of V; 4 and fix of K; 1, K; ; and §; 4 which equal 1, 2 and 0.05

respectively

Inductive
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V. (pu)
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(c) Adjustment of 8; 4 and fix of K; 1, K; ; and V; g which equal 1, 2 and 1 respectively

Figure 4.7 Characteristic curve of Q(U) function when adjust K; 1, K; 5, V; 4 or 6; 4

4.4.1.2 Piecewise Linear Local Control Function

Research [11] and many local control applications [34, 35] use piecewise linear

local control function as shown in Figure 4.8.
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:i e x Qmax
&
V.
1 K, | bat
| 1\
| I
| 0 N\ - Vi
| |
| |
0 ! * » V; Kiz |======- v
Vi,pl Vi,pZ i,q2
(a) P(U) function (b) O(U) function

Figure 4.8 Piecewise linear local control function

For P(U) function at Figure 4.8 (a), V1 (or V%) and V;,, (or V%) are
adjustable parameters. The equations (4.8) and (4.9) are applied for 1-phase and 3-phase

PV systems respectively.

|Vo-| < 1p1
|Vi6| - ip2
Pipw = Pl Y yz g 3 Vipt S V71 <Vige (4.8)
l i,pl i,p2
O ; Lp2 — |VJ|
1; |VL| < Vi,pl
Vil = Vi 2
Pipw = Pl { o= i Vipy S Vil < Vi (4.9)
i,pl i,p2
\ 0 ;Vips < IVi]

pmax — {Pl ,MPP Pi,MPP = Pi,rated (4.10)
Pl rated Pi,MPP > Pi,rated

VAV |+

where |V;| = .

For Q(U) function at Figure 4.8 (a), K; 1 (or K}), K; ; (or K), V; 41 (01 V%1)
and V; 4, (or Vi7,) are adjustable parameters. The equations (4.11) and (4.12) are
applied for 1-phase and 3-phase PV systems respectively.

K2 IV < Vi

Qipw = Q"™ - {f7(0) Vi S VP < Vi (4.11)
Kit,yz ) Lq2—|VJ|
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Ky 5Vl <Viga

Qipv = Q" 1 fi(x) Vigr < Vil <Vige (4.12)
Kiz iVige < Vi

DKV |+KEVE, y _ (Kia=Ki)IVil+Ki2Vig1—KiiViga |

(K 1_Kia1'Vi 2
where f°(x) = g L1742, £(0) =
fl ( ) Viiu_vii;z ’ fl( ) Vigqi—Vigz ’

_ ALl

Vi g

4.4.1.3 Operational Region of Local Control

According to the manual [34], the operational region of local control of SMA
PV inverter can be shown in Figure 4.9 which local control will operate on blue-shaded
area at normal condition. P; ,4¢eq and S; ,q¢eq are the specified rated real and apparent
power output of PV system at node i respectively. Q; pq, 15 the maximum reactive

power output that equals 0.5 X P; ,.¢eq.

Qi.max = 0.5 X Pi,rated

A,rated or S rated

Figure 4.9 The operation region of local control of SMA PV inverter

To simplify the operational region in Figure 4.9, this dissertation determines the
operational region as shown in Figure 4.10 that local control will operate on shaded
area which real power output will be not more than P; ,;¢¢4 or the maximum allowable

real power output which can be determined from equation (4.5) or equation (4.10).
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Figure 4.10 The operational region of local control

4.4.2 Central Control Application

From research [36], it presents central control as shown in Figure 4.8 that
contains 4 main parts such as (1) monitoring part of Advanced Metering Infrastructure
(AMI) and ambient weather condition, (2) simulation part of distribution system model,

(3) decision part to control PV system and (4) communication part to PV system.

2.Simulation

r——""~"~""~""~"~“"~"“"~"""~""~>""*>""~>""*">""~"“~“~—~*7 j
I |
I I
| |
I |
[ 1 r——————-- -
1.Monitoring 3.Decision
r-r—-————-——-—- - 1 r-—-——— = —— — A

L ____ |
4.Communication
L ) P T T T T T "
| |
| |
I |
| |
____________ S |

Figure 4.11 Central control diagram of research [36]
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In this research, the modified central control is presented in Figure 4.9 that
contains 5 main parts such as (1) communication part to PV system, (2) uncertainty
analysis, (3) PV system model, (4) LV grid model and (5) decision or optimization part.

For optimization part, it will be addressed later in Chapter 5.

Central Control

4. LV Grid Model
e B

I
| | The Survey of] The Model of LV Grid | |
| LV Grid (Ygus) | MM
I
e e ! Part 1. Communicatior} to Connected PV System
3.PV System Model | : St et
I : R
! Registered PV PV Sysfem ‘ N | Optimal B1—d1rectlopa1
\ Owner Details ! Parameters 'y Parameters Commupation| Connected
iiiiiiiiiiiiiiiiiiiiiiiii Assessment ! Setting PV system

2. Uncertainty Analysis L
ettt e ST N B i F-q-—————————— -
| Sensor !
" I
|| Solar, Temperature I Weather
} Stored| | Uncer‘tainty ! Sercir
| AMI Data Predictor | |
I " Customer Load, | I
} PV output | |
Gateway
Smart
Meter

Gateway

Figure 4.12 The modified central control
4.4.2.1 Communication Part to Connected PV System

This part is communication system between central control and connected PV
system to send optimal parameter setting to local control of connected PV system. The
optimal parameters setting will be obtained from optimization part which will be
addressed later in Chapter 5. The parameters setting will depend on type of local control

as shown in Tables 4.1 and 4.2 where npv is the total number of connected PV systems.

Table 4.1 The parameters setting of continuous local control function

Local Control
PV
P(U) Function Q(U) Function

st
1 Vl,cri 61,p K1,1 K1,2 Vl,q 61,q

nd
2 Vz,cri 52,p K2,1 KZ,Z VZ,q 62,q

ith
Vi,cri 6i,p Ki,l Ki,z Vi,q 6i,q

th
npv Vnpv,cri 6npv,p Knpv,l Knpv,z Vnpv,q 5npv,q

Table 4.2 The parameters setting of piecewise linear local control function
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Local Control
PV
P(U) Function Q(U) Function
st
! Vi p1 Vip2 K, Ki Vigs Vig2
nd
2 Vz,pl VZ,pZ K2,1 K2,2 VZ,ql VZ,qZ
ith
Vi,pl Vi,pZ Ki,l Ki,z Vi,ql Vi,qz
th
npv Vnpv,pl Vnpv,pz Knpv,l Knpv,z Vnpv,ql Vnpv,qz

4.4.2.2 Uncertainty Analysis Unit

This part collects data from AMI, which can monitor load of customer, and
weather sensor, which can monitor ambient condition such as solar irradiance and
ambient temperature to assess the operation of connected PV system. The uncertainty
characteristic will be assessed or predicted in one day or one week ahead from the
collected data in the previous period. The collected data will be assessed into
uncertainty characteristic as shown in equation (4.13) which is normal distribution
probability. Figure 4.14 (a) shows the example of collected data and Figure 4.14 (b)
shows the transformed normal distribution curve with maximum, mean, and minimum
data.

_(x—;é)z
e 2p s Xmin <X < Xmax (4.13)

f(x) =

1
\ 2p®m
where p is standard deviation value; u is mean value; x is collected data value; X,y

and X, 4, are minimum and maximum collected data value.
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Xmax™~-

-p +p

.
Xmin ~ Xmin Xmax

(a) The collected data (b) Transformed normal distribution
curve

Figure 4.13 The example of normal distribution determination

This research determines 3-phase unbalance LV distribution system, connected
with PV system. Then, 17 cases of the set of uncertainty will be determined to cover
uncertainty problem as shown in Table 4.2. For minimum MPP of connected PV
system, solar irradiance at 0.05 kW/m? [20] is considered because it is initial condition

that PV system initiates to operate.

Table 4.3 Set of uncertainty for covering uncertainty problem

Load MPP of
Case connected PV
Phase A Phase B Phase C

system
z1 Mean Mean Mean Mean
z2 Max Max Max Max
z3 Max Max Max Min
z4 Max Max Min Max
z5 Max Max Min Min
z6 Max Min Max Max
z7 Max Min Max Min
z8 Max Min Min Max
79 Max Min Min Min
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Load MPP of
Case connected PV
Phase A Phase B Phase C
system
z10 Min Max Max Max
z11 Min Max Max Min
z12 Min Max Min Max
z13 Min Max Min Min
z14 Min Min Max Max
z15 Min Min Max Min
z16 Min Min Min Max
z17 Min Min Min Min

4.4.2.3 PV System Model Determination

Central control needs to collect PV system details of customers for assessing
the power generation from PV system. For example, Tables 4.4 and 4.5 show 2-kW and
10-kW PV system details respectively.

Table 4.4 2-kW PV system details

Parameters Values Parameters Values
V2 at Nominal Cell
Operating
423V V,\(,’,PP at NOCT 337V
Temperature
(NOCT)
19, at NOCT 7.16 A I,%Pp at NOCT 6.56 A
Number of PV
NOCT (Nor) 45 °C 12 panels
panel
Rated real power of
K; 53x 103 A/°C ' 2,000 W
PV inverter
Maximum reactive
-1.404 x 107" V/
K, oC power of PV 1,000 VAr
inverter
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Table 4.5 10-kW PV system details

Parameters Values Parameters Values
V2 at NOCT 423V Vypp at NOCT 337V
12 at NOCT 7.16 A I}},PP at NOCT 6.56 A
Number of PV
NOCT (Nor) 45 °C 58 panels
panel

Rated real power of
K; 53x 102 A/°C ‘ 10,000 W
PV inverter

Maximum reactive
-1.404 x 107" v/
K, o power of PV 5,000 VAr
inverter

If 2-kW PV system connects to phase A and voltage at this connection point is
1.0940° pu. Base system voltage is 230 V, line to neutral. The parameters setting of
continuous local control function is follows: Ve, 8,, Ky, K3, V, and &, are 1.09, 0.02,
1, 2, 1 and 0.05 respectively. Solar irradiance and ambient temperature are 1 kW/m?
and 30 °C respectively. Then, power output of this 2-kW PV system can be assessed in
3 steps as follows.

STEP 1: Prgteq 1s 2,000 W. Pypp will be 2,539.97 W according to the
calculation in equations (2.1)-(2.5).

STEP 2: From equation (4.5), P™%* will be 2,000 W.

STEP 3: According to P(U) function as shown in equation (4.3), pr}, is 1,000
W. According to Q(U) function as shown in equation (4.6), Q;,“,, 15 -998.51 VAr. Then,
apparent power output from this 2-kW PV system is 1,000-j998.51 VA.

If 10-kW PV system connects to phases A, B and C under voltage 1.0920°,
1.0852£-120° and 1.0952£120° pu. respectively. Base system voltage is 230 V, line to
neutral. The parameters setting of V., 8,, Ky, K3, V; and 6, equal 1.09, 0.02, 1, 2, 1
and 0.05 respectively. Then, power output of this 10-kW PV system can be assessed in

4 steps as follows.
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STEP 1: Prgteq is 10,000 W. Pypp will be 12,276.51 W according to the
calculation in equations (2.1)-(2.5).

STEP 2: From equation (4.5), P™%* will be 10,000 W.

STEP 3: According to P(U) function as shown in equation (4.4), B,,, is 5,000
W. According to Q(U) function as shown in equation (4.7), Qy,, is -4,992.54 VAr.
Then, total apparent power output from this 10-kW PV system is 5,000-j4,992.54 VA.

STEP 4: Since this is a three phase PV system, power output from each phase
can be calculated from equations (2.6)-(2.8). B, + jQpy. Pey + jQp, and B, + jQ5,
will be 1,666.67-j1,664.18, 1,659.02-j1,656.55 and 1,674.31-j1,671.81 VA

respectively.

4.4.2.3 LV Grid Model Determination

As any wiring configuration, the calculation of self and mutual impedance can
apply modified Carson’s equations, as given in [37, 38], that are reprinted in equation

(4.14) and (4.15).

299 = 1% + 0.00158836 - f + j0.00202237 - f
p_g) (4.14)
f

1
. (ln CMRO + 7.6786 + Eln
z°% =0.00158836 - f + j0.00202237 - f
1 1
: (ln -+ 7.6786 + —lnp—g> (4.15)
Doo 2 f

GMR? =rf - exp(—0.25) (4.16)

where z%¢ is self impedance of conductor phase ¢ (€/mile); z9°" is mutual impedance
between conductor phase ¢ and ¢’ (Q/mile); r? is resistance of conductor phase o (Q);
GMR? is Geometric Mean Radius of conductor phase o (feet); D99’ is distance between
conductor phase o and ¢’ (feet); p, is earth resistivity (Q-m); f is frequency (Hz); 77
is radius of conductor of any phase o (feet).

For most applications, the primitive impedance matrix needs to be reduced to
3x3 matrix consisting of the self and mutual equivalent impedances for the three phases.
LV branch is normally a four-wire grounded as shown in Figure 4.15 and branch

impedance Zp,qncn can be shown in equation (4.17). However, the line have multi-
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grounded or VN6 and VNS equal to zero. Then, Kron reduction [38] can be applied to

reduce to 3x3 matrix. For Yy, formulation, it can be calculated from text book [39].

7 A4
A I 8B ap  zAC Ag'
V49 z z z 4
B
/Bg - ,cc 2BC ZBN AN UBg'
c
1FA%) [ ZNN zCN yce’'

yNg " yNg'

Figure 4.14 Four-wires grounded branch

AA AB AC AN

z44  z z4C 7
AB BB BC BN
z48 7 zB¢ 2
Zvranch = | ac TBc cc  en (4.17)
z zBC  z¢C 2
ZAN ZBN ZCN ZNN

Assuming a LV line in Figure 4.16, the details is as follows.

- Line spacing between phase conductors is 20 cm that can be shown in
Figure 4.16.

- Utilizing polyethylene insulated weatherproof aluminum conductors and
the parameter can be shown in Table 4.8.

- Phase A, B, C and neutral use conductor size as 70, 70, 70 and 35 mm?.

Table 4.6 The parameters of polyethylene insulated weatherproof aluminum

conductors [40]
Conductor Conductor radius Ampacities Resistance
Size (mm?) (mm) at 75°C (A) at 75°C (Q)
35 3.30 190 1.0606
75 4.65 300 0.5414

From Figure 4.16, Z},-qncn calculation can be divided in 5 steps as follows.
STEP 1: Find GMR#4, GMRE, GMR® and GMR" from equation (4.16) and they
can be obtained as follows.

GMR4 = GMRE = GMR® = 0.0119 feet (4.18)
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GMR" = 0.0084 feet (4.19)
N ]
IZ * * _:_ 20 cm
i i 1720
B _:_ cm
C ~ _ e 20 cm

Y Y

Figure 4.15 LV line configuration

STEP 2: Find self impedance from equation (4.14) and they can be obtained as

follows.

z44 = zBB = z¢C = 0.,6208 + j1.2597 ohms/mile (4.20)
zVN = 1.1400 + j1.2944 ohms/mile (4.21)

STEP 3: Find mutual impedance from equation (4.15) and they can be obtained as

follows.
zAN = z48 = zBC = 0.0794 + j0.8541 ohms/mile (4.22)
zBN = z4¢ = 0.0794 + j0.7840 ohms/mile (4.23)
z®N = 0.0794 + j0.7430 ohms/mile (4.24)

STEP 4: Zy, anen can be formulated as follows.

Zpranch =

0.6208 + j1.2597  0.0794 + j0.8541 0.0794 + j0.7840 0.0794 + j0.8541
0.0794 + j0.8541  0.6208 +j1.2597 0.0794 + j0.8541 0.0794 + j0.7840
0.0794 + j0.7840 0.0794 + j0.8541 0.6208 + j1.2597  0.0794 + j0.7430
0.0794 + j0.8541  0.0794 + j0.7840 0.0794 + j0.7430 1.1400 + j1.2944

(4.25)

ohms/mile

STEP 5: Kron reduction is applied to reduce into 3x3 matrix due to neutral line

is connected by multi-ground or neutral-ground voltage equal to zero.
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Zpranch =

0.8389 +j0.8931 0.2770 +j0.5157i 0.2650 + j0.4621
0.2770 +j0.5157 0.8000 + j0.9473  0.2475 + j0.5569
0.2650 +j0.4621 0.2475 +j0.5569 0.7786 + 0.9771i

ohms/mile

53

(4.26)



LLE8GEBSET

9 thes | £0:1g 16T 2952L0vz A9a1 | uo 1veviess ip tzzevtzos siseutt o I[NNI

CHAPTER 5

OPTIMIZATION PROCESS

This chapter will address the power flow algorithm with using local control
function and 2-stage Particle Swarm Optimization (PSO) which is used for finding the

optimal parameter setting of local control.

5.1 The Power Flow Algorithm with Using Local Control Function

Normally, equivalent real and reactive power equation of three-phase electrical
system, where there is no PV system connection, can be written into equations (5.1)-

(5.4) [41] as follows.

n
Plosa= ). ). WV 1Y |cos(o5”" — 67 +67") 5.)

j=10'€e{A,B,C}

n
Ql load = Z Z |Vi0||Vj0’||YiGU |Sln(900 - 60 + 60 ) (5~2)

j=10'€e{A,B,C}
|YAA |YAB |YAC
Yyl = Ivg% |v® [vge (5.3)
el Il e
ij ij
64" 04" 6f
l
0;; = HAB 953 956 (5.4)

iy =
H-A-C 03¢ o5

where P{},44 is real power load at node i, phase o (pu.); Q7}oqq is reactive power load
at node i, phase g(pu.); o and ¢’ are any phase A or B or C; |Yl- j| is the absolute value
of admittance matrix between nodes i and j (pu.); 6;; is phase angle of admittance
matrix between nodes i and j (radians); n is number of overall nodes in LV distribution
system; |V;?| is the magnitude of voltage at node i, phase o (pu.); §; is the phase angle
at node i, phase o (radians).

Equations (5.1) and (5.2) constitute a set of nonlinear algebraic equations in

terms of the independent variables, voltage magnitude in per unit, and phase angle in
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radians. Expanding equations (5.1) and (5.2) in Taylor’s series about the initial estimate
and neglecting all higher order terms results in the linear equations as shown in equation
(5.5). Node 1 is assumed to be a slack node. Moreover, newton-raphson method need

to solve equation (5.5) until AP5¢ and AQ{*5¢ nearly equal to zero.

aPABC aPZABC aPABC aPABC
66{‘36 95ABC a|V2ABC| aanABC|
- A DABC - : : : : - ABC 1
AP P PnABC 9 PnABC 9 PT{‘BC 9 PnABC A62_
APnABC 66{‘36 65;:136 6|V2ABC| aanABCl ASABC
= (5.5)
84" |a®c  aq4e 0Q4°¢ 0Q4%¢ ||A|vE]
: ScABC ABC ABC ABC :
| aganc] 05 ' 05;; a|V% | | 6|Vn' | e
aQABC . aQABC aQT;;lBC . aQ;gBC
_665136‘ aS#BC 9 |V2ABC| aanABCL
APS AQ4 A5 A
APSBC = [APF|; AQSPC = [AQF|; A855C = |ASS |; AlVSEC| = |A|v7] (5.6)
AP AQS A5 AlvE]

In equation (5.5), the Jacobian matrix gives the linearized relationship between
small changes in voltage angle A5/*5¢ and voltage magnitude A|ViABC| with the small
changes in real and reactive power AP/E¢ and AQ{*5¢. Elements of the Jacobian matrix
are the partial derivatives of equations (5.1) and (5.2), evaluated at AS;*5¢ and Al yABC |

In short form, it can be written in equation (5.7).

[ﬁg Bl ] [A|V| (5.7)

The diagonal and the off-diagonal elements of J; are the followings.

n o#o' &i%j

aP?, ' ' ' '
Thteat NN el g sin(er” — o7 +57)  69)
L j=1 o'€{A,B,C}
oPy,
aZZ—“d —VeIVe ||vg |sin(057 — 87 + 67 ); 0 # 0" &i % (5.9)

J
where j is any node in LV system.

The diagonal and the off-diagonal elements of J, are the followings.
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0Pl 10aa
—a|le;| = 2|V7IIY§ ] cos(67°
n o#o' &izj (510)
£ Wl feoser o7 +67)
j=1 o'€{A,B,C}
0
a|;/ic;ail Vallyaa |COS(900 — 67 +67 ) o+o &i#]j (5.11)

The diagonal and the off-diagonal elements of J; are the followings.

n o#o' &i%j

00°¢ ’
SO Ve I eos(o5? -7 +87) 61
L j=1 o'€{A,B,C}
0Q710ad = v |V0 Hyoo |cos(9‘m — &7 + 6 ) o#*0 &I#]
e ] (5.13)
J
The diagonal and the off-diagonal elements of ], are the followings.
ang,yload ;
Slyet = ~2We g sinGeg?
n o#c’ &i#j (514)
SN Wl sineg - o¢ + 57')
m=1 ¢'€{A,B,C}
an load o oo’ oo’ o 4 ! [ j
o = —|VZI|vg% |sin(65° — 8¢ + 687 ); o £ o' &i # (5.15)

In the case of having connected single phase PV inverters in the phase A, B or
C at any node i, equivalent real and reactive power equation of three-phase electrical

system can be written in equations (5.16)-(5.17).

n

Plload = |Via||Vja,||YiM |C05(9(m -6’ +67 ) Pipy (5.16)

j=10'€{AB,C}
Coaa ==y Y Wl |[vs”|sin(657 07 +67) =07, (5.17)
j=10'€e{A,B,C}
From equations (5.16)-(5.17), it can be transformed to the linear equations as
shown in equation (5.7). The diagonal and the off-diagonal elements of J; are the

followings.
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n o#c' &i%j

Lload Z Z |VJ||VU ||YO'O' |sm(9"" _ 50 + 6‘0) (5.18)

050
j=1 o'€{A,B,C}
aploload ollyo’||yoo! ao’ o o, I o : ,
—68-" -V ||V ||Y |sm(9 — 67 +6; ) oFo &i+#] (5.19)

J
The diagonal and the off-diagonal elements of J, are shown in equations (5.20)
and (5.21) respectively where equations (5.22) and (5.23) are the differential equations

of continuous and piecewise linear P(U) local control functions respectively.

aPi‘,Tload _ Zlvallyaal (900
0|Vi"| = alVyi [T - 1 cosoy;

n o#o' &i*j o (520)

35 e )
i

j=1 o'€{4,B,C}

d
Lioad |V"||Y"" |cos(0"" - 67 + 6" ) o+ &iI+] (5.21)
o|v|
aplopv —4 - pM*- exp[_4 (Il/l.ol - Viacri)/&a
: (5.22)
WL g, [1+ expl-a (7] - Vi) /05,1
dP?, ————l———- < V72| <V,
St = P Vi = Vi | Vv = e (5.23)
Ve 0 :other
The diagonal and the off-diagonal elements of J; are the followings.
90° n o#o' &i%j
Yo NS il g eos(eg” — o7 +57) (524
L j=1 o'€{A,B,C}
0
ggzad —|V"||V" ||Y‘m |cos(9‘m —67 +67 ) o+o &i#j (5.25)
J

The diagonal and the off-diagonal elements of ], are shown in equations (5.26)
and (5.27) respectively where equations (5.28) and (5.29) are the differential equations

of continuous and piecewise linear Q(U) local control functions respectively.
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2Q7 .
a|11;:;a|d —2|V2|Yg°| sin(85°
n o#o' &i%j
. 2 2 |VjJI||YiUJ |sm(9"" _ 60 + 6‘7) (526)
m=1 o¢'€{4,B,C}
007,
o|v?|
d
aclgvl|d VeIl |sin(07" — 67 +67); o # o' & # (5.27)
J
aQiG,pv _ —4- Kit.TZ ’ lmax ’ exp[_4 (IViol — Viz)/sgq]
= 5.28
o|v7| 57, |1+ exp[-4(|v?] - Vif’q)/5{,’q]]2 e
KS, - Vg
2y, _ut L2 < |V <V,
0 ‘;ZV = imax_ Vlaql VLUqZ lQ1 | | qu (5'29)
| i | 0 ; other

In the case of having connected three phase PV inverters in the phases A, B and
C at any node i, equivalent real and reactive power equation of three-phase electrical

system can be written in equations (5.30)-(5.31).

n

Plload = z Z |Via||Vja,||Yiw |C05(9w -6’ +67 ) Plpy (5.30)

j=10'€{A,B,C}

n
Qoaa == Y. WeIV|I¥g” |sin(65” =57 +67) = 0%y (531)

j=10'€{A,B,C}
From equation (5.30)-(5.31), it can be transformed to the linear equations as

shown in equation (5.7). The diagonal and the off-diagonal elements of J; can be written

a 0'
and —+ pye ¥ can be clarified in
j

6Pl OPipy

into equations (5.32) and (5.33) respectively where 267

Appendix B.1.

ape n ozo' &i#j ape
i load ’ i,pv
5 =§ § VeV v |sin(65” — 67 +687) - ass O3

j=1 o'€{A,B,C}

oPZ 0PZ
—Hoad — _ye|[ve ||y |sin(65° — 87 + 87 — —2
969 65]."

]

(5.33)
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;0F0 &iI#E]

The diagonal and the off-diagonal elements of J, can be written in equations

a g ag
(5.34) and (5.35) respectively where af ye] 20 nd ‘P va| can be clarified in Appendix B.1.
Vj
apiaload
alTﬂ = 2|Vlo'||Yl?o-| COS(HL-UiJ
n o#o' &i%j
+Z > v llvge cos(oge" — o7 + 57 (5.34)
j=1 o'€{4A,B,C}
aplopv
v
aP° oP?,
ﬁ = |Vi"||Yi"" |cos(9"" -7 +67 ) ~3 l’::’ ;oF0' &IFE]  (535)
V7| v |

The diagonal and the off-diagonal elements of /; can be written into equation

(5.36) and (5.37) respectively where ;{;ﬁv and a%p

can be clarified in Appendix B.1.

J

207 n ozc' &i#j 207
',l d ! i,pv
al(si(;a — Z Z |Vi0'||]/j()' ||Y'i()'0' |COS(90'0' _ 60’ + 6‘0’ ) _ a(glo (536)

j=1 o'€{4,B,C}

an load
357"

Qic,rpv
a7 (5.37)

= eIV ||v2° [cos(62° — 67 + 87 -

;0F0 &IFE]

The diagonal and the off-diagonal elements of J, can be written in equations

(5.38) and (5.39) respectively where a(|?1:?|; ‘Ql ’"’l can be clarified in Appendix B.1.
]
0
Qiloaa _ —2|V2IYZ | sin(85°
el

n o#c' &i%j
= e llvee Isin(og” - 87 + 67 (5.38)
j=1 o'€{4,B,C}
007,
olve|
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Q7
o|v7| (5.39)

Q7 '|sin(65°" '
St = Vel lsin(og a7 +47") -

]

;o0#+0' &1I#EmM
The terms APl-"(k) and AQ/ ") are the difference between the scheduled and
calculated values, known as the power residuals, given by:
apP ¥ = pgeet — pr®) (5.40)
l l l *
47" = Q7*" — @r ™ (5.41)

The new estimates for bus voltages and phase angles are:

A7 = 55 D )
|Vi(,(k+1>| _ Vio<k)| + Wéig—l) orh A|Vi"(k)| (5.43)

where w is step-length value.
Substituting equation (5.42) for 67" and &7 in equations (5.8) and (5.9) and
substituting equation (5.43) for |V, | and |I/f| in equations (5.8) and (5.9):

n

Pooaa = ). ). [V +wye - a1 [IV7 |+ wypr

j=10'€{A,B,C}

' A|ij|] Y97 |cos (95-“' — 87 —wso - AST + 87 + Wser (5.44)
-A57")
n
Qia,load = _Z Z [lVlal + WVia . AlVial] [lea'l + WV]-U'
j=10'€{A,B,C}
(5.45)

AV || v |sin (657 = 87 — wsg - ASF + 87+ wgr

-867")
Expanding equations (5.44) and (5.45) in Taylor’s series about the initial
estimate and neglecting all higher order terms results in the linear equations leads to

equation (5.46), The diagonal and the off-diagonal elements of J; are shown in

equations (5.47) and (5.48) respectively.

laol =0 7] [awe] (546
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n ozo’ &L;&]

“’“d_M“z Z V| + wya - AV V7] + wy o

Iwsg 7=1 o'€(AB,C) (5.47)
A || v |sin (657 = 87 — wsg - 887 + 67 +wger
857"
dP? , :
R O | I
] (5.48)

. A|I/]0.’|:| |Yl(])'0"|5”,l (950” _ 610' — Wé,ig— . Aalo- + 6]'0-’ + Wa;?"
.Aé‘j‘”); oFo &i+]j

The diagonal and the off-diagonal elements of J, are the followings.

o0P?,
iload _ 2A|Via|[|ViG| + wyg - A|Via|]|Yi?G| cos(6;7°

aWVi‘T
n o#o' &i%j
FAVAY Y I+ (5.49)
j=1 o'€{A,B,C}
. A|IIJJI|:| |Yi(}'0"|cos (eiO'jO" _ 510. — Wé.ig— . A6lo- + 8]'0', + Wg;ﬂ
.Agjﬂl)
aPs, , /
Ziload _ A|V,-°"|[|Vio| + wyg - AIK—"l]M?" |cos (950 =87 — weg

Iwygr (5.50)

DS+ 87+ waer A8 ); o # 0 &I # ]

The diagonal and the off-diagonal elements of /5 are the followings.

n o#c' &i%j

aQi(,rload_ o o o o’
—asry D (el ewge ][] e

dwse :
i j=1 o'€{A,B,C}

| , , (5.51)
-A|Vj"'|] |Yl.‘]?" |cos (95-0 =87 —wsg 1 A6 + 67 + Wei!
.Agjﬂl)
Q¢ : ’
s = 0% (71 + w81 197+ e
¢ (5.52)

. A|I/]¢)'I|:| |Yi70,|COS (950” _ 510' — Wé,ig— . Adla + (S]'OJ + Wé‘j,’"
.Aé‘j‘f'); oF o' &i#]

The diagonal and the off-diagonal elements of ], are the followings.
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0Q7, |
E)\;zl;;d 2A|V“|[|V°’| T Wy A|VG|]|1G?U| sin(63°
n o0%c' &i%j
o), ), [y (5.53)
j=1 o’€{A,B,C}
' A|ij|] Y5 |sin (95-"' — 67 —wso - AST + 67 + Wagr
867"
aQ ! A ’
av;lo:,d AlV" [|VC’| + wygo - A|VC’|]|YC?G |Sln (050 — 867 — wge

v C O (5.54)
ST+ 87 +wsg A6 ) 0 % 0" &%
Substituting equation (5.42) for 87 and &/ in equations (5.16) and (5.17) and
substituting equation (5.43) for |V;?| and |VJ"| in equations (5.16) and (5.17) in the case
of having connected single phase PV inverters in the phase A, B or C at any node i:

n

Ploaa = Z Z [lvlal +wyo - AlVial] [lea’l + Wy’

j=10'€{A,B,C}

A || ¥ cos (057" = 57 — wag - AST + 87 + wigr (5-55)
-A87") = Pl
n
Qia,load = _Z Z |:|I/l6| + Wye * AlVial] [lea’l + WV]-"'
j=1o0'€e{A,B,C}
(5.56)

V|| [V |sin (657 = 87 — wsg - AS7 + 87 + wgr
' ASJ-‘”) = Qpw
From equations (5.55)-(5.56), it can be transformed to the linear equations as

shown in equation (5.46). The diagonal and the off-diagonal elements of J; are the

followings.

n o#o’ &Li]

“’“d_maz D (Wt wye a1 [V + wype

aW(gG
j=1 o'€{a,B,C}
V|| [V |sin (657 = 87 — wsg - AS7 + 87+ wgr

867"

(5.57)
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aP?, ,
—Lo — po (V71 + wye - AV [V + e
89’
Al [vg Isin (657 — 67 — wag - 887 + 67 +wae OV

A7) o F 0 &l E]
The diagonal and the off-diagonal elements of ], are shown in equations (5.59)

and (5.60) respectively where equations (5.61) and (5.62) are the differential equations

of continuous and piecewise linear P(U) local control functions respectively.

0P,
a‘L/;/load — 2A|Via|[|[/i(7| + WVia . A|Vial]|Yi?G| COS(BL'?J
Ve

n o#o' &i%j

+ AV Z Z [|V;f’| Wy

j=1 o'€{4,B,C} (5.59)
' Allljal|] |)/i(;U,|COS (giajal - 516 - Wé‘lff ) Aé‘lo + 5]-6, + Ws;ﬂ
g
-A(Sjo’) _ Pipy
aWVia
oP?, ) ,
a]:/lo:,d — Aleall[Wial + wyo - Al[/ial]lyi?a |COS (Qic;a — 57— wso
K (5.60)
A7 + 87 + Waar -A(Sj‘f'); GEo &iE]
)
aWVia

=4 AL P exp |4 (|IVE )+ wyg - AIVEN] - Vi) /05, (561

) 87y [1 + exp [—4 ([|Vlo| + wyo A|Vio|] — ]/iffcri)/dfp]]z

AVE
aPl'(fPU — pmax W ) Vii?l = |Vial + Wye * AVia < Vi(,;JZ
OWn o — 1 i,p1 i,p2 (562)
Vi

0 ;other

The diagonal and the off-diagonal elements of /5 are the followings.
90° n o#c' &i%j
i,load __ . 4
Owss A6{’Z Z [lVial Wy AlVial] “V}a [+ 7
{ j=1 o'€{A,B,C}
A || [¥57 cos (057" = 87 — wag - AST + 67 + wigr

(5.63)

-a57")
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aQi(,rload _ ’ ’
Téﬂl = —A(S]-g [“/lal + WViﬂ . AlVial] [|Vja | + WVjO'I

J
Ve || ¥ cos (077 — 57 — wag - 067 + 87 +wper 6P
-A6j‘”); o+0 &i#]

The diagonal and the off-diagonal elements of ], are shown in equations (5.65)
and (5.66) respectively where equations (5.67) and (5.68) are the differential equations

of continuous and piecewise linear Q(U) local control functions respectively.

00°¢
Ql,load — —2A|Vi6|[|Via| + wyo - AlVicfl]lYiciml Sin(an
aWViO' i
n o#c’ &i#j
- A|Vi(f|z: Z [ll/fll + wyor
j=1 ¢'€{4,B,C} ! (5.65)
AV || v |sin (657 = 87 — wsg - AS7 + 87 + wgr
g
ASE Lpy
J ) aWVa
ang,yload _

> = AV || V| + wys - AV [Y5 |sin (657" — 67 — s
Wy (5.66)
DS+ 87+ waer A8 ); 0 # 0 &I # )

g
0Q py
aWViU'

4K AIVE L QP - exp |4 ([IvE | + wyg Vel - v ) /88, (5:67)

8y [1 + exp [—4 ([|Vlo| + wyo A|Via|] - Viz)/dif’q”z

o AVE(KE, —VS)
Qi pv _ max | {/0 - 77 S Vi S W2+ wye - AV <V,
aWViU' t

i,q1l i,q2 (5.68)
0 ;other

Substituting equation (5.42) for §7 and &/ in equations (5.30) and (5.31) and
substituting equation (5.43) for |V;?| and |V]"| in equations (5.30) and (5.31) in the case

of having connected three phase PV inverters in the phases A, B and C at any node i:
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n
!
Lloa Z |Vi0| + Wye * A|Via|] [lea | + WVj‘"
j=10'€{AB,C}

A5 s (957 — 87 —wag 57 447" 4wy O
' A(Sjm) Plapv
n
Qoaa ==, . W71+ w21 [I97] + wyp
j=10'€{A,B,C}
(5.70)

A | g |sin (657" — 67 — wg - A7 + 67 + Wsgr
A‘Sjm) - Qi(,fpv
From equations (5.69)-(5.70), it can be transformed to the linear equations as

shown in equation (5.46). The diagonal and the off-diagonal elements of J; can be

. . . . 2 oP{,
written into equations (5.71) and (5.72) respectively where av;’pv and awlp” can be
57 59’

J
clarified in Appendix B.2.
ap n o#o’ &11:]
= Lioad _ A(S"Z D (Wt wye a1 [V + wype
aW(gG
j=1 o’'€{4,B,C}
V|| [V |sin (657 = 87 — wsg - 887 + 57 +wger 7D

.Aé‘.ff') _ ap_‘ap”

] aW6l€7

d lload ! !

Ee = —ASJ-" [|Vl."| + wyg - AlVi"I] [|V]‘I | + W, o!
859’ J

j
-All/}-‘I |] |Y£” |sin (95” — 67 —wsg - AS7 + 67 + Waj?.l (5.72)

(2

N 0P
-A6j">— LY gkl &
oW sor
]

The diagonal and the off-diagonal elements of J, can be written in equations

orS orS
(5.73) and (5.74) respectively where a:;’pv and a::l’pv can be clarified in Appendix B.2.
ve va'!
i J
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oP?,

azload — 2A|V0|[|Via| + wyo - AlVial]IYi?a' Cos(eial.a
V
n o#c' &i#j
+A|VLU|Z z |:|I/]0J| +WVja'I
j=1 o'€{A,B,C} ©.73)
8|V || ¥ [cos (057" — 67 — wap - AS7 + 87 + i
o
. Aé‘_o',) _ %
J aWViU
oPy, ' ’
aVlvload _ Alvarl[lval + wyo - A|Vcr|]|y<w |COS (95.“ -6 — Wsg
v’
; po (5.74)
- ASC + 87 o1 ASY) — —22; &i#]
J

The diagonal and the off-diagonal elements of /3 can be written into equation

le

(5.75) and (5.76) respectively where ——= Ql L7 and pyeali be clarified in Appendix B.2.

J

n o#o' &i#j

aQic,rload — ASC o . o a’
= A6 Z Z [IVi |+WVio AlV; I] [|V} |+Wij

dwse N
i =1 o'€{AB,C)

, , , (5.75)
-A|Vj"'|] |Yl.‘]?" |cos (95-0 =87 —wsg 1 A6 + 67 + Wei!
.Agjﬂl)

an load

s —867 (V| + wyg - AV | [IV“ | +w vy’

J

Al |] Y97 |cos (950’ — 87 —wse - AS7 + 87 + W (5.76)
J

-Aaja’)_ Wipw 5 25812
95°

]

The diagonal and the off-diagonal elements of J, can be written in equations

90y

lo}d
(5.77) and (5.78) respectively where a(‘i}l'p" and ——= can be clarified in Appendix B.2.
ve ve!
i J
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2007, i
iload _ —2A|Via|[|Via| + wyo - A|Vi0|]|Yi‘im| sin(0;°

aWVia
n o#c’ &i#j
—A Y Y [+ wye
j=1 o'€{A,B,C} [ ! (5.77)
' A|V]G,|] |Yi70,|5in (95‘0, - 610 - Wé‘l{f - AS{T + 6]-0, + W(S;_ﬂ
. A5.ff') _ 90y
J aWVia
0Q7 : - ,
#‘;T = _A|Vja |[|Via| +wye - A|Via|]|yga |Sln (9{‘]-“ -6 — Wse

! (5.78)

’ /; aQU
D87+ 87 +w -A(S;’)— g0 &iE
6]' aWVjal
The new estimates for step-change values are:
wye M = wye® + Aw, e (M (5.79)
wee D = wse ™ + Awgs ™) (5.80)

The procedure for power flow solution by the Newton-Raphson method is as
follows. The related flow chart can be shown in Figure 5.1.

STEP 1: For load buses, where PZ°" and Q7*" are specified, voltage
magnitudes and phase angles are set equal to the slack bus values.

STEP 2: For step-change values, wyo(® = wge(©® = 1.
STEP 3: For load buses, Pi"(k) and Q7 () are calculated from equations (5.1),

(5.2), (5.16), (5.17), (5.30) and (5.31). AP?™ and AQ7™ are calculated from
equations (5.40) and (5.41).

STEP 4: The elements of the Jacobian matrix (/;, /,, /3 and J,) are calculated
from equations (5.8)-(5.15), (5.18)-(5.29) and (5.32)-(5.39).

STEP 5: The linear simultaneous equation (5.7) is solved directly by optimally

ordered triangular factorization and Gaussian elimination. The A8 ™) and A | Vl-"(k) | are

obtained.
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STEP 6: For load buses, P{"(h) and Q7 ™) are calculated from equations (5.44),

(5.45), (5.55), (5.56), (5.69) and (5.70). AP?™ and AQ?" are calculated from
equations (5.40) and (5.41).
STEP 7: Determine:

max {|Apl.0(h)|’ |AQi<f(h)|} S max {|Apia(h_1)|; |AQ{’(h‘1)|}

- Ifthe condition is correct, the new voltage magnitudes and phase angles are

computed from equations (5.42) and (5.43) by wye™™ and w1,

After that, WVi‘T(h) = Walgf(h) are renewed that the value are accordingly

reduced from {0.9, 0.8, ..., 0.1}. Finally, go to STEP 3.

- If the condition is vice versa, go to STEP 8.
- Ifmax {|APi”(h)|, |AQL-" (h)l} < g, the power flow algorithm is terminated

and the new voltage magnitudes and phase angles are computed from

equations (5.42) and (5.43) by WVi"(h) and Walgr(h).
STEP 8: The elements of the Jacobian matrix (/;, /,, /3 and J,) are calculated

from equations (5.47)-(5.54), (5.57)-(5.68) and (5.71)-(5.78).
STEP 9: The linear simultaneous equation (5.46) is solved directly by optimally

ordered triangular factorization and Gaussian elimination. The AwVia(h) and AW(giU(h)

are obtained.

STEP 10: The new step-length values are computed from equations (5.79) and
(5.80). After that, go to STEP 6.

For example, the calculation of The Power Flow Algorithm With Using Local

Control Function can be shown in Appendix C.
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STEP1
Define initial value.
et Q?m voltage and phase angle
l STEP2

’Define wyp = g =1 ‘

<
<

Calculate
P,"Ek) and Q[-”(k] from equations (5.1),
(5.2), (5.16), (5.17), (5.300 and (5.31)

l STEP3
Calculate
APt”m and AQ!—"m from
equations (5.40) and (5.41)

STEP 4
Calculate Jacobian matrix from
equations (5.8)-(5.15), (5.18)-(5.29)
and (5.32)-(5.39)

l STEP5
Solve
857, 8|V ®| from linear
equation (5.7)

el
Calculate @ ﬁ?:lew d |
P[—”(h} and Q{’(h'] from equations (5.44), W?'iﬂ = Way at the value are
(5.45). (5.55), (5.56). (5.69) and (5.70). accordingly reduced from §0.2,0.8, ..., 0.1}
/'Y
¥ STEP6
Calculate

AP[-"mJ and ﬂQf‘r(h) from
equations (5.40) and (5.41).

STEP7 Update

voltage and phase angles from equations
(5.42) and (543) by wvl_af“‘” and wa::”“”.

()

e a7 o)
> mas {Jarr =] Jaor ")

STEP 10

Update
Update

step-length values from
equations (5.79) and (5.80).

max{lm—’{’{hw , |AQ:’(M|} <s voltage and phase angles from equations

(5.42) and (5.43) by WVLJUI) and Wb,”(m'

STEP9 STEP S v

Solve Calculate Jacobian matrix from Stop

AWVI«U") and Al’\("g;f(h) from l«—— equations (5512-251.)548,7(;)57)-(5.68)
and (5.71)-(5.

linear equation (3.463

Figure 5.1 The flowchart of power flow algorithm with using local control function

5.2 2-stage PSO Process

This research determines the set of uncertainty in 17 cases as shown in Table
4.3 which is stated in Subsection 4.4.2.2 to cover uncertainty characteristics of load,
solar irradiance and ambient temperature in one day or one week interval. Considering

the benefit of PV owner, the main objective can be shown in equation (5.81) that total
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real power output from overall connected PV system must be injected to L'V distribution
system at maximum value. The main objective (5.81) determines on the case z1 of the
set of uncertainty as the representative condition because this case has the highest

chance to occur according to normal uncertainty characteristic.

n
maximize [Z Z ngv’m] (5.81)

i o€{4,B,C}
Subject to:
‘HO-”LL'TL = Vifrz < Vn({ax (5.82)
|Ii0—j,z| = Iio-—j,max (5~83)
|SHV/Y| < sHv (5.84)
Vil

VUF;, <3%; VUF; = W X 100% (5.85)

i
PIOSS.Z s Lossmax load, no PV (5-86)

where z € {21,272, ..., z17}; P{,, is real power output from each phase connection of
PV system (W); V2, and V;2,, are minimum and maximum voltage limit (V)
respectively; I ; is line current at any phase o between nodes i and j (A); I[Z; 45 8

maximum line current limit at any phase o between nodes i and j (A); SMV/LV is the

utilization capacity of distribution transformer (VA); S,IZL{LV is the capacity limit of

distribution transformer (VA); Pjyss 1s system loss (W); L0SS,, .. 10ad nopy 1S

maximum loss in LV distribution system with no PV connection at maximum load (W).

Although objective function (5.81) determines only case zl1, the constraints
need to consider in overall 17 cases to qualify the correct solution under the uncertainty
as shown in equations (5.82)-(5.86). At equation (5.82), voltage will not exceed voltage
limit. Line current in equation (5.83) and the utilization capacity of distribution
transformer in equation (5.84) will not exceed the limit. IEC 61000-2-2 standard defines
that VUF limit in LV distribution system shall not exceed 3% in equation (5.81). At the
view point of Distribution System Operator (DSO), high PV penetration can be
permitted but PV connection must not cause higher loss than LV distribution system

with no PV connection. Then, the constraint (5.86) is presented.



LLE8GEBSET

9 thes | £0:1g 16T 2952L0vz A9a1 | uo 1veviess ip tzzevtzos siseutt o I[NNI

71

According to the optimization problem in equation (5.81), some readers may
doubt that can this optimization problem determines on only severe case or case z16
(this case is considered on minimum load and maximum solar irradiance condition).
Then, this question of doubt will be clarified in Appendix D. For the past proposal of
this research, it presented the main objective as shown in equation (5.87) which
maximizing the summation values along the total real power output from overall PV
systems and the negative value of system loss. This concept is for maximizing the total
real power output from overall PV systems as shown in equation (5.88) and minimizing
system loss as shown in equation (5.89). The minimization of system loss equals the

maximization of minus system loss as shown in equation (5.90).

n
maximize [Z i(,;pv,z1] — Pioss 21 (5.87)
T oelaB,c)
n
maximize [Z Z ngv’m] (5.88)
i o€{4,B,C}
minimize|Pjyss 11 | (5.89)
maximize[—Pjyss 11| (5.90)

The summation of equation (5.88) and (5.89) is the equation (5.87). This past
objective (5.87) seemed to solve maximization of total real power output from overall
PV systems and minimization of system loss simultaneously. Thus, this past objective
(5.87) was incorrect because the objective (5.88) of maximizing total real power output
from overall PV systems is conflict with the other objective (5.89) of minimizing
system loss. This conflict problem can be described in Appendix E.

To solve the optimization problem, there are many researches [42, 43] which
apply PSO because PSO can solve optimization problem effectively. To solve the
optimization problem as shown in equation (5.81), this research will apply PSO.
Searching the optimal solution by PSO, the result will be at the optimal objective value.
For objective value assessment according to the objective (5.81), there are 6 steps as

follows and the related flow chart can be shown in Figure 5.2.
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STEP 1: Define parameter setting of local control of each connected PV system
{Vi,cri: 8ip: Ki1, Ki2, Vig, (Sl-'q} or {Vi,pl, Vip2: K1, Ki2, Viga, Vi,qz} according to selected
type: continuous or piecewise linear local control function.

STEP 2: For each iteration, each member of the set of uncertainty will be
selected z € {z1,22, ...,z17} until all members of z are selected. Each member will

give the different values of load, solar irradiance and ambient temperature.

( Define the parameter setting. ) STEP 1

STEP 2

STEP 3

| Run fast power-flow and obtain objective value |

STEP 4
| Determine the constraints and calculate the penalty value |
STEP 5 v

| Update the objective value from the penalty value li

Figure 5.2 The flowchart of the calculation of objective value

STEP 3: From obtained load, solar irradiance and ambient temperature values
in the previous step, they will be used in The Power Flow Algorithm with Using Local
Control Function as stated in Subsection 5.1. After that, the results of real and reactive
power output from each PV systems, system voltage, system loss, line flow and utilized
capacity of MV/LV distribution transformer are obtained. This step objective value
(Obj) can be calculated from equation (5.81) if only case z1 is selected.

STEP 4: For each selected case z € {z1,z2,...,z17}, the results from the
previous step will be compared to the constraints (5.82)-(5.86) that the equation (5.87)
is presented to indicate the constraints qualification. The value penalty, will be zero if
the results from the previous step are within the constraints limit or the value penalty,

will be more than zero if they are vice versa.
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penalty, = Ky, - max(O, Viin = Vi V% — Vn‘{ax) +
sz ) max(o' |Iia—j.z| - Iia—j,max) +
Ky - max(0, |Sy/M| — Smelt) + (5.87)
-max(0,VUF;, — 3)

K
KP5 Tmax (O’ PlOSS,Z - Lossmax load, no PV)

p4
where K4, Kp3, K4 and K5 are constant values.

p2>
STEP 5: Update objective value (Obj), from the value penalty, which obtains
from the previous step, as shown in equation (5.83) after that go to STEP 2.
Obj = Obj — penalty, (5.83)
STEP 6: If all members of z in STEP 2 are selected, the iteration terminates
and the objective value (Obj), which depends on the parameter setting, is obtained.
PSO optimization does not fit for finding optimal solution from many free
variables. Then, this research divides PSO process into two stages. The flow chart of

two-stages PSO can be shown in Figure 5.3 and the flow chart of each stage PSO can

be shown in Figure 5.4.

(. Stat )
v

PSO Stage 1

v

PSO Stage 2

v
C Stop )

Figure 5.3 The flowchart of 2-stage PSO

15-STAGE PSO: Define the same parameter adjustment as shown in Tables
(5.1) and (5.2) for continuous and piecewise linear local control function. Then, this

stage has 6 free variables to find optimal solution.
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Table 5.1 The parameters setting of continuous local control function

Local Control
PV
P(U) Function Q(U) Function

st

1 Vi 5, K K, v, 8q
nd

2 Vi 5, K, K, v, 84
ith

Vcri 619 Kl KZ Vq 6‘1

npvth Vcri 619 Kl KZ Vq 6‘1

Table 5.2 The parameters setting of piecewise linear local control function

PV Local Control
P(U) Function Q(U) Function
st
! Vo1 Vp2 K; K, Va1 Va2
nd
2 Vo1 Vo2 K, K, Va1 Va2
ith
Vo1 Vp2 K, K, Vaa Va2
th
npv Vo1 Vo2 K; K, Va1 Vg2

2"-STAGE PSO: This state uses optimal solution from 1%-STATE PSO as
initial point. However, the parameter setting of each PV system is not the same or there
are npv X 6 free variables if there are npv PV systems. After finishing 2"%-STAGE

PSO, the optimal parameter setting of each connected PV system will be obtained.
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( Generate Initial Population >

A

.

Assessment of objective value of
each particle

A

Update personalbest of each particle |

A

Update globalbest of swarm |

A

Update velocity and position of each
particle

Convergence?

Figure 5.4 The flowchart of each stage PSO
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CHAPTER 6

DETAILS OF TEST SYSTEMS

This chapter will address about 2 test systems that are used in this research. The
first is a modified 19 node LV distribution system and the second is a modified 29 node
LV distribution system. Moreover, load, solar irradiance and ambient temperature data

are presented too.

6.1 The Modified 19 Node LV Distribution System

This modified 19 node distribution system [44] as shown in Figure 6.1 is

demonstrated in this research and the test system details is composed of:

24/0.4 kV 3
125kVA

Figure 6.1 The modified 19 node distribution system

- Base voltage is 230 volts, line to neutral.

- Rated transformer is 125 kVA.

- Voltage limit between 0.9-1.1 pu. is complied with the guideline [31].

- Line spacing between phase conductors is 20 cm.

- Utilizing polyethylene insulated weatherproof aluminum conductors and
the parameter can be shown in Table 4.5.

- Two types of wiring conductor is applied. Type 1 (represent in Figure 6.1
as “A1”) uses conductor size as 70, 70, 70 and 35 mm? for phases A, B, C

and neutral respectively. Type 2 (represent in Figure 6.1 as “A2”) uses
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conductor size as 35, 35, 35 and 35 mm? for phases A, B, C and neutral

respectively. The impedance matrix of each type can be shown in Table 6.1.

Table 6.1 The impedance matrix of two type wiring conductors

Impedance ((2/km)
TYPe | Phase A B C
A 0.52134j0.5550 0.1721+j0.3204 0.1647+j0.2871
Al B 0.1721+j0.3204 0.4970+j0.5887 0.1538+j0.3461
C 0.1647+j0.2871 0.1538+j0.3461 0.4838+j0.6071
A 0.8439+j0.5765 0.1721+j0.3204 0.1647+j0.2871
A2 B 0.1721+j0.3204 0.8196+j0.6102 0.1538+j0.3461
C 0.1647+0.2871 0.1538+j0.3461 0.8064+{0.6287

Utilizing polyethylene insulated weatherproof aluminum conductors and
the parameter can be shown in Table 4.5.

Maximum load at each phase of each node can be shown in Table 6.2.

Table 6.2 Maximum load at each phase of each node

Maximum Load
Node Phase A Phase B Phase C
P(W) | Q(VAD | P(W) | Q(VAD | P(W) | Q(VAr)

! 0 0 0 0 0 0

2 2,076 1,002 1,038 504 2,076 1,002
3 2,202 1,068 1,944 942 1,038 504
4 1,296 630 1,134 552 810 390
> 1,296 630 1,038 504 906 438
6 840 408 618 300 582 282
7 1,944 942 1,620 786 1,620 786
8 678 330 1,086 516 1,488 720
? 2,460 1,194 2,982 1,446 | 2,658 1,284
10 678 330 840 408 516 252
1 1,488 720 1,488 720 2,202 1,068
12 1,944 942 1,620 786 1,620 786
13 876 426 1,068 516 1,296 630
14 618 300 618 300 810 390
15 876 426 972 468 1,392 672
16 1,554 756 2,076 1,002 | 1,554 756
17 1,296 630 972 468 972 468
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Maximum Load
Node Phase A Phase B Phase C
P (W) Q (VAr) P (W) Q(VAr) | P (W) Q (VAr)
18 1,068 516 1,068 516 2,202 1,068
19 1,752 846 2,010 972 2,202 1,068

The integration of PV system has only one of PV module as shown in Table 6.3

and the connection points of PV system can be shown in Table 6.4 that the overall

capacity is around 127.8 kW or 102.24% of transformer capacity.

Table 6.3 Specifications of Jinko PV modules [45]

Specification at NOCT Jinko PV Modules
Crystal Structure Multi-Crystalline Si
Pypp (W) 221
Vipp (V) 33.7
Iypp (A) 6.56
Voe (V) 423
Iy (A) 7.16
K; (A/C) 53x 107
Ky (V/°C) -1.404 x 107!
Nor (C) 45

Table 6.4 The connection point of PV system

Specification of PV Inverter
PV Number of
Node Type Phase Rated Real Maximum Reactive
Name PV module
Power (W) Power (VAr)

PVI 5 1-phase A 4,200 2,100 25
PV2 5 1-phase B 4,200 2,100 25
PV3 5 1-phase C 4,200 2,100 25
PV4 6 3-phase A,B,C 10,000 5,000 58
PV5 7 3-phase A,B,C 10,000 5,000 58
PV6 8 3-phase A,B,C 10,000 5,000 58
PV7 10 3-phase A,B,C 10,000 5,000 58
PV8 11 3-phase A,B,C 10,000 5,000 58
PV9 12 1-phase A 4,200 2,100 25
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Specification of PV Inverter
PV Number of
Node Type Phase Rated Real Maximum Reactive
Name PV module
Power (W) Power (VAr)

PV10 12 1-phase B 4,200 2,100 25
PVI11 12 1-phase C 4,200 2,100 25
PVI12 13 3-phase A,B,C 10,000 5,000 58
PV13 15 3-phase A,B,C 10,000 5,000 58
PV14 16 3-phase A,B,C 10,000 5,000 58
PV15 18 1-phase A 4,200 2,100 25
PV16 18 1-phase B 4,200 2,100 25
PV17 18 1-phase C 4,200 2,100 25
PV18 19 3-phase AB,C 10,000 5,000 58

In this modified 19 node distribution system, the voltage profile result can be
shown in Figure 6.2 when there is no PV connection and the simulation is tested on

maximum load (1 pu.). The result of loss (LSS 41 1044, no pv) 18 0,547.58 W.

280 T T T T T T T T T
—O— Phase A
> 20 L ____ —%— Phase B |—
% 240 A —A— Phase C
5 "\\;-‘,/’»i‘-\}') p
2 220+ e 5 T R=Ra & o oo o0a . . o @
S 2 — 7 X
200 1 1 1 1 1 1 1 1 1
2 4 6 8 10 12 14 16 18

Node

Figure 6.2 The voltage profile result

In this modified 19 node distribution system, the study of the maximum high

PV penetration under no local control is addressed in Appendix F.

6.2 The Modified 29 Node LV Distribution System

This modified 29 node distribution system [46] as shown in Figure 6.2 is

demonstrated in this research and the test system details is composed of:
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Figure 6.3 The modified 29 node distribution system

Base voltage is 230 volts, line to neutral.

Rated transformer is 125 kVA.

Voltage limit between 0.9-1.1 pu. is complied with the guideline [31].
Line spacing between phase conductors is 20 cm.

Utilizing polyethylene insulated weatherproof aluminum conductors and
the parameter can be shown in Table 4.5.

Two types of wiring conductor is applied. Type 1 (represent in Figure 6.1
as “A1”) uses conductor size as 70, 70, 70 and 35 mm? for phases A, B, C
and neutral respectively. Type 2 (represent in Figure 6.1 as “A2”) uses
conductor size as 35, 35, 35 and 35 mm? for phases A, B, C and neutral
respectively. The impedance matrix of each type can be shown in Table 6.1.

Maximum load at each phase of each node can be shown in Table 6.5.
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Maximum Load (Q)
Node
Phase A Phase B Phase C
1 0 0 0
2 0 0 0
3 0 0 0
4 0 75.36+j24.56 1,371.28+j450.72
5 1,093.44+j359.52 593.2+j194.96 500.24+j164.56
6 0 0 0
7 2,672.96+j878.48 1,657.44+j544.88 2,103.12+j691.44
8 1,359.6+j446.96 1,836.96+j603.6 1,380+j453.6
9 4,350.4+j1,430 4,937.76+j1,622.88 4249.2+71396.72
10 1,377.12+j452.8 2,343.12+j770.16 3,141.6+j1032.64
11 1880.32+j618.16 873.52+j287.04 0
12 0 0 0
13 783.92+j257.84 1,119.68+j368.24 0
14 613.12+j201.6 1,292.96+j424.88 529.44+j174.08
15 0 0 0
16 1226.32+j403.2 621.6+j204.16 621.6+j204.16
17 1,295.92+j426.16 2,267.68+j745.2 977.6+321.12
18 621.6+j204.16 986.4+j324.08 899.76+j295.76
19 783.92+j257.84 1,119.68+j368.24 1,466.08+j481.92
20 0 0 0
21 1,570.8+516.08 1,452.08+477.36i 1,680.8+552.32i
22 0 0 0
23 468.64+j154.16 468.64+j154.16 0
24 2,377.68+j781.44 1,139.68+j374.48 0
25 474.48+j155.76 0 2,762+j907.84
26 0 711.44+j233.68 711.44+j233.68
27 1,268.64+j416.88 1,212.16+j398.24 1,429.2+j469.84
28 601.52+j197.84 300.76+798.92 601.52+197.84
29 1,185.92+j389.92 1,185.92+j389.92 2,371.84+j779.76

The integration of PV system has only one of PV module as shown in Table

6.3 and the connection points of PV system can be shown in Table 6.6 that the overall

capacity is around 125.4 kW or 100.32% of transformer capacity.
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Specification of PV Inverter
PV Number of
Name Node Type Phase Rated Real | Maximum Reactive PV module
Power (W) Power (VAr)
PV1 4 3-phase | A,B,C 10,000 5,000 58
PV2 5 1-phase A 2,000 1,000 12
PV3 5 1-phase C 2,000 1,000 12
PV4 7 3-phase A,B,C 7,500 3,750 39
PV5 9 1-phase A 4,200 2,100 25
PV6 9 1-phase B 4,200 2,100 25
PV7 9 1-phase C 4,200 2,100 25
PV8 10 3-phase | A,B,C 10,000 5,000 58
PV9 14 3-phase | A,B,C 7,500 3,750 39
PV10 16 3-phase | A,B,C 10,000 5,000 58
PV11 17 1-phase A 4,200 2,100 25
PVI12 17 1-phase B 4,200 2,100 25
PV13 17 1-phase C 4,200 2,100 25
PV14 18 1-phase C 2,000 1,000 12
PVI15 19 1-phase C 2,000 1,000 12
PV16 21 3-phase | A,B,C 7,500 3,750 39
PV17 23 3-phase | A,B,C 7,500 3,750 39
PV18 24 3-phase | A,B,C 10,000 5,000 58
PV19 25 1-phase A 2,000 1,000 12
PV20 25 1-phase C 2,000 1,000 12
PV21 26 1-phase B 4,200 2,100 25
PV22 27 3-phase | A,B,C 10,000 5,000 58
PV23 28 1-phase A 2,000 1,000 12
PV24 29 1-phase C 2,000 1,000 12

In this modified 29 node distribution system, the voltage profile result can be

shown in Figure 6.4 when there is no PV connection and the simulation is tested on

maximum load (1 pu.). The result of loss (Loss

max load, no P

/) is 7,642.05 W.
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Figure 6.4 The voltage profile result

In this modified 29 node distribution system, the study of the maximum high

PV penetration under no local control is addressed in Appendix F.

6.3 Load, Solar Irradiance and Ambient Temperature Data

In this research, the uncertainty analysis unit assumingly uses the collected data
at the week 3-9 November 2014 for uncertainty characteristic determination. load, solar
irradiance and ambient temperature data every 5 minutes between sun rise period or
6.00-18.00 o’clock along 3-9 November 2014 can be shown in Appendix G or in Figure
6.5 as graph.
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Figure 6.5 The collected data in 3-9 November 2014 between 6.00-18.00 o ’clock

6.3.1 Uncertainty Determination at the Week 3-9 November 2014

According to the collected data in Figure 6.5 at the week 3-9 November 2014,
the normal uncertainty characteristics of load, solar irradiance and ambient temperature

are formed as shown in Figure 6.6.
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Figure 6.6 The normal uncertainty characteristics

According to the uncertainty characteristics in Figure 6.6, the result of the set

of uncertainty can be shown in Table 6.7. The minimum solar irradiance will be

determined at 0.05 kW/m? according to the initial operation of PV inverter [20].

Table 6.7 Set of uncertainty

Load (pu.) MPP of connected PV system
Case Temperature

Phase A Phase B Phase C Solar (kW/m?) C)

2 0.312398 0.259932 0.2928 0.351894 30.10533
72 0.745285 0.545107 0.495552 1.19925 22.53
73 0.745285 0.545107 0.495552 0.05 35.93
74 0.745285 0.545107 0.181452 1.19925 22.53
25 0.745285 0.545107 0.181452 0.05 35.93
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Load (pu.) MPP of connected PV system

Case Temperature

Phase A Phase B Phase C Solar (kW/m?) C)
76 0.745285 0.100666 0.495552 1.19925 22.53
21 0.745285 0.100666 0.495552 0.05 35.93
8 0.745285 0.100666 0.181452 1.19925 22.53
2 0.745285 0.100666 0.181452 0.05 35.93
210 0.113518 0.545107 0.495552 1.19925 22.53
211 0.113518 0.545107 0.495552 0.05 35.93
212 0.113518 0.545107 0.181452 1.19925 22.53
213 0.113518 0.545107 0.181452 0.05 35.93
214 0.113518 0.100666 0.495552 1.19925 22.53
215 0.113518 0.100666 0.495552 0.05 35.93
216 0.113518 | 0.100666 0.181452 119925 22.53
217 0.113518 0.100666 0.181452 0.05 35.93

6.3.2 Uncertainty Determination at the Day 3 November 2014

According to the collected data in Figure 6.5 at the day 3 November 2014, the

normal uncertainty characteristics of load, solar irradiance and ambient temperature are

formed as shown in Figure 6.7.
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Figure 6.7 The normal uncertainty characteristics

According to the uncertainty characteristics in Figure 6.7, the result of the set
of uncertainty can be shown in Table 6.8. The minimum solar irradiance will be

determined at 0.05 kW/m? according to the initial operation of PV inverter [20].

Table 6.8 Set of uncertainty

Load (pu.) MPP of connected PV system
Case Temperature
Phase A Phase B Phase C Solar (kW/m?) C)
21 0.283539 0.238877 0.304988 0.506503 31.04063
22 0.530875 0.353155 0.456019 1.1472 25.63
73 0.530875 0.353155 0.456019 0.05 35.24
74 0.530875 0.353155 0.214998 1.1472 25.63
& 0.530875 0.353155 0.214998 0.05 35.24
76 0.530875 0.123109 0.456019 1.1472 25.63
27 0.530875 0.123109 0.456019 0.05 35.24
78 0.530875 0.123109 0.214998 1.1472 25.63
7 0.530875 0.123109 0.214998 0.05 35.24
210 0.135687 0.353155 0.456019 1.1472 25.63
z1 0.135687 0.353155 0.456019 0.05 35.24
212 0.135687 0.353155 0.214998 1.1472 25.63
713 0.135687 0.353155 0.214998 0.05 35.24
z14 0.135687 0.123109 0.456019 1.1472 25.63
z15 0.135687 0.123109 0.456019 0.05 35.24
216 0.135687 0.123109 0.214998 1.1472 25.63
217 0.135687 0.123109 0.214998 0.05 35.24




LLE8GEBSET

9 :bas / £0:28:6T 295z20vz :Ava4  uotieriass p tzzzertzos s isaul i o I

88

6.3.3 Uncertainty Determination at the Day 4 November 2014

According to the collected data in Figure 6.5 at the day 4 November 2014, the
normal uncertainty characteristics of load, solar irradiance and ambient temperature are

formed as shown in Figure 6.8.
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Figure 6.8 The normal uncertainty characteristics

According to the uncertainty characteristics in Figure 6.8, the result of the set
of uncertainty can be shown in Table 6.9. The minimum solar irradiance will be

determined at 0.05 kW/m? according to the initial operation of PV inverter [20].
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Load (pu.) MPP of connected PV system
Case Temperature
Phase A Phase B Phase C Solar (kW/m?) 0
21 0.293303 0.231218 0.318742 0.399888 31.79861
& 0.68703 0.479757 0.464894 1.09764 26.19
73 0.68703 0.479757 0.464894 0.05 35.93
74 0.68703 0.479757 0.197892 1.09764 26.19
& 0.68703 0.479757 0.197892 0.05 35.93
76 0.68703 0.120469 0.464894 1.09764 26.19
27 0.68703 0.120469 0.464894 0.05 35.93
8 0.68703 0.120469 0.197892 1.09764 26.19
7 0.68703 0.120469 0.197892 0.05 35.93
210 0.126807 0.479757 0.464894 1.09764 26.19
21 0.126807 0.479757 0.464894 0.05 35.93
212 0.126807 0.479757 0.197892 1.09764 26.19
213 0.126807 0.479757 0.197892 0.05 35.93
214 0.126807 0.120469 0.464894 1.09764 26.19
215 0.126807 0.120469 0.464894 0.05 35.93
216 0.126807 0.120469 0.197892 1.09764 26.19
217 0.126807 0.120469 0.197892 0.05 35.93

6.3.4 Uncertainty Determination at the Day S November 2014

According to the collected data in Figure 6.5 at the day 5 November 2014, the

normal uncertainty characteristics of load, solar irradiance and ambient temperature are

formed as shown in Figure 6.9.
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Figure 6.9 The normal uncertainty characteristics

According to the uncertainty characteristics in Figure 6.9, the result of the set
of uncertainty can be shown in Table 6.10. The minimum solar irradiance will be

determined at 0.05 kW/m? according to the initial operation of PV inverter [20].

Table 6.10 Set of uncertainty

Load (pu.) MPP of connected PV system
Case Temperature
Phase A Phase B Phase C Solar (kW/m?) C)
& 0.301546 0.268058 0.290573 0.331992 31.00528
22 0.541329 0.455773 0.476513 1.00542 27.09
73 0.541329 0.455773 0.476513 0.05 34.24
74 0.541329 0.455773 0.196645 1.00542 27.09
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Load (pu.) MPP of connected PV system
Case Temperature
Phase A Phase B Phase C Solar (kW/m?) C)
& 0.541329 0.455773 0.196645 0.05 34.24
76 0.541329 0.13026 0.476513 1.00542 27.09
21 0.541329 0.13026 0.476513 0.05 34.24
8 0.541329 0.13026 0.196645 1.00542 27.09
7 0.541329 0.13026 0.196645 0.05 34.24
210 0.183361 0.455773 0.476513 1.00542 27.09
211 0.183361 0.455773 0.476513 0.05 34.24
212 0.183361 0.455773 0.196645 1.00542 27.09
213 0.183361 0.455773 0.196645 0.05 34.24
214 0.183361 0.13026 0.476513 1.00542 27.09
215 0.183361 0.13026 0.476513 0.05 34.24
216 0.183361 0.13026 0.196645 1.00542 27.09
217 0.183361 0.13026 0.196645 0.05 34.24

6.3.5 Uncertainty Determination at the Day 6 November 2014

According to the collected data in Figure 6.5 at the day 6 November 2014, the

normal uncertainty characteristics of load, solar irradiance and ambient temperature are

formed as shown in Figure 6.10.
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Figure 6.10 The normal uncertainty characteristics
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According to the uncertainty characteristics in Figure 6.10, the result of the set

of uncertainty can be shown in Table 6.11. The minimum solar irradiance will be

determined at 0.05 kW/m? according to the initial operation of PV inverter [20].

Table 6.11 Set of uncertainty

Load (pu.) MPP of connected PV system
Case Temperature
Phase A Phase B Phase C Solar (kW/m?) C)
21 0.30537 0.217527 0.27459 0.273906 30.29354
72 0.645936 0.425518 0.495552 0.99412 27.57
73 0.645936 0.425518 0.495552 0.05 34.5
74 0.645936 0.425518 0.190348 0.99412 27.57
& 0.645936 0.425518 0.190348 0.05 34.5
76 0.645936 0.100666 0.495552 0.99412 27.57
27 0.645936 0.100666 0.495552 0.05 34.5
28 0.645936 0.100666 0.190348 0.99412 27.57
79 0.645936 0.100666 0.190348 0.05 34.5
210 0171332 | 0425518 0.495552 0.99412 27.57
z1 0.171332 0.425518 0.495552 0.05 34.5
212 0.171332 0.425518 0.190348 0.99412 27.57
213 0.171332 0.425518 0.190348 0.05 34.5
214 0.171332 0.100666 0.495552 0.99412 27.57
z15 0.171332 0.100666 0.495552 0.05 34.5
216 0.171332 0.100666 0.190348 0.99412 27.57
217 0.171332 0.100666 0.190348 0.05 34.5
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6.3.6 Uncertainty Determination at the Day 7 November 2014

According to the collected data in Figure 6.5 at the day 7 November 2014, the
normal uncertainty characteristics of load, solar irradiance and ambient temperature are

formed as shown in Figure 6.11.
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Figure 6.11 The normal uncertainty characteristics

According to the uncertainty characteristics in Figure 6.11, the result of the set
of uncertainty can be shown in Table 6.12. The minimum solar irradiance will be

determined at 0.05 kW/m? according to the initial operation of PV inverter [20].
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Load (pu.) MPP of connected PV system

Case Temperature

Phase A Phase B Phase C Solar (kW/m?) 0
21 0.270889 0.203254 0.266264 0.303343 30.49576
& 0.607929 0.485038 0.47485 1.06902 27.33
73 0.607929 0.485038 0.47485 0.05 33.98
74 0.607929 0.485038 0.181452 1.06902 27.33
& 0.607929 0.485038 0.181452 0.05 33.98
76 0.607929 0.104544 0.47485 1.06902 27.33
27 0.607929 0.104544 0.47485 0.05 33.98
8 0.607929 0.104544 0.181452 1.06902 27.33
7 0.607929 0.104544 0.181452 0.05 33.98
210 0.113518 0.485038 0.47485 1.06902 27.33
21 0.113518 0.485038 0.47485 0.05 33.98
212 0.113518 0.485038 0.181452 1.06902 27.33
213 0.113518 0.485038 0.181452 0.05 33.98
214 0.113518 0.104544 0.47485 1.06902 27.33
215 0.113518 0.104544 0.47485 0.05 33.98
216 0.113518 0.104544 0.181452 1.06902 27.33
217 0.113518 0.104544 0.181452 0.05 33.98

6.3.7 Uncertainty Determination at the Day 8 November 2014

According to the collected data in Figure 6.5 at the day 8 November 2014, the

normal uncertainty characteristics of load, solar irradiance and ambient temperature are

formed as shown in Figure 6.12.

Density

0.5
Load (pu.)

(a) Load phase A

Density

0.5
Load (pu.)

(b) Load phase B



LLE8GEBSET

9 thes | £0:1g 16T 2952L0vz A9a1 | uo 1veviess ip tzzevtzos siseutt o I[NNI

Density

95

2
2
[0
(|
0 - 0 | '
0 05 1 0 0.5 1 1.5
Load (pu.) Solar (kKW/m?)
(c) Load phase C (d) Solar irradiance

>

Z02f

5

=) 01 i

0

20 25 30 35 40
Temperature (°C)

(e) Ambient temperature

Figure 6.12 The normal uncertainty characteristics

According to the uncertainty characteristics in Figure 6.12, the result of the set

of uncertainty can be shown in Table 6.13. The minimum solar irradiance will be

determined at 0.05 kW/m? according to the initial operation of PV inverter [20].

Table 6.13 Set of uncertainty

Load (pu.) MPP of connected PV system
Case Temperature

Phase A Phase B Phase C Solar (kW/m?) C)

21 0.324574 0.338176 0.310495 0.435371 30.19375
& 0.596435 0.493949 0.476201 1.19925 25.41
73 0.596435 0.493949 0.476201 0.05 334
74 0.596435 0.493949 0.181556 1.19925 25.41
25 0.596435 0.493949 0.181556 0.05 334
76 0.596435 0.201799 0.476201 1.19925 25.41
27 0.596435 0.201799 0.476201 0.05 334
8 0.596435 0.201799 0.181556 1.19925 25.41
7 0.596435 0.201799 0.181556 0.05 334
210 0.163492 0.493949 0.476201 1.19925 25.41
21 0.163492 0.493949 0.476201 0.05 334
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Load (pu.) MPP of connected PV system

Case Temperature
Phase A Phase B Phase C Solar (kW/m?) C)
212 0.163492 0.493949 0.181556 1.19925 2541
213 0.163492 0.493949 0.181556 0.05 334
214 0.163492 0.201799 0.476201 1.19925 25.41
215 0.163492 0.201799 0.476201 0.05 334
216 0.163492 0.201799 0.181556 1.19925 2541
217 0.163492 0.201799 0.181556 0.05 334

6.3.8 Uncertainty Determination at the Day 9 November 2014

According to the collected data in Figure 6.5 at the day 9 November 2014, the
normal uncertainty characteristics of load, solar irradiance and ambient temperature are

formed as shown in Figure 6.13.
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Figure 6.13 The normal uncertainty characteristics
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According to the uncertainty characteristics in Figure 6.13, the result of the set

of uncertainty can be shown in Table 6.14. The minimum solar irradiance will be

determined at 0.05 kW/m? according to the initial operation of PV inverter [20].

Table 6.14 Set of uncertainty

Load (pu.) MPP of connected PV system
Case Temperature
Phase A Phase B Phase C Solar (kW/m?) C)
21 0.407567 0.322418 0.283948 0.212253 25.90972
22 0.745285 0.545107 0.457807 1.00545 22.53
73 0.745285 0.545107 0.457807 0.05 29.26
74 0.745285 0.545107 0.194608 1.00545 22.53
& 0.745285 0.545107 0.194608 0.05 29.26
76 0.745285 0.148165 0.457807 1.00545 22.53
27 0.745285 0.148165 0.457807 0.05 29.26
28 0.745285 0.148165 0.194608 1.00545 22.53
7 0.745285 0.148165 0.194608 0.05 29.26
210 0.157131 0.545107 0.457807 1.00545 22.53
z1 0.157131 0.545107 0.457807 0.05 29.26
212 0.157131 0.545107 0.194608 1.00545 22.53
213 0.157131 0.545107 0.194608 0.05 29.26
214 0.157131 0.148165 0.457807 1.00545 22.53
z15 0.157131 0.148165 0.457807 0.05 29.26
216 0.157131 0.148165 0.194608 1.00545 22.53
217 0.157131 0.148165 0.194608 0.05 29.26
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CHAPTER 7

SIMULATION RESULTS AND DISCUSSION

In this chapter, 2 different LV distribution systems will be demonstrated, i.e.
modified 19 and 29 node LV distribution systems. The uncertainty characteristic
prediction is assumed to come from at the week 3-9 November 2014. To show the
effectiveness of the coordination between central and local control, the simulation
results are divided into seven subsections: (7.1) P(U) and Q(U) local control
application; (7.2) The same and different parameters setting of local control; (7.3) The
continuous and piecewise linear local control application; (7.4) local control adjustment
in every one week or one day of continuous local control function; (7.5) local control
adjustment in every one week or one day of piecewise linear local control function;
(7.6) local control adjustment in the modified 29 node LV distribution system; Monte

Carlo simulations.

7.1 P(U) and Q(U) Local Control Application

In this subsection, the comparison between (7.1.1) no local control, (7.1.2) the
only P(U) application and (7.1.3) both P(U) and Q(U) application to show the
effectiveness of both P(U) and Q(U) application in real power generation enhancement
in to LV distribution system. The continuous local control function is selected in this

subsection.
7.1.1 No Local Control

In the past, there are many researches, such as [4], that the operation of PV
system is considered as unity power factor. According to the set of uncertainty at the
week 3-9 November 2014 in Table 6.7, the power flow results can be shown in Figure
7.1 when PV system operates on unity power factor. It can notice that overvoltage and
over loss (at 6,547.58 W) is occurred in LV distribution system with high PV

penetration.
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Figure 7.1 The results of the set of uncertainty

where the minimum voltage is determined from any phase and node according to
system voltage result that has the lowest value. The maximum voltage is vice versa.
Maximum VUF is determined from any node according to system VUF result that has

the highest value. Maximum line capacity is determined from any line of each phase

. Line Current
that has the maximum value of ————— X 100%.
Line Capacity
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7.1.2 The only P(U) Application

The research [12] considers only local control P(U) function of PV system. The
result is that PV system can generate less real power into LV distribution system
because only real power output will be limited when voltage at the connection of PV
system is increased. According to the set of uncertainty at the week 3-9 November
2014 in Table 6.7, the result of the parameters setting of P(U) function can be shown in
Table 7.1. The optimal objective value in equation (5.81) is 33,197.32 W. Considering
only the case z € {z1,z2, ...,z17}, the results of minimum and maximum voltage
profile, maximum VUF, MV/LV transformer utilization, maximum line capacity and

total real power output from PV systems can be shown in Figure 7.2.

Table 7.1 Parameter setting of each connected PV system

Parameter Setting
PV Name

Veri Sy K, K,
PV1 1.098 0.011 - -
PV2 1.098 0.01 - -
PV3 1.099 0.01 - -
PV4 1.086 0.01 - -
PV5 1.07 0.01 - -
PVo6 1.133 0.01 - -
PV7 1.101 0.01 - -
PV8 1.121 0.01 - -
PV9 1.087 0.01 - -
PV10 1.086 0.01 - -
PVI11 1.098 0.014 - -
PV12 1.056 0.01 - -
PV13 1.08 0.01 - -
PV14 1.064 0.01 - -
PVIS 1.089 0.01 - -
PV16 1.088 0.01 - -
PV17 1.097 0.01 - -
PVIS8 1.059 0.01 - -
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Figure 7.2 The results of the set of uncertainty

The results according to Figure 7.2 are within the limit. The total real power
output from PV systems at maximum value is 84,581.02 W at the case z2. It is because
the case z2 has maximum phase A, B and C loads and, therefore, each connected PV
system can generates a lot real power output to LV distribution system before each

connected PV system is limited real power output by P(U) function.
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7.1.3 Both P(U) and Q(U) Application

In this subsection, the connected PV system will operate on local control on real
power adjustment local control as stated in equations (4.3) or (4.4) and reactive power
adjustment as stated in equations (4.6) or (4.7). The parameter assessment will be
analyzed by central control through 2-stage PSO process. According to the set of
uncertainty at the week 3-9 November 2014 in Table 6.7, the optimal objective value
in equation (5.81) is 42,643.37 W and the results of optimal parameter setting can be
shown in Table 7.2. Considering only the case z € {z1,z2,...,z17}, the results of
minimum and maximum voltage profile, maximum VUF, MV/LV transformer
utilization, maximum line capacity and total real power output from PV systems can be

shown in Figure 7.3.

Table 7.2 Parameter setting of each connected PV system

Parameter Setting
PV Name Vcri 81’ Kl KZ Vq 8‘1
PV1 1.094 0.023 0.348 0.605 1 0.017
PV2 1.098 0.011 0.304 0.881 1.001 0.017
PV3 1.102 0.02 0.442 0.951 1.009 0.087
PV4 1.081 0.01 0.225 0.409 1.006 0.07
PV5 1.072 0.013 0.323 1.086 1.018 0.072
PV6 1.126 0.014 0.469 0.925 1.011 0.068
PV7 1.137 0.028 0.597 1.145 1.007 0.048
PV8 1.101 0.021 0.303 0.935 1.009 0.073
PV9 1.082 0.013 0.235 1.161 1.015 0.08
PV10 1.08 0.01 0.85 0.963 1.005 0.077
PV11 1.104 0.016 0.302 0.93 1.015 0.08
PV12 1.071 0.031 0.228 1.028 1.006 0.06
PV13 1.123 0.01 0.417 1.089 1.011 0.063
PV14 1.067 0.022 0.256 0.827 1.007 0.072
PVI5 1.076 0.015 0.24 1.018 1.009 0.075
PV16 1.088 0.01 0.315 0.901 1.009 0.083
PV17 1.079 0.014 0.754 1 1.006 0.081
PVI8 1.071 0.035 0.426 0.959 1.012 0.078
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Figure 7.3 The results of the set of uncertainty

The results according to Figure 7.1 are within the limit. The total real power

output from PV systems at maximum value is 103,937.38 W at the case z2. It is because

the case z2 has maximum phase A, B and C loads and, therefore, each connected PV

system can generates a lot real power output to LV distribution system before each

connected PV system is limited real power output by P(U) function. Comparing

between Subsection 7.1.2 and 7.1.3, the percent different of objective value and
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maximum total real power output can be shown in Table 7.3 and it can notice that both

P((U) and Q(U) application in Subsection 7.1.3 can apparently generate more real

power output into LV distribution system. It is because Q(U) function helps voltage

rise support when many PV systems generate real power output into LV distribution

system. However, P(U) function also operates to limit real power output for voltage rise

support if the operation of Q(U) function is unable to support voltage rise adequately.

Table 7.3 The comparison between only P(U) function and both P(U) and Q(U)

functions application

Only P(U) Both P(U) and Percent Change of Both P(U)
Function Q(U) Functions and Q(U) Functions
Objective Value 33,197.32 42,643.37 +28.45%
Maximum total real
84,373.67 103,937.38 +23.19%
power output

The comparison of P(U) and Q(U) function of each PV connection from Table

7.2 can be shown as follows.

Figure 7.4 shows the comparison of PV1-PV3 where PV1 is at phase-A node
5; PV2 is at phase-B node 5; PV3 is at phase-C node 5.

Figure 7.5 shows the comparison of PV4-PV6 where PV4 is at 3-phase node
6; PV2 is at 3-phase node 7; PV3 is at 3-phase node 8.

Figure 7.6 shows the comparison of PV7, PV8 and PV12 where PV7 is at
3-phase node 10; PV8 is at 3-phase node 11; PV12 is at 3-phase node 13.
Figure 7.7 shows the comparison of PV9-PV11 where PV9 is at phase-A
node 12; PV10 is at phase-B node 12; PV3 is at phase-C node 12.

Figure 7.8 shows the comparison of PV13, PV14 and PV18 where PV13 is
at 3-phase node 15; PV14 is at 3-phase node 16; PV18 is at 3-phase node
19.

Figure 7.9 shows the comparison of PV15-PV17 where PV15 is at phase-A
node 18; PV16 is at phase-B node 18; PV17 is at phase-C node 18.
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Figure 7.4 The comparison of PVI1-PV3

From Figure 7.4, phase A, B and C loads at the upstream node 5 are not different

so much. Then, characteristics of local control are nearly similar.
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Figure 7.5 The comparison of PV4-PV6

From Figure 7.5, PV6 has no limitation from P(U) function because this
connection point has more load than node 6 at the connection point of PV4 although
PV4 and PV6 are close together according to the data in Table 6.2. PV5 is far from
transformer around 1.3 km that PV5 connection at node 7 is farther than PV4 (300 m.
long) and PV6 (400 m. long) connections. Then, P(U) function of PV5 is more limited
than PV4 and PV6. Accordingly, PV5 is set Q(U) function to absorb more reactive

power than the others to be capable of more real power injection.
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Figure 7.6 The comparison of PV7, PV8 and PV12
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From Figure 7.6, PV7 is near distribution transformer (600 m. long) than the
others. Then, P(U)pv7 function is set to inject real power more than P(U)pvs function
(700 m. long) and P(U)pvi2 (1.2 km. long). For Q(U) function, the characteristics of
PV7,PV8 and PV12 are close.
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Figure 7.7 The comparison of PV9, PV10 and PV11

PV9-PV11 connect at the same node but in a different phase. Loads of each
phase A, B and C are close according to the data in Table 6.2. From Figure 7.7, The
characteristics of both P(U) and Q(U) functions of PV9, PV10 and PV11 are different

apparently. Probably, it is because of voltage unbalance effect. If PV10 and PV11 are

set to inject more real power, any phase of other nodes may be affected in overvoltage

problem.
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Figure 7.8 The comparison of PV13, PV14 and PV18

From Figure 7.8, PV13 is nearer distribution transformer (800 m. long) than the
others. Then, P(U)pvi3 function is set to inject real power more than P(U)pvi4 function
(1.2 km. long) and P(U)pvis function (900 m. long). For Q(U) function, the
characteristics of PV13, PV14 and PV 18 are close.
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Figure 7.9 The comparison of PV15, PV16 and PV17

From Figure 7.9, it can notice that the characteristics of P(U) function of PV15,
PV16 and PV17 are limited real power output more than P(U) function from PV1-PV3
connections at upstream node. It is due to the ability to inject more real power output

at the upstream node than the downstream node. For Q(U) functions of PV15, PV16
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and PV17, they are different apparently. Probably, it is because of voltage unbalance
effect.

7.2 The Same and Different Parameters Setting of Local Control

According to Subsection 7.1.3, the parameters setting result of each PV system
from 2-stage PSO is determined as different setting. However, the same parameters
setting result of each PV system will be obtained at the first stage of 2-stage PSO.
According to the set of uncertainty at the week 3-9 November 2014 in Table 6.7, the
optimal objective value in equation (5.77) is 40,654.36 W when the first stage of 2-
stage PSSO is  terminated. @~ The same  parameters setting  result
{Vieri»8ip Kin, Ki Vig 61q) is {1.066, 0.013, 0.237, 0.882, 1.006, 0.055}.
Considering only the case z € {z1, 22, ..., z17}, the power flow results can be shown in
Figure 7.10. The total real power output from PV systems at maximum value is
97,589.40 W at the case z2. Comparing between this subsection and Subsection 7.1.3,
the percent different of objective value and maximum total real power output can be
shown in Table 7.4 and it can notice that the different parameters setting at Subsection
7.1.3 is better because the optimal objective value result is higher and the maximum

total real power output from PV systems at the case z2 is higher.

Table 7.4 The comparison between the same and different setting of P(U) and Q(U)

functions
The Same The Different Percent Change of The
Setting Setting Different Setting
Objective Value 40,654.36 42,643.37 +4.89%
Maximum total real
97,589.40 103,937.38 +6.50%
power output
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Figure 7.10 The results of the set of uncertainty

7.3 The Continuous And Piecewise Linear Local Control Application

In this subsection, the piecewise linear local control function as written in
equations (4.8), (4.9), (4.11) and (4.12) will be applied. The parameter assessment will
be analyzed by central control through 2-stage PSO process. According to the set of
uncertainty at the week 3-9 November 2014 in Table 6.7, the optimal objective value
in equation (5.81) is 41,815.83 W and the results of optimal parameter setting can be
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shown in Table 7.5. Considering only the case z € {z1,z2, ...,z17}, the power flow
results can be shown in Figure 7.3. The power flow results can be shown in Figure 7.11.
The total real power output from PV systems at maximum value is 102,518.32 W at the
case z2. Comparing between this subsection and Subsection 7.1.3, the percent different
of objective value and maximum total real power output can be shown in Table 7.6 and
it can notice that the results between this subsection and Subsection 7.1.3 are close.
Then, local control application can be chosen any one from continuous or piecewise

linear function because of the nearly similar results.

Table 7.5 Parameter setting of each connected PV system

Parameter Setting
PV Name
Vi V2 K, K, Va1 Vaa

PV1 1.089 1.104 0.552 -0.496 0.904 0.997
PV2 1.089 1.108 0.496 -0.698 0.919 1.039
PV3 1.093 1.11 0.526 -0.557 0.909 1.017
PV4 1.095 1.109 0.544 -0.278 0.901 1.022
PV5 1.063 1.08 0.611 -0.667 0.902 1.007
PV6 1.09 1.105 0.337 -0.392 0.906 0.99
PV7 1.077 1.087 0.435 -0.742 0.9 1.03
PV8 1.095 1.106 0.56 -0.556 0.908 0.987
PV9 1.056 1.092 0.456 -0.627 0.9 0.982
PV10 1.076 1.095 0.379 -0.651 0.91 0.961
PV1l1 1.055 1.102 0.664 -0.585 0.909 0.997
PV12 1.019 1.099 0.341 -0.605 0.91 1.075
PV13 1.084 1.099 0.707 -0.715 0.91 0.929
PV14 1.057 1.071 0.43 -0.557 0.905 1.1
PV15 1.077 1.088 0.439 -0.49 0.911 1.004
PV16 1.074 1.101 0.458 -0.546 0.909 1.007
PV17 1.087 1.104 0.431 -0.607 0.903 1.093
PV18 1.032 1.088 0.478 -0.726 0.907 1.037
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Figure 7.11 The results of the set of uncertainty

Table 7.6 The comparison between the continuous and piecewise linear function

application
Continuous Piecewise Linear Percent Change of Piecewise
Function Function Linear Function
Objective Value 42,643.37 41,815.83 -1.94%
Maximum total real
103,937.378 102,518.32 -1.37%
power output

7.4 Local Control Adjustment in Every One Week or One Day Of Continuous

Local Control Fun

ction

In this subsection, the comparison between (7.4.1) adjustment per one week and

(7.4.2) adjustment per one day is determined for the suitable operation of coordination

between central and local control. The continuous local control function is selected in

this subsection.
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7.4.1 Adjustment Per One Week

In this subsection, the parameters setting in Table 7.2 is applied. The simulations
are divided into 7 parts: (7.4.1.1) at the day 3 November 2014; (7.4.1.2) at the day 4
November 2014; (7.4.1.3) at the day 5 November 2014; (7.4.1.4) at the day 6 November
2014; (7.4.1.5) at the day 7 November 2014; (7.4.1.6) at the day 8 November 2014;
(7.4.1.7) at the day 9 November 2014. The objective of this subsection is to determine
the simulation results when (1) the set of uncertainty of each day is applied and (2) the
parameters setting in Table 7.2 at the week 3-9 November 2014 is applied.

7.4.1.1 At The Day 3 November 2014

According to the set of uncertainty at the day 3 November 2014 in Table 6.8,
the calculated objective value in equation (5.81) is 49,472.20 W. Considering the case
z €{z1,z2,...,z17}, the power flow results can be shown in Figure 7.12 and they are
within the limit. The total real power output from PV systems at maximum value is

95,251.06 W at the case z2.
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Figure 7.12 The results of the set of uncertainty

7.4.1.2 At The Day 4 November 2014

According to the set of uncertainty at the day 4 November 2014 in Table 6.9,
the calculated objective value in equation (5.81) is 44,940.84 W. Considering only the
case z € {z1,z2, ...,z17}, the power flow results can be shown in Figure 7.13 and they
are within the limit. The total real power output from PV systems at maximum value is

101,056.21 W at the case z2.
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Figure 7.13 The results of the set of uncertainty

7.4.1.3 At The Day 5 November 2014

According to the set of uncertainty at the day 5 November 2014 in Table 6.10,
the calculated objective value in equation (5.81) is 41,080.51 W. Considering only the
case z € {z1,z2,...,z17}, the power flow results can be shown in Figure 7.14 and they
are within the limit. The total real power output from PV systems at maximum value is

97,917.23 W at the case z2.
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Figure 7.14 The results of the set of uncertainty

7.4.1.4 At The Day 6 November 2014

According to the set of uncertainty at the day 6 November 2014 in Table 6.10,

the calculated objective value in equation (5.81) is 35,955.41 W. Considering only the

case z € {z1,z2, ...,z17}, the power flow results can be shown in Figure 7.15 and they

are within the limit. The total real power output from PV systems at maximum value is

99,675.54 W at the case z2.
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Figure 7.15 The results of the set of uncertainty

7.4.1.5 At The Day 7 November 2014

According to the set of uncertainty at the day 7 November 2014 in Table 6.12,
the calculated objective value in equation (5.81) is 38,174.22 W. Considering only the
case z € {z1,z2, ...,z17}, the power flow results can be shown in Figure 7.16 and they
are within the limit. The total real power output from PV systems at maximum value is

99,870.33 W at the case z2.
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Figure 7.16 The results of the set of uncertainty

7.4.1.6 At The Day 8 November 2014

According to the set of uncertainty at the day 8 November 2014 in Table 6.13,

the calculated objective value in equation (5.81) is 48,299.55 W. Considering only the
case z € {z1,z2, ...,z17}, the power flow results can be shown in Figure 7.17 and they
are within the limit. The total real power output from PV systems at maximum value is

99,839.99 W at the case z2.
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Figure 7.17 The results of the set of uncertainty

7.4.1.7 At The Day 9 November 2014

According to the set of uncertainty at the day 9 November 2014 in Table 6.14,
the calculated objective value in equations (5.81) is 29,586.98 W. Considering only the
case z € {z1,z2, ...,z17}, the power flow results can be shown in Figure 7.18 and they
are within the limit. The total real power output from PV systems at maximum value is

103,209.82 W at the case z2.
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Figure 7.18 The results of the set of uncertainty

7.4.2 Adjustment Per One Day

In this subsection, the optimal parameters setting will be searched through 2-
stage PSO. The set of uncertainty of each day will be applied. The simulation results
are divided into seven subsections: (7.4.2.1) at the day 3 November 2014; (7.4.2.2) at
the day 4 November 2014; (7.4.2.3) at the day 5 November 2014; (7.4.2.4) at the day 6
November 2014; (7.4.2.5) at the day 7 November 2014; (7.4.2.6) at the day 8 November



LLE8GEBSET

9 thes | £0:1g 16T 2952L0vz A9a1 | uo 1veviess ip tzzevtzos siseutt o I[NNI

121

2014; (7.4.2.7) at the day 9 November 2014. The results of Subsection 7.4.2 will be

compared to subsection 7.4.1.
7.4.2.1 At The Day 3 November 2014

The parameter assessment will be analyzed by central control through 2-stage
PSO process. According to the set of uncertainty at the day 3 November 2014 in Table
6.8, the optimal objective value in equation (5.81) is 51,565.54 W and the results of
optimal parameter setting can be shown in Table 7.7. Considering only the case z €
{z1,z2,...,2z17}, the power flow results can be shown in Figure 7.19 and they are within
the limit. The total real power output from PV systems at maximum value is 98,597.83

W at the case z2.

Table 7.7 Parameter setting of each connected PV system

Parameter Setting

PV Name Ve 5, K, K, v, 5,
PV1 1.1 0.012 0.015 0.804 1.075 0.099
PV2 1.1 0.014 0.012 0.588 1.042 0.099
PV3 1.102 0.016 0.041 0.739 1.042 0.1
PV4 1.119 0.02 0.025 1.025 1.043 0.097
PV5 1.082 0.011 0.018 0.783 1.026 0.1
PVé6 1.088 0.011 0.004 0.678 1.029 0.087
PV7 1.105 0.018 0.007 0.775 1.03 0.094
PV8 1.107 0.018 0.015 0.508 1.04 0.097
PV9 1.08 0.013 0.013 0.767 1.039 0.086
PV10 1.086 0.01 0.02 0.689 1.047 0.089
PVI11 1.086 0.014 0.013 0.809 1.045 0.098
PV12 1.08 0.019 0.011 0.641 1.035 0.098
PV13 1.083 0.024 0.023 0.632 1.041 0.097
PV14 1.043 0.014 0.012 0.732 1.038 0.1
PV15 1.077 0.017 0.009 0.813 1.033 0.087
PV16 1.072 0.032 0.014 0.896 1.048 0.097
PV17 1.093 0.01 0.015 0.7 1.039 0.1
PV18 1.152 0.017 0.024 0.761 1.035 0.1
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Figure 7.19 The results of the set of uncertainty

7.4.2.2 At The Day 4 November 2014

The parameter assessment will be analyzed by central control through 2-stage

PSO process. According to the set of uncertainty at the day 4 November 2014 in Table

6.9, the optimal objective value in equation (5.81) is 46,719.23 W and the results of

optimal parameter setting can be shown in Table 7.8. Considering only the case z €

{z1,z2, ...,z17}, the power flow results can be shown in Figure 7.20 and they are within
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the limit. The total real power output from PV systems at maximum value is 103,531.01

W at the case z2.

Table 7.8 Parameter setting of each connected PV system

Parameter Setting

PV Name Ve 5, K, K, v, 5,
PV1 1.1 0.011 0.019 0.667 1.001 0.017
PV2 1.1 0.011 0 0.616 1 0.032
PV3 1.1 0.01 0.012 0.501 1.007 0.013
PV4 1.092 0.01 0.005 0.727 1.001 0.016
PV5 1.076 0.01 0.003 0.695 1 0.019
PV6 1.139 0.01 0 0.653 1.001 0.013
PV7 1.093 0.01 0.069 0.559 1 0.014
PV8 1.097 0.01 0.003 0.592 1 0.014
PV9 1.086 0.01 0.014 0.338 1 0.01
PV10 1.086 0.01 0.002 0.159 1 0.012
PVI11 1.102 0.01 0.008 0.581 1.003 0.015
PVI12 1.076 0.01 0 0.592 1 0.01
PV13 1.108 0.01 0.007 0.228 1.001 0.011
PV14 1.075 0.01 0.004 0.635 1.003 0.044
PVI5 1.079 0.01 0.003 0.497 1.003 0.011
PV16 1.087 0.01 0.025 0.494 1.001 0.019
PV17 1.102 0.01 0.001 0.62 1 0.011
PVI18 1.076 0.01 0 0.534 1.001 0.01
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Figure 7.20 The results of the set of uncertainty

7.4.2.3 At The Day 5 November 2014

The parameter assessment will be analyzed by central control through 2-stage

PSO process. According to the set of uncertainty at the day 5 November 2014 in Table

6.10, the optimal objective value in equation (5.81) is 44,143.82 W and the results of

optimal parameter setting can be shown in Table 7.9. Considering only the case z €

{z1,22,...,2z17}, the power flow can be shown in Figure 7.21 and they are within the

limit. The total real power output from PV systems at maximum value is 102,481.48 W

at the case z2.

Table 7.9 Parameter setting of each connected PV system

Parameter Setting
PV Name
Veri 6y K4 K, V, 6,
PVI 1.1 0.01 0.173 0.799 1.001 0.1
PV2 1.1 0.01 0.211 0.925 1.008 0.1
PV3 1.101 0.01 0.286 0.791 1.001 0.1
PV4 1.087 0.01 0.142 0.555 1 0.1




LLE8GEBSET

9 thes | £0:1g 16T 2952L0vz A9a1 | uo 1veviess ip tzzevtzos siseutt o I[NNI

125

Parameter Setting

PV Name Ve 5, K, K, v, 5,
PVS5 1.081 0.01 0.026 0.826 1.001 0.098
PV6 1.094 0.01 0.16 0.809 1.001 0.1
PV7 1.095 0.01 0.242 0.827 1.001 0.1
PV8 1.118 0.01 0.196 0.731 1.001 0.1
PV9 1.085 0.01 0.173 0.777 1.001 0.1
PV10 1.088 0.01 0.284 0.76 1.001 0.1
PV1lI 1.109 0.01 0.186 0.76 1.002 0.1
PV12 1.081 0.01 0.17 0.755 1.001 0.1
PV13 1.104 0.01 0.223 0.777 1 0.1
PV14 1.08 0.01 0.197 0.739 1 0.1
PV15 1.079 0.01 0.261 0.845 1.001 0.1
PV16 1.086 0.01 0.187 0.793 1.001 0.1
PV17 1.104 0.01 0.188 0.651 1.002 0.1
PV18 1.081 0.01 0.177 0.636 1 0.1
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Figure 7.21 The results of the set of uncertainty

7.4.2.4 At The Day 6 November 2014

The parameter assessment will be analyzed by central control through 2-stage

PSO process. According to the set of uncertainty at the day 6 November 2014 in Table

6.11, the optimal objective value in equation (5.81) is 36,814.38 W and the results of

optimal parameter setting can be shown in Table 7.10. Considering only the case z €

{z1,22, ...,217}, the power flow results can be shown in Figure 7.22 and they are within

the limit. The total real power output from PV systems at maximum value is 101,971.62

W at the case z2.

Table 7.10 Parameter setting of each connected PV system

Parameter Setting
PV Name Veri Sy K, K, Vq 5y
PV1 1.1 0.012 0.395 1.046 1.021 0.085
PV2 1.1 0.011 0.385 1.062 1.018 0.088
PV3 1.101 0.011 0.382 1.021 1.03 0.083
PV4 1.086 0.011 0.332 1.046 1.02 0.086
PV5 1.075 0.01 0.396 1.034 1.027 0.089
PV6 1.084 0.01 0.372 1.287 1.023 0.084
PV7 1.091 0.011 0.406 1.029 1.024 0.08
PV8 1.111 0.011 0.384 0.965 1.021 0.078
PV9 1.084 0.011 0.396 1.021 1.01 0.078
PV10 1.084 0.011 0.469 1.076 1.019 0.083
PV1l1 1.102 0.011 0.399 1.052 1.018 0.087
PV12 1.077 0.048 0.369 1.032 1.025 0.097
PV13 1.071 0.014 0.398 0.85 1.019 0.071
PV14 1.077 0.016 0.383 1.158 1.021 0.085
PV15 1.084 0.011 0.35 1.061 1.016 0.081
PV16 1.085 0.011 0.37 1.087 1.023 0.079
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Parameter Setting
PV Name
Veri 611 K Vq 6q
PV17 1.076 0.011 0.384 1.009 1.025 0.086
PV18 1.125 0.011 0.618 1.048 1.022 0.097
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Figure 7.22 The results of the set of uncertainty
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7.4.2.5 At The Day 7 November 2014

The parameter assessment will be analyzed by central control through 2-stage
PSO process. According to the set of uncertainty at the day 7 November 2014 in Table
6.12, the optimal objective value in equation (5.81) is 39,214.69 W and the results of
optimal parameter setting can be shown in Table 7.11. Considering only the case z €
{z1,22, ...,217}, the power flow results can be shown in Figure 7.23 and they are within
the limit. The total real power output from PV systems at maximum value is 102,359.66

W at the case z2.

Table 7.11 Parameter setting of each connected PV system

Parameter Setting

PV Name Vcri 81’ Kl KZ Vq 6‘1
PV1 1.1 0.012 0.054 0.908 1.003 0.085
PV2 1.1 0.011 0.019 0.393 1.006 0.091
PV3 1.1 0.01 0.038 0.528 1.006 0.084
PV4 1.092 0.01 0.019 0.957 1 0.1
PV5 1.076 0.011 0.035 0.786 1.003 0.1
PV6 1.089 0.01 0.061 0.712 1.007 0.092
PV7 1.109 0.013 0.036 0.464 1.01 0.1
PV8 1.103 0.011 0.066 0.574 1.003 0.097
PV9 1.084 0.011 0.033 0.679 1.005 0.099
PV10 1.088 0.01 0.057 0.754 1.016 0.08
PV11 1.101 0.011 0.109 0.527 1.007 0.071
PV12 1.072 0.012 0.057 0.769 1.003 0.086
PV13 1.1 0.01 0.047 0.74 1.004 0.1
PV14 1.069 0.032 0 0.209 1.007 0.1
PVI5 1.083 0.01 0.015 0.98 1.004 0.1
PV16 1.096 0.011 0.028 0.033 1 0.096
PV17 1.102 0.012 0.064 0.636 1 0.093
PVI8 1.074 0.031 0.046 0.633 1.001 0.1
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(f) Total real power output from PV

7.4.2.6 At The Day 8 November 2014

systems

Figure 7.23 The results of the set of uncertainty

The parameter assessment will be analyzed by central control through 2-stage

PSO process. According to the set of uncertainty at the day 8 November 2014 in Table

6.13, the optimal objective value in equation (5.81) is 50,677.69 W and the results of

optimal parameter setting can be shown in Table 7.12. Considering only the case z €

{z1,22, ...,217}, the power flow results can be shown in Figure 7.24 and they are within

the limit. The total real power output from PV systems at maximum value is 104,035.63

W at the case z2.

Table 7.12 Parameter setting of each connected PV system

Parameter Setting
PV Name
Vcri 61’ Kl KZ Vq 6‘1
PV1 1.101 0.014 0.204 0.728 1.043 0.01
PV2 1.099 0.014 0.172 0.613 1.043 0.016
PV3 1.101 0.012 0.106 0.852 1.043 0.014
PV4 1.096 0.013 0.224 0.891 1.058 0.02
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Parameter Setting
PV Name
PV5 1.082 0.01 0.196 0.957 1.036 0.011
PVé6 1.107 0.014 0.213 0.97 1.012 0.013
PV7 1.107 0.013 0.089 0.619 1.043 0.017
PV8 1.106 0.01 0.216 0.812 1.082 0.01
PV9 1.082 0.01 0.217 1.152 1.049 0.019
PV10 1.089 0.01 0.251 0.826 1.045 0.016
PV11 1.093 0.016 0.23 0.854 1.038 0.017
PV12 1.074 0.021 0.638 0.739 1.049 0.015
PV13 1.136 0.014 0.133 0.796 1.047 0.015
PV14 1.082 0.028 0.182 0.78 1.042 0.015
PV15 1.075 0.01 0.214 0.844 1.046 0.023
PV16 1.095 0.016 0.549 0.706 1.038 0.015
PV17 1.105 0.014 0.229 0.87 1.027 0.011
PV18 1.083 0.011 0.111 0.803 1.021 0.018
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(f) Total real power output from PV
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Figure 7.24 The results of the set of uncertainty

7.4.2.7 At The Day 9 November 2014

The parameter assessment will be analyzed by central control through 2-stage

PSO process. According to the set of uncertainty at the day 9 November 2014 in Table

6.14, the optimal objective value in equation (5.81) is 28,240.01 W and the results of

optimal parameter setting can be shown in Table 7.13. Considering only the case z €

{z1,z2,...,z17}, the power flow results can be shown in Figure 7.25 and they are within

the limit. The total real power output from PV systems at maximum value is 102,564.62

W at the case z2.

Table 7.13 Parameter setting of each connected PV system

Parameter Setting

PV Name Veri Sy K, K, Vq 5y
PV1 1.097 0.024 0.733 1.2 1.017 0.098
PV2 1.105 0.049 0.742 1.658 1.039 0.1
PV3 1.101 0.024 0.621 0.81 1.028 0.1
PV4 1.129 0.032 0.154 0.75 1.008 0.1
PV5 1.081 0.03 0.2 1.114 1.016 0.099
PV6 1.105 0.01 0.258 0.966 1.015 0.079
PV7 1.122 0.031 0.552 1.471 1.01 0.1
PV8 1.115 0.029 0.52 1.21 1.015 0.1
PV9 1.082 0.013 0.338 1.201 1.027 0.098
PV10 1.089 0.013 0.531 1.255 1.014 0.1
PV1l1 1.09 0.021 0.881 1.258 1 0.078
PV12 1.056 0.039 0.99 1.212 1.057 0.052
PV13 1.103 0.01 0.627 1.397 1.032 0.1
PV14 1.069 0.052 0.67 1.542 1.013 0.065
PV15 1.068 0.024 0.524 1.514 1.031 0.099
PV16 1.107 0.04 0.369 1.354 1.031 0.077
PV17 1.125 0.055 0.616 0.962 1.024 0.099
PV18 1.072 0.055 0.496 1.267 1.02 0.095
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Figure 7.25 The results of the set of uncertainty

Comparing Subsection 7.4.1 that the parameters of are adjusted in every one
week and Subsection 7.4.2 that the parameters are adjusted in every one day, the
summary can be shown in Table 7.14. It indicates that adjustment per one day is better
than adjustment per one week. According to percent change of adjustment per one day,
the objective values are better than around 3.02% and the maximum total real power

outputs from PV systems at the case z2 are better than around 2.71%.
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Table 7.14 The comparison of the parameters adjustment per one week or one day

Percent Change of

Day at | Adjustment per one week | Adjustment per one day Adjustment per One
Nov Day

2014 Obj. Value g{l i?nll,t Obj. Value g{l i?nll,t Obj. Value (1;/{1 T;):t

3 49,472.2 95,251.06 51,565.54 98,597.83 +4.23% +3.51%

4 44,940.84 101,056.21 46,719.23 103,531.01 +3.96% +2.45%

5 41,080.51 97,917.23 44,143.82 102,481.48 +7.46% +4.66%

6 35,955.41 99,675.54 36,814.38 101,971.62 +2.39% +2.30%

7 38,174.22 99,870.33 39,214.69 102,359.66 +2.73% +2.49%

8 48299.55 99,839.99 50,677.69 104,035.63 +4.92% +4.20%

9 29586.98 103,209.82 28,240.01 102,564.62 -4.55% -0.63%

Mean Change +3.02% +2.71%

7.5 Local Control Adjustment in Every One Week or One Day Of Piecewise

Linear Local Control Function

In this subsection, the comparison between (7.5.1) adjustment per one week and
(7.5.2) adjustment per one day is determined for the suitable operation of coordination
between central and local control. The piecewise local control function is selected in

this subsection.
7.5.1 Adjustment Per One Week

In this subsection, the parameters setting in Table 7.5 is applied. The simulations
are divided into 7 parts: (7.5.1.1) at the day 3 November 2014; (7.5.1.2) at the day 4
November 2014; (7.5.1.3) at the day 5 November 2014; (7.5.1.4) at the day 6 November
2014; (7.5.1.5) at the day 7 November 2014; (7.5.1.6) at the day 8 November 2014;
(7.5.1.7) at the day 9 November 2014. The objective of this subsection is to determine
the simulation results when (1) the set of uncertainty of each day is applied and (2) the

parameters setting in Table 7.5 at the week 3-9 November 2014 is applied.
7.5.1.1 At The Day 3 November 2014

According to the set of uncertainty at the day 3 November 2014 in Table 6.8,
the calculated objective value in equation (5.81) is 48,909.94 W. Considering the case

z € {z1,z2,...,z17}, the power flow results can be shown in Figure 7.26 and they are
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within the limit. The total real power output from PV systems at maximum value is

94,246.95 W at the case z2.

280 T —&— Max Volt []

< 260 | —*— Min Volt ||

2405588_@8@@

*éﬁyg*ﬁKaa*;KXZ*X%ﬁ§¥7ﬁyzﬁsK
220 | -

Voltage (

200
5 10 15

Case
(a) Minimum and maximum phase

voltage

10

Transformer (VA)
()]

5 10 15
Case

(c) MV/LV transformer utilization

6000 % ¥ % % . .
E54000
(7]
8
3 2000
0 1 L "
5 10 15
Case

(e) System loss

Percent

Total PV output (Watt)

5 10 15
Case

(b) Maximum VUF

100
K
0 L L L
5 10 15
Case
(d) Maximum line capacity
x10*
10 ¢
5
0 1 K
5 10 15
Case

(f) Total real power output from PV

systems

Figure 7.26 The results of the set of uncertainty

7.5.1.2 At The Day 4 November 2014

According to the set of uncertainty at the day 4 November 2014 in Table 6.9,

the calculated objective value in equation (5.81) is 44,159.97 W. Considering the case

z €{z1,z2,...,z17}, the power flow results can be shown in Figure 7.27 and they are
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within the limit. The total real power output from PV systems at maximum value is

99,795.17 W at the case z2.
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Figure 7.27 The results of the set of uncertainty

7.5.1.3 At The Day 5 November 2014

According to the set of uncertainty at the day 5 November 2014 in Table 6.10,

the calculated objective value in equation (5.81) is 40,287.06 W. Considering the case

z €{z1,z2,...,z17}, the power flow results can be shown in Figure 7.28 and they are
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within the limit. The total real power output from PV systems at maximum value is

96,673.20 W at the case z2.
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Figure 7.28 The results of the set of uncertainty

7.5.1.4 At The Day 6 November 2014

According to the set of uncertainty at the day 6 November 2014 in Table 6.11,

the calculated objective value in equation (5.81) is 35,170.29 W. Considering the case

z €{z1,z2,...,z17}, the power flow results can be shown in Figure 7.29 and they are
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within the limit. The total real power output from PV systems at maximum value is

98,521.91 W at the case z2.
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Figure 7.29 The results of the set of uncertainty

7.5.1.5 At The Day 7 November 2014

According to the set of uncertainty at the day 7 November 2014 in Table 6.12,

the calculated objective value in equation (5.81) is 37,402.76 W. Considering the case

z €{z1,z2,...,z17}, the power flow results can be shown in Figure 7.30 and they are
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within the limit. The total real power output from PV systems at maximum value is

98,607.95 W at the case z2.
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Figure 7.30 The results of the set of uncertainty

7.5.1.6 At The Day 8 November 2014

According to the set of uncertainty at the day 8 November 2014 in Table 6.13,

the calculated objective value in equation (5.81) is 47,478.34 W. Considering the case

z €{z1,z2,...,z17}, the power flow results can be shown in Figure 7.31 and they are
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within the limit. The total real power output from PV systems at maximum value is

98,548.21 W at the case z2.
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Figure 7.31 The results of the set of uncertainty

7.5.1.7 At The Day 9 November 2014

According to the set of uncertainty at the day 9 November 2014 in Table 6.14,

the calculated objective value in equation (5.81) is 28,988.39 W. Considering the case

z €{z1,z2,...,z17}, the power flow results can be shown in Figure 7.32 and they are
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within the limit. The total real power output from PV systems at maximum value is

101,836.80 W at the case z2.
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Figure 7.32 The results of the set of uncertainty

7.5.2 Adjustment Per One Day

In this subsection, the optimal

parameters setting will be searched through 2-

stage PSO. The set of uncertainty of each day will be applied. The simulation results

are divided into seven subsections: (7.5.2.1) at the day 3 November 2014; (7.5.2.2) at
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the day 4 November 2014; (7.5.2.3) at the day 5 November 2014; (7.5.2.4) at the day 6
November 2014; (7.5.2.5) at the day 7 November 2014; (7.5.2.6) at the day 8 November
2014; (7.5.2.7) at the day 9 November 2014. The results of Subsection 7.5.2 will be

compared to subsection 7.5.1.
7.5.2.1 At The Day 3 November 2014

The parameter assessment will be analyzed by central control through 2-stage
PSO process. According to the set of uncertainty at the day 3 November 2014 in Table
6.8, the optimal objective value in equation (5.81) is 52,107.71 W and the results of
optimal parameter setting can be shown in Table 7.15. Considering only the case z €
{z1,22, ...,217}, the power flow results can be shown in Figure 7.33 and they are within
the limit. The total real power output from PV systems at maximum value is 99,253.88

W at the case z2.

Table 7.15 Parameter setting of each connected PV system

Parameter Setting
FY Name Vi V2 K4 K, Vo Va2
PV1 1.067 1.096 0.98 -0.862 1.02 1.09
PV2 1.093 1.107 0.968 -0.954 0.998 1.075
PV3 1.097 1.107 0.991 -0.89 1.001 1.088
PV4 1.095 1.108 0.974 -0.825 1.004 1.09
PV5 1.074 1.088 0.989 -0.88 1.018 1.089
PV6 1.076 1.097 0.974 -0.832 1.021 1.095
PV7 1.079 1.097 0.973 -0.84 1.002 1.089
PV8 1.094 1.112 0.985 -0.663 1.008 1.089
PV9 1.075 1.092 0.971 -0.834 1.016 1.088
PV10 1.065 1.107 0.986 -0.862 1.052 1.107
PV1l1 1.077 1.088 0.979 -0.776 1.024 1.11
PV12 1.069 1.09 0.996 -0.867 1.012 1.092
PV13 1.087 1.097 0.987 -0.968 1.018 1.095
PV14 1.071 1.092 0.977 -0.986 0.987 1.098
PV15 1.056 1.089 0.92 -0.846 1.012 1.077
PV16 1.079 1.092 0.973 -0.915 1.025 1.087
PV17 1.075 1.093 0.98 -0.891 1.018 1.084
PV18 1.061 1.1 0.971 -0.885 1.007 1.09
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Figure 7.33 The results of the set of uncertainty

7.5.2.2 At The Day 4 November 2014

The parameter assessment will be analyzed by central control through 2-stage
PSO process. According to the set of uncertainty at the day 4 November 2014 in Table
6.9, the optimal objective value in equation (5.81) is 45,218.94 W and the results of
optimal parameter setting can be shown in Table 7.16. Considering only the case z €

{z1,z2,...,z17}, the power flow results can be shown in Figure 7.34 and they are within
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the limit. The total real power output from PV systems at maximum value is 101,908.35

W at the case z2.

Table 7.16 Parameter setting of each connected PV system

Parameter Setting
PV Name Vp1 sz K, K, Vql qu

PV1 1.09 1.107 0.112 -0.624 0.974 1.021
PV2 1.093 1.105 0.126 -0.58 0.974 1.037
PV3 1.084 1.106 0.132 -0.575 0.99 1.02
PV4 1.069 1.101 0.164 -0.694 0.988 1.011
PV5 1.068 1.086 0.158 -0.694 1.013 1.026
PV6 1.072 1.084 0.14 -0.665 0.97 1.03
PV7 1.084 1.099 0.305 -0.492 0.927 1.023
PV8 1.087 1.108 0.202 -0.317 0.947 1.008
PV9 1.068 1.09 0.34 -0.561 0.973 1.018
PVI10 1.083 1.094 0.146 -0.576 0.972 1.017
PVI11 1.09 1.109 0.159 -0.663 0.973 1.013
PVI12 1.059 1.09 0.174 -0.63 0.977 1.011
PV13 1.03 1.069 0.132 -0.368 0.955 1.057
PV14 1.06 1.091 0.143 -0.599 0.973 1.044
PV15 1.077 1.088 0.128 -0.594 0.961 1.028
PV16 1.075 1.095 0.149 -0.568 0.998 1.05
PV17 1.071 1.088 0.141 -0.631 0.953 1.04
PVI18 1.093 1.109 0.167 -0.595 0.977 1.024
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Figure 7.34 The results of the set of uncertainty

7.5.2.3 At The Day 5 November 2014

The parameter assessment will be analyzed by central control through 2-stage

PSO process. According to the set of uncertainty at the day 5 November 2014 in Table

6.10, the optimal objective value in equation (5.81) is 43,312.98 W and the results of

optimal parameter setting can be shown in Table 7.17. Considering only the case z €

{z1,22, ...,217}, the power flow results can be shown in Figure 7.35 and they are within

the limit. The total real power output from PV systems at maximum value is 102,267.30

W at the case z2.

Table 7.17 Parameter setting of each connected PV system

Parameter Setting
PV Name
Vi V2 K, K, Vg Vg2
PV1 1.092 1.11 0.061 -0.624 0.938 0.988
PV2 1.094 1.104 0.075 -0.262 0.909 0.932
PV3 1.095 1.105 0.044 -0.608 0.933 0.999
PV4 1.074 1.091 0.024 -0.563 0.937 1
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Parameter Setting
PV Name
Vpl sz Kl KZ Vql VqZ

PV5 1.071 1.098 0.036 -0.538 0.918 0.982
PV6 1.078 1.103 0.042 -0.567 0.904 1.001
PV7 1.081 1.093 0.014 -0.579 0.917 1.003
PVS8 1.093 1.108 0.044 -0.498 0.919 0.971
PV9 1.082 1.092 0.038 -0.801 0.944 1.001
PV10 1.077 1.089 0.016 -0.541 0.953 0.995
PVI11 1.09 1.104 0.026 -0.561 0.925 0.995
PV12 1.064 1.096 0.013 -0.452 0.949 1.001
PV13 1.098 1.11 0.031 -0.585 0.941 0.999
PV14 1.056 1.1 0 -0.511 0.937 0.954
PV15 1.073 1.088 0.048 -0.509 0.905 0.996
PV16 1.083 1.094 0.038 -0.601 0.939 1.009
PV17 1.094 1.104 0.054 -0.229 0.937 1.025
PV18 1.069 1.1 0.035 -0.546 0.93 1.012
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Figure 7.35 The results of the set of uncertainty

7.5.2.4 At The Day 6 November 2014

The parameter assessment will be analyzed by central control through 2-stage
PSO process. According to the set of uncertainty at the day 6 November 2014 in Table
6.11, the optimal objective value in equation (5.81) is 37,396.81 W and the results of
optimal parameter setting can be shown in Table 7.18. Considering only the case z €
{z1,22, ...,217}, the power flow results can be shown in Figure 7.36 and they are within
the limit. The total real power output from PV systems at maximum value is 102,620.89

W at the case z2.

Table 7.18 Parameter setting of each connected PV system

Parameter Setting
FY Name Vi V2 K4 K, Vo Va2
PV1 1.09 1.107 0.161 -0.508 0.963 1.021
PV2 1.089 1.103 0.177 -0.588 0.991 1.03
PV3 1.096 1.106 0.207 -0.574 0.96 1.027
PV4 1.072 1.093 0.185 -0.561 0.947 1.037
PV5 1.066 1.093 0.168 -0.542 0.939 1.023
PV6 1.077 1.091 0.022 -0.614 0.959 1.037
PV7 1.095 1.112 0.172 -0.569 0.948 1.044
PV8 1.085 1.095 0.205 -0.598 0.95 1.036
PV9 1.082 1.092 0.189 -0.536 0.954 1.032
PV10 1.08 1.091 0.17 -0.537 0.957 1.014
PV1l1 1.085 1.096 0.186 -0.609 0.96 1.097
PV12 1.053 1.103 0.276 -0.58 0.931 1.021
PV13 1.071 1.098 0.276 -0.569 0.954 1.026
PV14 1.063 1.093 0.272 -0.551 0.935 1.032
PV15 1.078 1.088 0.16 -0.395 0.956 1.066
PV16 1.081 1.091 0.177 -0.595 0.941 1.019
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Parameter Setting

PV Name
Vpl sz Kl KZ Vql VqZ
PV17 1.098 1.112 0.385 -0.524 0.954 1.033
PV18 1.069 1.095 0.152 -0.452 0.955 1.006
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Figure 7.36 The results of the set of uncertainty
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7.5.2.5 At The Day 7 November 2014

The parameter assessment will be analyzed by central control through 2-stage
PSO process. According to the set of uncertainty at the day 7 November 2014 in Table
6.12, the optimal objective value in equation (5.81) is 39,413.84 W and the results of
optimal parameter setting can be shown in Table 7.19. Considering only the case z €
{z1,22, ...,217}, the power flow results can be shown in Figure 7.37 and they are within
the limit. The total real power output from PV systems at maximum value is 102,248.17

W at the case z2.

Table 7.19 Parameter setting of each connected PV system

Parameter Setting
FY Name Vi V2 K4 K, Vo Va2
PV1 1.088 1.098 0.667 -0.567 0.924 1.023
PV2 1.093 1.103 0.529 -0.697 0.915 0.984
PV3 1.093 1.108 0.548 -0.636 0.949 1.038
PV4 1.086 1.106 0.527 -0.641 0.906 1.041
PV5 1.058 1.109 0.897 -0.676 0.911 1.11
PV6 1.085 1.11 0.596 -0.304 0.922 1.018
PV7 1.082 1.104 0.499 -0.16 0.942 1.017
PV8 1.1 1.111 0.531 -0.6 0.916 1.029
PV9 1.081 1.091 0.407 -0.89 0.914 0.983
PV10 1.081 1.091 0.421 -0.179 0.918 1.011
PV1l1 1.089 1.105 0.48 -0.47 0.907 1.039
PV12 1.06 1.094 0.523 -0.499 0.941 1.054
PV13 1.057 1.087 0.515 -0.851 0.926 0.989
PV14 1.06 1.091 0.571 -0.597 0.924 1.01
PV15 1.075 1.087 0.665 -0.476 0.906 1.028
PV16 1.082 1.092 0.437 -0.607 0.918 1.101
PV17 1.093 1.103 0.428 -0.702 0.93 1.024
PV18 1.091 1.103 0.405 -0.667 0.919 1.036
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Figure 7.37 The results of the set of uncertainty

7.5.2.6 At The Day 8 November 2014

The parameter assessment will be analyzed by central control through 2-stage

PSO process. According to the set of uncertainty at the day 8§ November 2014 in Table

6.13, the optimal objective value in equation (5.81) is 50,026.80 W and the results of

optimal parameter setting can be shown in Table 7.20. Considering only the case z €

{z1,z2, ...,2z17}, the power flow results can be shown in Figure 7.38 and they are within

the limit. The total real power output from PV systems at maximum value is 103,326.47

W at the case z2.

Table 7.20 Parameter setting of each connected PV system

Parameter Setting
PV Name
Vi 4% K, K, Va1 Vg2
PVI 1.088 1.11 0.743 -0.598 1.017 1.028
PV2 1.067 1.11 0.773 -0.596 0.999 1.06
PV3 1.095 1.105 0.359 -0.425 1.076 1.086
PV4 1.074 1.099 0.894 -0.57 0.944 0.971
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Parameter Setting
PV Name
Vpl sz Kl KZ Vql VqZ

PVS5 1.072 1.094 0.865 -0.924 0.938 1.001
PV6 1.098 1.11 0.9 -0.52 1.057 1.074
PV7 1.087 1.108 0.782 -0.29 1.06 1.07
PV8 1.089 1.099 0.725 -0.652 0.933 0.991
PV9 1.076 1.093 0.792 -0.911 1.007 1.028
PV10 1.085 1.097 0.768 -0.761 1.085 1.097
PV1lI 1.084 1.099 0.881 -0.938 0.97 1.029
PV12 1.04 1.1 0.704 -0.666 1.012 1.038
PV13 1.086 1.104 0.833 -0.43 1 1.054
PV14 1.053 1.103 0.805 -0.642 1.029 1.043
PV15 1.087 1.102 0.811 -0.582 0.9 1.04
PV16 1.089 1.107 0.413 -0.076 1.032 1.065
PV17 1.099 1.109 0.784 -0.437 1.033 1.048
PV18 1.047 1.099 0.841 -0.692 1.037 1.055
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Figure 7.38 The results of the set of uncertainty

7.5.2.7 At The Day 9 November 2014

The parameter assessment will be analyzed by central control through 2-stage

PSO process. According to the set of uncertainty at the day 9 November 2014 in Table

6.14, the optimal objective value in equation (5.81) is 29,809.38 W and the results of

optimal parameter setting can be shown in Table 7.21. Considering only the case z €

{z1,22, ...,2z17}, the power flow results can be shown in Figure 7.39 and they are within

the limit. The total real power output from PV systems at maximum value is 104,640.64

W at the case z2.

Table 7.21 Parameter setting of each connected PV system

Parameter Setting
PV Name Vi1 Vp2 K, K, Va1 Vg2
PV1 1.09 1.105 0.035 -0.586 0.933 1.065
PV2 1.094 1.104 0.051 -0.586 0.935 1.042
PV3 1.094 1.105 0.06 -0.525 0.945 1.042
PV4 1.078 1.107 0.067 -0.37 0.953 1.064
PV5 1.06 1.11 0.023 -0.54 0.955 1.069
PV6 1.096 1.108 0.032 -0.591 0.948 1.069
PV7 1.079 1.099 0.042 -0.515 0.959 1.087
PV8 1.095 1.111 0.038 -0.505 0.986 1.074
PV9 1.062 1.092 0.017 -0.555 0.95 1.099
PV10 1.084 1.094 0.063 -0.504 0.947 1.068
PVI1l1 1.057 1.107 0.067 -0.778 0.972 1.082
PVI2 1.056 1.097 0.08 -0.507 0.943 1.067
PV13 1.095 1.115 0.055 -0.619 0.945 1.058
PV14 1.055 1.093 0.072 -0.542 0.941 1.057
PVI5 1.066 1.084 0.008 -0.576 0.949 1.062
PV16 1.081 1.091 0.01 -0.451 0.955 1.004




LLE8GEBSET

9 thes | £0:1g 16T 2952L0vz A9a1 | uo 1veviess ip tzzevtzos siseutt o I[NNI

152

Parameter Setting
PV Name
Vpl sz Kl KZ Vql VqZ
PV17 1.069 1.105 0.082 -0.536 0.949 1.059
PV18 1.058 1.099 0.027 -0.573 0.963 1.067
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Figure 7.39 The results of the set of uncertainty

Comparing Subsection 7.5.1 that the parameters of are adjusted in every one

week and Subsection 7.5.2 that the parameters are adjusted in every one day, the
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summary can be shown in Table 7.22. It indicates that adjustment per one day is better
than adjustment per one week. According to percent change of adjustment per one day,
the objective values are better than around 5.19% and the maximum total real power

outputs from PV systems at the case z2 are better than around 4.10%.

Table 7.22 The comparison of the parameters adjustment per one week or one day

Percent Change of

Day at | Adjustment per one week | Adjustment per one day Adjustment per One
Nov Day

2014 Obj. Value g{l at);“l;t Obj. Value g{l at);“l;t Obj. Value (1;/{1 at:)lll’t

3 48,909.94 | 94.246.95 52,107.71 99,253 .88 +6.54% +5.31%

4 44,159.97 |  99,795.17 4521894 | 101,908.35 +2.40% +2.12%

5 40,287.06 | 96,673.2 43,312.98 102,267.3 +7.51% +5.79%

6 35,170.29 | 98,521.91 37,396.81 102,620.89 +6.33% +4.16%

7 37,402.76 | 98,607.95 39.413.84 | 102,248.17 +5.38% +3.69%

8 4747834 | 98,548.21 50,026.8 103,326.47 +5.37% +4.85%

9 28,988.39 | 101,836.8 29.809.38 | 104,640.64 +2.83% +2.75%

Mean Change +5.19% +4.10%

Comparing the adjustment per one day strategy between Subsection 7.4.2 that
local control is applied continuous function and Subsection 7.5.2 that local control is
applied piecewise linear function, the percent different of objective value and maximum
total real power output can be shown in Table 7.23 and it can notice that the results
between Subsection 7.4.2 and Subsection 7.5.2 are close. Then, local control
application can be chosen any one from continuous or piecewise linear function because

of the nearly similar results.

Table 7.23 The comparison between continuous and piecewise linear local control

application
Percent Change of
Day at Continuous Function Piecewise Linear Function Piecewise Linear
Nov Function
2014 opj. Value gﬁ’l‘) 11: . | Obj.Value gﬁ’l‘) 11: . | Obj. Value gﬁ’;ft
3 51,565.54 98,597.83 52,107.71 99,253.88 +1.05% +0.67%
4 46,719.23 103,531.01 45.218.94 101,908.35 -3.21% -1.57%
5 44,143.82 102,481.48 | 43312.98 102,267.30 -1.88% -0.21%
6 36,814.38 101,971.62 | 37,396.81 102,620.89 +1.58% +0.64%
7 39,214.69 | 102,359.66 | 39.413.84 102,248.17 +0.51% -0.11%
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Percent Change of
Day at Continuous Function Piecewise Linear Function Piecewise Linear

Nov Function

2014 . Max P . Max P . Max P

Obj. Value Output Obj. Value Output Obj. Value Output

8 50,677.69 | 104,035.63 | 50,026.80 | 103,326.47 -1.28% -0.68%

28.240.01 | 102,564.62 | 29,809.38 | 104,640.64 +5.56% +2.02%

Mean Change +0.33% +0.11%

7.6 Local Control Adjustment in The Modified 29 Node Distribution System

In this subsection, the coordination between central and local control will apply
in the modified 29 node distribution system. The simulation results are divided into 2
parts: (7.6.1) the continuous local control function application; (7.6.2) the piecewise

linear local control function application.
7.6.1 The Continuous Local Control Function Application

In this subsection, the simulation results are divided into eight subsections:
(7.6.1.1) at the week 3-9 November 2014; (7.6.1.2) at the day 3 November 2014;
(7.6.1.3) at the day 4 November 2014; (7.6.1.4) at the day 5 November 2014; (7.6.1.5)
at the day 6 November 2014; (7.6.1.6) at the day 7 November 2014; (7.6.1.7) at the day
8 November 2014; (7.6.1.8) at the day 9 November 2014. The continuous local control

function is selected in this subsection.
7.6.1.1 At The Week 3-9 November 2014

The parameter assessment will be analyzed by central control through 2-stage
PSO process. According to the set of uncertainty at the week 3 November 2014 in Table
6.7, the optimal objective value in equation (5.81) is 47,021.54 W and the results of
optimal parameter setting can be shown in Table 7.24. Considering only the case z €
{z1,22, ...,217}, the power flow results can be shown in Figure 7.40 and they are within
the limit. The total real power output from PV systems at maximum value is 115,523.26
W at the case z2.

Table 7.24 Parameter setting of each connected PV system
Parameter Setting

PV Name
Vcri 81’ Kl KZ Vq 8‘1
PV1 1.089 0.01 0.375 1.311 1.035 0.055
PV2 1.106 0.01 0.492 1.188 1.011 0.05
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Parameter Setting

PV Name
PV3 1.09 0.01 0.27 1.22 1.043 0.06
PV4 1.09 0.02 0.43 1.21 1.041 0.063
PV5 1.09 0.01 0.38 1.36 1.03 0.045
PVé6 1.09 0.01 0.51 1.24 1.042 0.048
PV7 1.10 0.01 0.89 1.45 1.036 0.061
PV8 1.10 0.01 0.28 1.03 1.022 0.051
PV9 1.12 0.01 0.36 1.00 1.032 0.058
PV10 1.124 0.01 0.407 1.29 1.017 0.07
PV11 1.095 0.01 0.283 0.974 1.036 0.062
PV12 1.097 0.01 0.402 1.23 1.06 0.064
PV13 1.094 0.013 0.374 1.255 1.07 0.011
PV14 1.107 0.01 0.417 1.227 1.04 0.045
PV15 1.087 0.01 0.376 1.235 1.031 0.058
PV16 1.151 0.01 0.389 1.282 1.021 0.069
PV17 1.105 0.01 0.451 1.306 1.03 0.054
PV18 1.077 0.01 0.581 1.388 1.036 0.044
PV19 1.078 0.01 0.317 1.228 1.038 0.043
PV20 1.089 0.01 0.44 1.218 1.01 0.04
PV21 1.086 0.01 0.263 1.222 1.034 0.054
PV22 1.099 0.01 0.409 1.307 1.045 0.05
PV23 1.088 0.01 0.136 1.122 1.035 0.053
PVv24 1.082 0.01 0.306 1.131 1.039 0.073
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(f) Total real power output from PV

Applying (1) the set of uncertainty of each day and (2) the parameters setting in

Table 7.24 at the week 3-9 November 2014, the objective values and the maximum

value of total real power output from PV systems at the case z2 are shown in Table

7.24. The objective values is negative in days 3-9 because the power flow results are

out of limit. Mostly, loss at each day is out of the limit as shown latter in Figures 7.41-

7.47. The out of limit is due to the set of uncertainty is not enough considered

thoroughly in the modified 29 node distribution system. The solution can be the limit

setting in the optimization constraints being less than the truth.

Table 7.25 The results of each day

Day at Adjustment per One Week
Nov 2014 Obj. Value Max P Output
3 -8.2x108 110,750.88
4 -2.4x108 114,053.61
5 -6.4x108 112,284.26
6 -4.4x108 113,406.98
7 -3.9x108 113,499.34
8 -5.7x108 113,477.51
9 -7.1x107 115,062.96

The power flow results of the set of uncertainty of each day can be shown as

follows:

- Atthe day 3 November, the power flow results can be shown in Figure 7.41.

Losses are out of limit at cases z2, z4, z6, z8, z12 and z16.
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At the day 4 November, the power flow results can be shown in Figure 7.42.
Losses are out of limit at cases z2, z4, z8, z12 and z16. Overvoltages occur
at cases z4 and z8. Assumingly, overvoltage is neglected because
overvoltage is more than the limit slightly about less than 0.5 V.

At the day 5 November, the power flow results can be shown in Figure 7.43.
Losses are out of limit at cases z2, z4, z6, z8, z12 and z16.

At the day 6 November, the power flow results can be shown in Figure 7.44.
Losses are out of limit at cases z2, z4, z8, z12 and z16. Overvoltage occurs
at case z4. Assumingly, overvoltage is neglected because overvoltage is
more than the limit slightly about less than 0.5 V.

At the day 7 November, the power flow results can be shown in Figure 7.45.
Losses are out of limit at cases z2, z4, z6, z8 and z16. Overvoltage occurs
at case z4. Assumingly, overvoltage is neglected because overvoltage is
more than the limit slightly about less than 0.5 V.

At the day 8 November, the power flow results can be shown in Figure 7.46.
Losses are out of limit at cases z2, z4, z6, z8 and z16. Overvoltage occurs
at cases z4. Assumingly, overvoltage is neglected because overvoltage is
more than the limit slightly about less than 0.5 V.

At the day 9 November, the power flow results can be shown in Figure 7.47.
Losses are out of limit at cases z2 and z16. Overvoltages occur at cases z4
and z8. Assumingly, overvoltage is neglected because overvoltage is more

than the limit slightly about less than 0.5 V.
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Figure 7.47 The results of the set of uncertainty

7.6.1.2 At The Day 3 November 2014

The parameter assessment will be analyzed by central control through 2-stage
PSO process. According to the set of uncertainty at the day 3 November 2014 in Table
6.8, the optimal objective value in equation (5.81) is 58,433.80 W and the results of
optimal parameter setting can be shown in Table 7.26. Considering only the case z €
{z1,22,...,2z17}, the power flow results can be shown in Figure 7.48 and they are within
the limit. The total real power output from PV systems at maximum value is 109,474.51

W at the case z2.

Table 7.26 Parameter setting of each connected PV system

Parameter Setting
PV Name
Vcri 61’ Kl KZ Vq 8‘1
PV1 1.11 0.011 0.3 1.158 1.02 0.053
PV2 1.086 0.015 0.31 1.121 1.02 0.076
PV3 1.08 0.01 0.34 1.07 1.013 0.055
PV4 1.09 0.01 0.37 1.14 1.021 0.059
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Parameter Setting

PV Name Ve 5p K, K, v, 5q
PV5 1.09 0.02 0.34 1.16 1.019 0.055
PV6 1.10 0.02 0.35 1.08 1.025 0.058
PV7 1.09 0.01 0.36 1.13 1.018 0.059
PV8 1.12 0.02 0.34 1.18 1.02 0.055
PV9 1.12 0.02 0.34 1.11 1.013 0.068
PV10 1.099 0.012 0.373 1.086 1.017 0.054
PV11 1.091 0.016 0.259 1.091 1.017 0.063
PV12 1.094 0.01 0.328 1.094 1.018 0.051
PV13 1.096 0.015 0.36 1.148 1.02 0.061
PV14 1.129 0.013 0.327 1.154 1.019 0.062
PV15 1.094 0.016 0.328 1.139 1.018 0.058
PV16 1.093 0.015 0.352 1.229 1.015 0.055
PV17 1.073 0.015 0.32 1.132 1.019 0.03
PV18 1.1 0.016 0.342 1.116 1.021 0.058
PV19 1.081 0.015 0.281 1.111 1.019 0.052
PV20 1.092 0.015 0.316 1.124 1.019 0.059
PV21 1.084 0.016 0.324 1.147 1.018 0.049
PV22 1.099 0.016 0.506 1.198 1.02 0.062
PV23 1.085 0.015 0.313 1.113 1.02 0.051
PV24 1.092 0.014 0.388 1.131 1.022 0.065
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7.6.1.3 At The Day 4 November 2014

The parameter assessment will be analyzed by central control through 2-stage

PSO process. According to the set of uncertainty at the day 4 November 2014 in Table

6.9, the optimal objective value in equation (5.81) is 51,862.06 W and the results of

optimal parameter setting can be shown in Table 7.27. Considering only the case z €

{z1,22, ...,217}, the power flow results can be shown in Figure 7.49 and they are within

the limit. The total real power output from PV systems at maximum value is 114,606.26

W at the case z2.

Table 7.27 Parameter setting of each connected PV system

Parameter Setting
PV Name Veri Sy K, K, Vq 5y
PV1 1.101 0.012 0.343 1.091 1.018 0.02
PV2 1.091 0.01 0.755 1.097 1.034 0.01
PV3 1.09 0.01 0.21 1.09 1.028 0.01
PV4 1.11 0.01 0.52 1.03 1.025 0.011
PV5 1.09 0.01 0.33 1.04 1.03 0.01
PV6 1.10 0.01 0.54 1.11 1.032 0.01
PV7 1.10 0.01 0.32 0.98 1.031 0.01
PV8 1.11 0.01 0.33 1.07 1.042 0.01
PV9 1.09 0.01 0.27 1.10 1.022 0.01
PV10 1.107 0.01 0.387 1.116 1.026 0.01
PV1l1 1.093 0.01 0.427 1.073 1.031 0.01
PV12 1.097 0.01 0.353 1.177 1.034 0.01
PV13 1.095 0.01 0.33 1.127 1.013 0.01
PV14 1.113 0.01 0.32 1.093 1.028 0.01
PV15 1.081 0.01 0.346 1.083 1.032 0.01
PV16 1.112 0.016 0.38 1.167 1.024 0.01
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Parameter Setting

PV Name Ve 5p K, K, v, 5q
PV17 1.091 0.01 0.349 1.035 1.037 0.01
PV18 1.081 0.01 0.268 1.267 1.02 0.01
PV19 1.09 0.01 0.277 1.076 1.021 0.01
PV20 1.083 0.01 0.325 1.216 1.019 0.01
PV21 1.091 0.01 0.277 1.016 1.054 0.01
PV22 1.101 0.01 0.324 1.055 1.017 0.01
PV23 1.082 0.01 0.341 1.191 1.03 0.01
PV24 1.087 0.01 0.31 0.606 1.042 0.01
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Figure 7.49 The results of the set of uncertainty

7.6.1.4 At The Day 5 November 2014

The parameter assessment will be analyzed by central control through 2-stage

PSO process. According to the set of uncertainty at the day 5 November 2014 in Table

6.10, the optimal objective value in equation (5.81) is 44,890.02 W and the results of

optimal parameter setting can be shown in Table 7.28. Considering only the case z €

{z1,22, ...,217}, the power flow results can be shown in Figure 7.50 and they are within

the limit. The total real power output from PV systems at maximum value is 113,525.61

W at the case z2.

Table 7.28 Parameter setting of each connected PV system

Parameter Setting

PV Name Veri Sy K, K, Vq 5y
PV1 1.082 0.01 0.041 0.935 1.044 0.084
PV2 1.102 0.01 0.047 0.946 1.037 0.09
PV3 1.08 0.01 0.04 0.69 1.041 0.088
PV4 1.09 0.01 0.05 0.96 1.043 0.093
PV5 1.09 0.01 0.04 0.93 1.041 0.09
PV6 1.10 0.01 0.04 0.95 1.041 0.079
PV7 1.09 0.02 0.04 0.96 1.03 0.1
PV8 1.11 0.01 0.04 0.95 1.046 0.094
PV9 1.10 0.01 0.05 0.95 1.045 0.1
PV10 1.13 0.01 0.047 0.906 1.038 0.092
PV1l1 1.099 0.01 0.043 0.884 1.041 0.09
PV12 1.097 0.01 0.056 0.921 1.05 0.1
PV13 1.102 0.01 0.088 0.95 1.045 0.083
PV14 1.094 0.012 0.032 0.912 1.015 0.085
PV15 1.077 0.01 0.056 0.934 1.04 0.093
PV16 1.104 0.01 0.034 0.945 1.045 0.093
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Parameter Setting

PV Name Ve 5p K, K, v, 5q
PV17 1.1 0.01 0.06 0.885 1.038 0.088
PV18 1.088 0.01 0.047 0.948 1.041 0.094
PV19 1.089 0.01 0.059 0.999 1.042 0.095
PV20 1.09 0.01 0.048 0.955 1.044 0.089
PV21 1.088 0.01 0.042 0.976 1.089 0.085
PV22 1.094 0.01 0.051 0.944 1.048 0.091
PV23 1.093 0.01 0.04 0.959 1.044 0.087
PV24 1.09 0.01 0.081 0.945 1.04 0.09
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Figure 7.50 The results of the set of uncertainty

7.6.1.5 At The Day 6 November 2014

The parameter assessment will be analyzed by central control through 2-stage

PSO process. According to the set of uncertainty at the day 6 November 2014 in Table

6.11, the optimal objective value in equation (5.81) is 37,443.97 W and the results of

optimal parameter setting can be shown in Table 7.29. Considering only the case z €

{z1,22, ...,217}, the power flow results can be shown in Figure 7.51 and they are within

the limit. The total real power output from PV systems at maximum value is 114,131.95

W at the case z2.

Table 7.29 Parameter setting of each connected PV system

Parameter Setting
PV Name Veri Sy K, K, Vq 5y
PV1 1.082 0.01 0.336 1.173 1.002 0.066
PV2 1.088 0.01 0.285 1.155 1.001 0.063
PV3 1.09 0.01 0.38 1.12 1 0.09
PV4 1.10 0.01 0.46 1.10 1.008 0.067
PV5 1.09 0.01 0.32 1.02 1.007 0.071
PV6 1.09 0.01 0.31 1.05 1.008 0.097
PV7 1.10 0.01 0.32 1.13 1.006 0.071
PV8 1.14 0.01 0.34 0.97 1.007 0.078
PV9 1.10 0.01 0.32 0.98 1.003 0.071
PV10 1.107 0.01 0.325 1.049 1.003 0.059
PV1l1 1.099 0.01 0.308 1.092 1.004 0.059
PV12 1.098 0.01 0.333 1.21 1.015 0.075
PV13 1.097 0.01 0.4 1.048 1.007 0.077
PV14 1.103 0.011 0.319 1.134 1.009 0.079
PV15 1.107 0.01 0.309 1.031 1.011 0.062
PV16 1.095 0.01 0.318 1.054 1.003 0.077
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Parameter Setting

PV Name
PV17 1.095 0.01 0.326 1.184 1.006 0.086
PV18 1.082 0.024 0.268 1.113 1.008 0.075
PV19 1.087 0.01 0.319 1.206 1.004 0.072
PV20 1.083 0.01 0.327 1.084 1.011 0.076
PV21 1.085 0.01 0.291 1.21 1.012 0.093
PV22 1.102 0.01 0.298 1.115 1.008 0.064
PV23 1.088 0.01 0.307 1.097 1.008 0.058
PV24 1.085 0.01 0.416 1.134 1.015 0.081
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Figure 7.51 The results of the set of uncertainty

7.6.1.6 At The Day 7 November 2014

The parameter assessment will be analyzed by central control through 2-stage

PSO process. According to the set of uncertainty at the day 7 November 2014 in Table

6.12, the optimal objective value in equation (5.81) is 41,338.27 W and the results of

optimal parameter setting can be shown in Table 7.30. Considering only the case z €

{z1,22, ...,217}, the power flow results can be shown in Figure 7.52 and they are within

the limit. The total real power output from PV systems at maximum value is 113,761.11

W at the case z2.

Table 7.30 Parameter setting of each connected PV system

Parameter Setting
PV Name Veri Sy K, K, Vq 5y
PV1 1.09 0.01 0.118 0.842 1.018 0.04
PV2 1.096 0.01 0.13 0.894 1.015 0.035
PV3 1.08 0.01 0.13 0.88 1.019 0.039
PV4 1.20 0.01 0.14 1.01 1.023 0.042
PV5 1.09 0.01 0.15 0.92 1.021 0.039
PV6 1.10 0.01 0.14 0.88 1.018 0.032
PV7 1.10 0.01 0.14 1.01 1.017 0.037
PV8 1.12 0.01 0.13 0.80 1.027 0.026
PV9 1.19 0.01 0.22 0.82 1.033 0.047
PV10 1.124 0.01 0.121 0.94 1.025 0.032
PV1l1 1.098 0.01 0.104 0.935 1.02 0.014
PV12 1.098 0.01 0.042 0.986 1.015 0.052
PV13 1.097 0.01 0.126 0.933 1.015 0.041
PV14 1.105 0.01 0.078 0.853 1.016 0.036
PV15 1.105 0.01 0.117 0.835 1.014 0.037
PV16 1.1 0.01 0.122 0.737 1.008 0.037
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Parameter Setting
PV Name
Veri 611 K Vq 6q

PV17 1.096 0.01 0.128 0.862 1.022 0.034
PV18 1.08 0.01 0.096 0.862 1.012 0.032
PV19 1.087 0.01 0.097 0.907 1.027 0.026
PV20 1.089 0.01 0.14 0.91 1.013 0.04
PV21 1.089 0.01 0.123 0.872 1.035 0.027
PV22 1.096 0.01 0.17 0.902 1.016 0.037
PV23 1.088 0.01 0.142 1.026 1.016 0.03
PV24 1.086 0.01 0.135 0.921 1.014 0.032
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Figure 7.52 The results of the set of uncertainty

7.6.1.7 At The Day 8 November 2014

The parameter assessment will be analyzed by central control through 2-stage

PSO process. According to the set of uncertainty at the day 8 November 2014 in Table

6.13, the optimal objective value in equation (5.81) is 56,218.30 W and the results of

optimal parameter setting can be shown in Table 7.31. Considering only the case z €

{z1,22, ...,217}, the power flow results can be shown in Figure 7.53 and they are within

the limit. The total real power output from PV systems at maximum value is 114,819.12

W at the case z2.

Table 7.31 Parameter setting of each connected PV system

Parameter Setting
PV Name Veri Sy K, K, Vq 5y
PV1 1.091 0.01 0.036 0.672 1.023 0.01
PV2 1.106 0.01 0.026 0.768 1.022 0.01
PV3 1.08 0.01 0.01 0.82 1.024 0.01
PV4 1.11 0.01 0.01 0.76 1.028 0.01
PV5 1.09 0.01 0.02 0.69 1.013 0.01
PV6 1.10 0.01 0.02 0.69 1.012 0.01
PV7 1.10 0.01 0.01 0.75 1.015 0.011
PV8 1.11 0.01 0.02 0.61 1.017 0.01
PV9 1.09 0.01 0.00 0.86 1.02 0.01
PV10 1.162 0.01 0.148 0.773 1.022 0.01
PV1l1 1.097 0.01 0.01 0.738 1.018 0.01
PV12 1.098 0.01 0.034 0.767 1.018 0.01
PV13 1.101 0.01 0 0.892 1.022 0.01
PV14 1.095 0.01 0.009 0.732 1.027 0.01
PV15 1.092 0.01 0.001 0.788 1.02 0.01
PV16 1.095 0.01 0.006 0.813 1.022 0.01
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Parameter Setting
PV Name

PV17 1.108 0.01 0.012 0.711 1.022 0.01
PV18 1.088 0.01 0.006 0.8 1.027 0.01
PV19 1.086 0.01 0.014 0.777 1.022 0.01
PV20 1.097 0.01 0.01 0.802 1.022 0.01
PV21 1.089 0.01 0.053 0.697 1.02 0.01
PV22 1.105 0.01 0.023 0.738 1.019 0.01
PV23 1.089 0.01 0.015 0.795 1.025 0.01
PV24 1.086 0.01 0.018 0.964 1.033 0.01
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Figure 7.53 The results of the set of uncertainty

7.6.1.8 At The Day 9 November 2014

The parameter assessment will be analyzed by central control through 2-stage

PSO process. According to the set of uncertainty at the day 9 November 2014 in Table

6.14, the optimal objective value in equation (5.81) is 29,558.07 W and the results of

optimal parameter setting can be shown in Table 7.32. Considering only the case z €

{z1,22, ...,217}, the power flow results can be shown in Figure 7.54 and they are within

the limit. The total real power output from PV systems at maximum value is 116,629.84

W at the case z2.

Table 7.32 Parameter setting of each connected PV system

Parameter Setting
PV Name Veri Sy K, K, Vq 5y
PV1 1.124 0.018 0.207 1.19 1.07 0.012
PV2 1.095 0.018 0.2 0.994 1.067 0.023
PV3 1.08 0.01 0.19 1.08 1.054 0.033
PV4 1.09 0.01 0.17 1.05 1.057 0.022
PV5 1.08 0.01 0.28 1.13 1.1 0.025
PV6 1.09 0.01 0.20 1.04 1.074 0.027
PV7 1.10 0.02 0.19 1.05 1.046 0.03
PV8 1.12 0.02 0.20 0.50 1.064 0.024
PV9 1.18 0.01 0.15 1.06 1.055 0.028
PV10 1.105 0.012 0.194 1.101 1.059 0.03
PV1l1 1.097 0.012 0.186 1.071 1.049 0.05
PV12 1.096 0.015 0.417 1.223 1.059 0.027
PV13 1.1 0.014 0.207 0.732 1.005 0.027
PV14 1.095 0.012 0.172 1.15 1.049 0.038
PV15 1.089 0.011 0.203 0.827 1.059 0.036
PV16 1.088 0.011 0.158 1.123 1.063 0.03
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Parameter Setting

PV Name
PV17 1.085 0.013 0.176 1.087 1.037 0.058
PV18 1.093 0.015 0.002 0.998 1.07 0.029
PV19 1.079 0.01 0.179 1.027 1.052 0.034
PV20 1.09 0.013 0.212 1.09 1.052 0.034
PV21 1.086 0.01 0.152 1.117 1.065 0.035
PV22 1.095 0.013 0.144 1.043 1.05 0.034
PV23 1.088 0.01 0.132 1.013 1.061 0.024
PV24 1.093 0.014 0.199 1.03 1.063 0.03
280 —O— Max Volt [

. —¥— Min Volt

S 260 | R i b b

[0} LL

2 240 =

2220
200 : : : : : ’

5 10 15 5 10 15
Case Case
(a) Minimum and maximum phase (b) Maximum VUF
voltage

- x10f 100

i>(, _______________

< 10 k=

(] ]

£ © 50

S 5 Y

(2]

&

0 - - — 0 - - X

5 10 15 5 10 15
Case Case

(c) MV/LV transformer utilization

(d) Maximum line capacity



LLE8GEBSET

9 thes | £0:1g 16T 2952L0vz A9a1 | uo 1veviess ip tzzevtzos siseutt o I[NNI

10000

5000

Loss (W)

1

5

10
Case

(e) System loss

15

Total PV output (Watt)

178

0

o

5

10 15
Case

(f) Total real power output from PV

Systems

Figure 7.54 The results of the set of uncertainty

Comparing when the parameters of are adjusted in every one week and when

the parameters are adjusted in every one day according to applying the continuous local

control function, the summary can be shown in Table 7.33. It indicates that adjustment

per one day is better than adjustment per one week because the parameters setting of

each day can hold the limit under 17 cases of the set of uncertainty. Note that the

objective value is positive because the power flow results are within the limit.

Table 7.33 The comparison between adjustment per one day and one week

Percent Change of

Day at | Adjustment per one week | Adjustment per one day Adjustment per One
Nov Day

2014 Opj. Value gﬁ’l‘):t Obj. Value gﬁ’l‘):t Obj. Value gﬁ’l‘):t

3 -8.2x108 110,750.88 58,433.80 109,474.51 >100% -1.15%

4 -2.4x108 114,053.61 51,862.06 114,606.26 >100% +0.48%

5 -6.4x108 112,284.26 44,890.02 113,525.61 >100% +1.11%

6 -4.4x108 113,406.98 37,443.97 114,131.95 >100% +0.64%

7 -3.9x108 113,499.34 41,338.27 113,761.11 >100% +0.23%

8 -5.7x108 113,477.51 56,218.30 114,819.12 >100% +1.18%

9 -7.1x107 115,062.96 29,558.07 116,629.84 >100% +1.36%

Mean Change | +( 349 +0.55%

7.6.2 The Piecewise Linear Local Control Function Application

In this subsection, the simulation results are divided into eight subsections:
(7.6.2.1) at the week 3-9 November 2014; (7.6.2.2) at the day 3 November 2014;
(7.6.2.3) at the day 4 November 2014; (7.6.2.4) at the day 5 November 2014; (7.6.2.5)
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at the day 6 November 2014; (7.6.2.6) at the day 7 November 2014; (7.6.2.7) at the day
8 November 2014; (7.6.2.8) at the day 9 November 2014. The piecewise linear local

control function is selected in this subsection.
7.6.2.1 At The Week 3-9 November 2014

The parameter assessment will be analyzed by central control through 2-stage
PSO process. According to the set of uncertainty at the week 3 November 2014 in Table
6.7, the optimal objective value in equation (5.81) is 47,383.61 W and the results of
optimal parameter setting can be shown in Table 7.34. Considering only the case z €
{z1,22, ...,z17}, the power flow results can be shown in Figure 7.55 and they are within
the limit. The total real power output from PV systems at maximum value is 117,434.56

W at the case z2.

Table 7.34 Parameter setting of each connected PV system

Parameter Setting
PV Name Vpl sz K, K, Vq1 qu
PV1 1.083 1.093 0.479 -0.884 1.06 1.08
PV2 1.085 1.101 0.504 -0.935 1.067 1.094
PV3 1.073 1.104 0.524 -0.945 1.052 1.088
PV4 1.095 1.107 0.471 -0.826 1.051 1.085
PV5 1.076 1.097 0.547 -0.931 1.057 1.08
PV6 1.076 1.093 0.454 -0.923 1.067 1.088
PV7 1.081 1.101 0.477 -0.901 1.055 1.096
PV8 1.085 1.097 0.513 -0.944 1.044 1.076
PV9 1.078 1.094 0.534 -0.95 1.052 1.072
PV10 1.089 1.1 0.499 -0.949 1.067 1.086
PV1l 1.077 1.09 0.515 -0.95 1.065 1.089
PV12 1.087 1.097 0.442 -0.936 1.051 1.084
PV13 1.095 1.106 0.496 -0.895 1.063 1.093
PV14 1.089 1.104 0.511 -0.951 1.052 1.083
PV15 1.077 1.091 0.492 -0.951 1.099 1.112
PV16 1.083 1.104 0.494 -0.965 1.052 1.08
PV17 1.085 1.102 0.385 -0.933 1.051 1.078
PV18 1.079 1.091 0.414 -0.902 1.068 1.078
PV19 1.078 1.09 0.552 -0.957 1.042 1.075
PV20 1.08 1.09 0.582 -0.95 1.05 1.092
PV21 1.077 1.096 0.528 -0.913 1.066 1.094
PV22 1.086 1.096 0.434 -0.936 1.046 1.075
PV23 1.085 1.097 0.432 -0.934 1.041 1.079
PV24 1.08 1.094 0.501 -0.94 1.05 1.077
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Figure 7.55 The results of the set of uncertainty

Applying (1) the set of uncertainty of each day and (2) the parameters setting in
Table 7.34 at the week 3-9 November 2014, the objective values and the maximum
value of total real power output from PV systems at the case z2 are shown in Table
7.35. The objective values is negative in days 3-9 because the power flow results are
out of limit. Mostly, loss at each day is out of the limit as shown latter in Figures 7.56-

7.62. The out of limit is due to the set of uncertainty is not enough considered
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thoroughly the uncertainty in the modified 29 node distribution system. The solution

can be the limit setting in the optimization constraints being less than the truth.

Table 7.35 The results of each day

Day at Adjustment per One Week
Nov 2014 Obj. Value Max P Output
3 -1.2x10° 111,162.25
4 -5.8x108 115,518.28
5 -1.1x10° 113,433.28
6 -8.5x108 114,697.07
7 -8.9x108 115,009.99
8 -9.3x108 114,925.67
9 -1.4x108 116,929.42

At the day 3 November, the power flow results can be shown in Figure 7.56.
Losses are out of limit at cases z2, z4, z6, z8, z10, z12 and z16.

At the day 4 November, the power flow results can be shown in Figure 7.57.
Losses are out of limit at cases z2, z4, z6, z8, z10, z12 and z16.

At the day 5 November, the power flow results can be shown in Figure 7.58.
Losses are out of limit at cases z2, z4, z6, z8, z10, z12 and z16.

At the day 6 November, the power flow results can be shown in Figure 7.59.
Losses are out of limit at cases z2, z4, z6, z8, z10, z12 and z16.

At the day 7 November, the power flow results can be shown in Figure 7.60.
Losses are out of limit at cases z2, z4, z6, z8 and z10.

At the day 8 November, the power flow results can be shown in Figure 7.61.
Losses are out of limit at cases z2, z4, z6, z8, z10, z12 and z16.

At the day 9 November, the power flow results can be shown in Figure 7.62.

Losses are out of limit at cases z6, z8, z10, z14 and z16.
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Figure 7.56 The results of the set of uncertainty
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Figure 7.57 The results of the set of uncertainty
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Figure 7.58 The results of the set of uncertainty
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Figure 7.59 The results of the set of uncertainty
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Figure 7.62 The results of the set of uncertainty

7.6.2.2 At The Day 3 November 2014

The parameter assessment will be analyzed by central control through 2-stage
PSO process. According to the set of uncertainty at the day 3 November 2014 in Table
6.8, the optimal objective value in equation (5.81) is 60,022.07 W and the results of

optimal parameter setting can be shown in Table 7.36. Considering only the case z €
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{z1,z2, ...,z17}, the power flow results can be shown in Figure 7.63 and they are within

the limit. The total real power output from PV systems at maximum value is 112,551.35

W at the case z2.

Table 7.36 Parameter setting of each connected PV system

Parameter Setting
PV Name Vpl sz K, K, Vq1 qu
PV1 1.07 1.106 0.253 -0.729 1.022 1.087
PV2 1.086 1.096 0.29 -0.713 1.067 1.077
PV3 1.089 1.102 0.233 -0.669 1.019 1.071
PV4 1.082 1.095 0.285 -0.796 0.986 1.04
PV5 1.083 1.099 0.242 -0.629 0.993 1.036
PV6 1.09 1.101 0.307 -0.718 1.01 1.066
PV7 1.092 1.102 0.262 -0.45 1.022 1.054
PV8 1.095 1.105 0.242 -0.614 0.976 1.054
PV9 1.09 1.102 0.145 -0.615 1.017 1.068
PV10 1.099 1.11 0.299 -0.766 1.025 1.067
PV1l1 1.092 1.104 0.163 -0.618 1.025 1.058
PV12 1.089 1.104 0.198 -0.767 1.025 1.075
PVI13 1.097 1.107 0.207 -0.817 1.081 1.095
PV14 1.09 1.1 0.384 -0.805 1.017 1.072
PV15 1.085 1.101 0.381 -0.818 1.023 1.068
PV16 1.1 1.11 0.287 -0.692 0.986 1.069
PV17 1.096 1.11 0.235 -0.838 1.015 1.032
PV18 1.078 1.1 0.338 -0.755 1.035 1.066
PV19 1.076 1.093 0.695 -0.768 1.035 1.089
PV20 1.099 1.118 0.196 -0.768 1.025 1.051
PV21 1.087 1.097 0.218 -0.74 0.91 1.043
PV22 1.091 1.11 0.211 -0.826 0.997 1.049
PV23 1.089 1.099 0.226 -0.779 1.024 1.062
PV24 1.09 1.1 0.245 -0.525 1.03 1.07
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Figure 7.63 The results of the set of uncertainty

7.6.2.3 At The Day 4 November 2014

The parameter assessment will be analyzed by central control through 2-stage

PSO process. According to the set of uncertainty at the day 4 November 2014 in Table

6.9, the optimal objective value in equation (5.81) is 52,291.58 W and the results of

optimal parameter setting can be shown in Table 7.37. Considering only the case z €

{z1,z2,...,2z17}, the power flow results can be shown in Figure 7.64 and they are within

the limit. The total real power output from PV systems at maximum value is 116,015.03

W at the case z2.

Table 7.37 Parameter setting of each connected PV system

Parameter Setting

PV Name
Vi V2 K4 K, Va1 Vgz
PV1 1.083 1.094 0.155 -0.934 0.979 1.065
PV2 1.083 1.093 0.257 -0.758 1.068 1.079
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Parameter Setting

PV Name
Vpl sz Kl KZ Vql VqZ

PV3 1.077 1.087 0.431 -0.841 0.958 1.061
PV4 1.092 1.103 0.352 -0.752 0.97 1.042
PV5 1.086 1.097 0.136 -0.335 0.957 1.104
PVé6 1.089 1.1 0.283 -0.576 0.968 1.084
PV7 1.09 1.105 0.264 -0.715 1.021 1.082
PV8 1.099 1.109 0.24 -0.78 0.972 1.068
PV9 1.09 1.105 0.187 -0.773 0.921 1.084
PV10 1.099 1.109 0.562 -0.739 0.971 1.033
PV11 1.09 1.106 0.229 -0.77 0.962 1.081
PV12 1.092 1.103 0.256 -0.742 0.956 1.073
PV13 1.091 1.105 0.282 -0.701 0.981 1.048
PV14 1.094 1.108 0.254 -0.731 0.961 1.075
PV15 1.069 1.096 0.271 -0.893 0.966 1.046
PV16 1.082 1.092 0.275 -0.671 0.955 1.082
PV17 1.096 1.108 0.278 -0.952 0.965 1.065
PV18 1.079 1.098 0.312 -0.85 0.938 1.067
PV19 1.084 1.095 0.51 -0.812 1.002 1.063
PV20 1.084 1.095 0.232 -0.774 0.946 1.102
PV21 1.085 1.096 0.229 -0.931 1.081 1.096
PV22 1.087 1.11 0.178 -0.736 0.975 1.067
PV23 1.086 1.096 0.454 -0.773 0.971 1.082
PVv24 1.08 1.097 0.303 -0.743 0.943 1.066
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Figure 7.64 The results of the set of uncertainty

The parameter assessment will be analyzed by central control through 2-stage

PSO process. According to the set of uncertainty at the day 5 November 2014 in Table
6.10, the optimal objective value in equation (5.81) is 45,003.35 W and the results of
optimal parameter setting can be shown in Table 7.38. Considering only the case z €
{z1,z2, ...,z17}, the power flow results can be shown in Figure 7.65 and they are within
the limit. The total real power output from PV systems at maximum value is 115,153.18

W at the case z2.

Table 7.38 Parameter setting of each connected PV system

Parameter Setting
FyName )y, Vyo Ky K Vor Vo
PV1 1.09 1.104 0.083 -0.767 1.068 1.08
PV2 1.087 1.101 0.032 -0.773 1.076 1.095
PV3 1.076 1.097 0.092 -0.752 1.041 1.089
PV4 1.084 1.095 0.123 -0.902 1.08 1.091
PV5 1.084 1.102 0.1 -0.932 1.052 1.063
PVo6 1.089 1.103 0.102 -0.81 1.086 1.096
PV7 1.09 1.102 0.094 -0.764 1.056 1.084
PV8 1.096 1.109 0.14 -0.825 1.051 1.07
PV9 1.083 1.097 0.136 -0.796 1.049 1.085
PV10 1.097 1.107 0.115 -0.839 1.046 1.056
PVI11 1.095 1.105 0.16 -0.803 1.076 1.087
PVI2 1.093 1.104 0.156 -0.698 1.049 1.082
PV13 1.086 1.11 0.134 -0.816 1.051 1.073
PV14 1.095 1.11 0.1 -0.88 1.052 1.068
PV15 1.084 1.103 0.07 -0.826 1.054 1.077
PV16 1.092 1.107 0.075 -0.708 1.025 1.051
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Parameter Setting

PV Name Vpl sz K, K, Vq1 qu
PV17 1.09 1.102 0.228 -0.996 1.06 1.077
PV18 1.083 1.097 0.089 -0.769 0.99 1.082
PV19 1.084 1.096 0.163 -0.661 1.07 1.095
PV20 1.09 1.1 0.079 -0.373 0.959 1.069
PV21 1.087 1.097 0.114 -0.763 1.006 1.042
PV22 1.089 1.102 0.122 -0.838 1.055 1.074
PV23 1.083 1.094 0.111 -0.76 1.056 1.073
PV24 1.086 1.097 0.076 -0.672 1.052 1.073
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Figure 7.65 The results of the set of uncertainty

7.6.2.5 At The Day 6 November 2014

The parameter assessment will be analyzed by central control through 2-stage
PSO process. According to the set of uncertainty at the day 6 November 2014 in Table
6.11, the optimal objective value in equation (5.81) is 37,522.40 W and the results of
optimal parameter setting can be shown in Table 7.39. Considering only the case z €
{z1,z2, ...,z17}, the power flow results can be shown in Figure 7.66 and they are within
the limit. The total real power output from PV systems at maximum value is 114,352.09

W at the case z2.

Table 7.39 Parameter setting of each connected PV system

Parameter Setting
FyName )y, Vyo Ky K Vor Vo
PV1 1.077 1.1 0.441 -0.8 0.982 0.995
PV2 1.088 1.099 0.678 -0.781 0.944 0.981
PV3 1.086 1.096 0.642 -0.753 0.96 0.975
PV4 1.086 1.096 0.656 -0.768 0.956 1.016
PV5 1.085 1.1 0.528 -0.664 0.956 0.987
PVo6 1.088 1.1 0.48 -0.848 0.956 0.978
PV7 1.081 1.1 0.49 -0.766 0.967 0.992
PV8 1.092 1.102 0.557 -0.518 0.937 0.981
PV9 1.086 1.099 0.653 -0.714 0.961 0.98
PV10 1.1 1.111 0.562 -0.755 0.959 0.985
PVI11 1.088 1.109 0.521 -0.742 0.94 0.96
PV12 1.092 1.102 0.483 -0.68 0.968 0.982
PV13 1.093 1.105 0.605 -0.819 0.993 1.014
PV14 1.091 1.104 0.747 -0.824 0.96 0.989
PV15 1.078 1.09 0.478 -0.747 0.977 0.99
PV16 1.087 1.102 0.562 -0.555 0.944 1.086
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Parameter Setting
PV Name
Vpl sz KZ Vql VqZ

PV17 1.1 1.114 0.54 -0.844 0.958 0.972
PV18 1.071 1.093 0.435 -0.752 1.035 1.071
PV19 1.086 1.097 0.471 -0.92 0.951 0.982
PV20 1.094 1.111 0.539 -0.671 0.915 0.972
PV21 1.08 1.096 0.525 -0.794 0.913 0.975
PV22 1.096 1.112 0.411 -0.873 0.959 0.974
PV23 1.081 1.098 0.794 -0.763 0.947 0.996
PV24 1.093 1.103 0.518 -0.649 0.91 0.973
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Figure 7.66 The results of the set of uncertainty

7.6.2.6 At The Day 7 November 2014

The parameter assessment will be analyzed by central control through 2-stage
PSO process. According to the set of uncertainty at the day 7 November 2014 in Table
6.12, the optimal objective value in equation (5.81) is 41,431.62 W and the results of
optimal parameter setting can be shown in Table 7.40. Considering only the case z €
{z1,z2,...,z17}, the power flow results can be shown in Figure 7.67 and they are within
the limit. The total real power output from PV systems at maximum value is 114,881.27

W at the case z2.

Table 7.40 Parameter setting of each connected PV system

Parameter Setting
PV Name Vpl sz K, K, Vq1 qu
PV1 1.083 1.094 0.772 -0.775 0.971 1.092
PV2 1.086 1.098 0.368 -0.879 0.962 1.092
PV3 1.094 1.105 0.373 -0.83 0.956 1.09
PV4 1.094 1.112 0.287 -0.782 0.971 1.094
PV5 1.086 1.097 0.351 -0.792 0.976 1.092
PVé6 1.089 1.099 0.342 -0.831 0.964 1.096
PV7 1.093 1.103 0.319 -0.908 0.932 1.097
PV8 1.094 1.105 0.356 -0.814 0.968 1.095
PV9 1.1 1.11 0.326 -0.877 0.969 1.089
PVI10 1.1 1.114 0.358 -0.746 0.975 1.089
PVI11 1.093 1.103 0.351 -0.89 0.954 1.103
PVI2 1.086 1.108 0.389 -0.882 0.946 1.076
PV13 1.096 1.106 0.38 -0.863 0.957 1.091
PV14 1.086 1.103 0.424 -0.819 0.962 1.09
PVI5 1.083 1.108 0.299 -0.789 0.962 1.109
PV16 1.092 1.107 0.488 -0.748 0.964 1.091




LLE8GEBSET

9 thes | £0:1g 16T 2952L0vz A9a1 | uo 1veviess ip tzzevtzos siseutt o I[NNI

197

Parameter Setting
PV Name
Vpl sz KZ Vql VqZ

PV17 1.089 1.104 0.309 -0.866 0.962 1.083
PV18 1.075 1.096 0.328 -0.747 0.964 1.105
PV19 1.08 1.093 0.392 -0.758 0.97 1.096
PV20 1.085 1.098 0.297 -0.792 0.967 1.087
PV21 1.086 1.096 0.344 -0.774 0.941 1.096
PV22 1.087 1.102 0.337 -0.83 0.97 1.085
PV23 1.083 1.095 0.29 -0.999 0.974 1.09
PV24 1.082 1.099 -0.878 0.954 1.092
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Figure 7.67 The results of the set of uncertainty

7.6.2.7 At The Day 8 November 2014

The parameter assessment will be analyzed by central control through 2-stage
PSO process. According to the set of uncertainty at the day 8 November 2014 in Table
6.13, the optimal objective value in equation (5.81) is 56,674.72 W and the results of
optimal parameter setting can be shown in Table 7.41. Considering only the case z €
{z1,z2,...,2z17}, the power flow results can be shown in Figure 7.68 and they are within
the limit. The total real power output from PV systems at maximum value is 116,038.12

W at the case z2.

Table 7.41 Parameter setting of each connected PV system

Parameter Setting

PV Name Vpl sz K, K, Vq1 qu
PV1 1.076 1.094 0.285 -0.685 1.032 1.075
PV2 1.099 1.109 0.205 -0.776 1.09 1.106
PV3 1.1 1.11 0.182 -0.769 1.034 1.092
PV4 1.089 1.101 0.152 -0.873 1.067 1.097
PV5 1.089 1.099 0.167 -0.777 1.038 1.086
PVé6 1.089 1.101 0.188 -0.558 1.089 1.1
PV7 1.093 1.106 0.17 -0.91 1.041 1.069
PV8 1.098 1.11 0.072 -0.716 1.032 1.083
PV9 1.092 1.106 0.207 -0.867 1.009 1.073
PV10 1.098 1.109 0.21 -0.752 0.972 1.027
PVI11 1.089 1.11 0.116 -0.816 0.975 1.072
PVI2 1.094 1.104 0.176 -0.749 1.04 1.066
PV13 1.093 1.104 0.37 -0.865 1.044 1.08
PV14 1.094 1.104 0.193 -0.75 1.061 1.08
PVI5 1.095 1.105 0.205 -0.739 1.021 1.069
PV16 1.09 1.11 0.428 -0.879 1.026 1.08
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Parameter Setting

PV Name
Vpl sz Kl KZ Vql VqZ

PV17 1.092 1.103 0.06 -0.672 0.98 1.072
PV18 1.083 1.097 0.179 -0.787 1.044 1.058
PV19 1.068 1.093 0.162 -0.759 1.059 1.071
PV20 1.085 1.099 0.26 -0.626 1.055 1.08
PV21 1.083 1.096 0.121 -0.747 1.039 1.06
PV22 1.093 1.105 0.196 -0.785 1.028 1.087
PV23 1.088 1.098 0.174 -0.978 1.037 1.067
PV24 1.083 1.099 0.105 -0.821 1.051 1.082
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Figure 7.68 The results of the set of uncertainty

7.6.2.8 At The Day 9 November 2014

The parameter assessment will be analyzed by central control through 2-stage
PSO process. According to the set of uncertainty at the day 9 November 2014 in Table
6.14, the optimal objective value in equation (5.81) is 29,559.41 W and the results of
optimal parameter setting can be shown in Table 7.42. Considering only the case z €
{z1,z2,...,2z17}, the power flow results can be shown in Figure 7.69 and they are within
the limit. The total real power output from PV systems at maximum value is 117,667.88

W at the case z2.

Table 7.42 Parameter setting of each connected PV system

Parameter Setting
PV Name Vpl sz K, K, Vq1 qu
PV1 1.086 1.097 0.378 -0.978 1.01 1.089
PV2 1.094 1.107 0.47 -0.91 1.002 1.083
PV3 1.082 1.101 0.511 -0.896 1.005 1.091
PV4 1.098 1.109 0.525 -0.932 1.061 1.093
PV5 1.083 1.098 0.323 -0.952 1.014 1.095
PVé6 1.084 1.102 0.512 -0.895 1.013 1.102
PV7 1.083 1.094 0.511 -0.877 1.014 1.087
PV8 1.087 1.097 0.528 -0.914 1.039 1.103
PV9 1.079 1.089 0.507 -0.924 1.011 1.091
PVI10 1.091 1.101 0.539 -0.908 1.002 1.096
PVI11 1.084 1.096 0.557 -0.916 1.009 1.078
PV12 1.086 1.096 0.535 -0.9 1.002 1.092
PV13 1.086 1.098 0.586 -0.934 1.017 1.058
PV14 1.093 1.109 0.516 -0.849 1.019 1.106
PVI5 1.084 1.094 0.535 -0.915 1.009 1.103
PV16 1.087 1.106 0.481 -0.696 1.008 1.082
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Parameter Setting
PV Name
Vpl sz KZ Vql VqZ

PV17 1.091 1.101 0.521 -0.834 0.999 1.088
PV18 1.082 1.097 0.579 -0.906 1.004 1.088
PV19 1.08 1.093 0.512 -0.866 1.006 1.074
PV20 1.088 1.098 0.574 -0.932 1.027 1.098
PV21 1.085 1.095 0.597 -0.902 1.008 1.093
PV22 1.091 1.101 0.519 -0.868 1.018 1.08
PV23 1.081 1.096 0.565 -0.928 0.992 1.083
PV24 1.089 1.105 0.519 -0.916 1.007 1.085
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Figure 7.69 The results of the set of uncertainty

Comparing when the parameters of are adjusted in every one week and when
the parameters are adjusted in every one day according to applying the piecewise linear
local control function, the summary can be shown in Table 7.43. It indicates that
adjustment per one day is better than adjustment per one week because the parameters
setting of each day can hold the limit under 17 cases of the set of uncertainty. Note that

the objective value is positive because the power flow results are within the limit.

Table 7.43 The comparison between adjustment per one day and one week

Percent Change of

Day at Adjustment per one week Adjustment per one day Adjustment per One
Nov Day

2014 Obj. Value g{l at’;nl:t Obj. Value g{l at’;nl:t Obj. Value (1;/:1 at);nll)t

3 -1.2x10° 111,162.25 60,022.07 112,551.35 >100% +1.25%

4 -5.8x108 115,518.28 52,291.58 116,015.03 >100% +0.43%

5 -1.1x10° 113,433.28 45,003.35 115,153.18 >100% +1.52%

6 -8.5x108 114,697.07 37,522.40 114,352.09 >100% -0.30%

7 -8.9x108 115,009.99 41,431.62 114,881.27 >100% -0.11%

8 -9.3x108 114,925.67 56,674.72 116,038.12 >100% +0.97%

9 -1.4x108 116,929.42 29,559.41 117,667.88 >100% +0.63%

Mean Change | >100% +0.63%

Comparing the adjustment per one day strategy between (1) when local control
is applied continuous function and (2) when local control is applied piecewise linear
function, the percent different of objective value and maximum total real power output

can be shown in Table 7.23 and it can notice that the results are close between (1) when
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local control is applied continuous function and (2) when local control is applied
piecewise linear function. Then, local control application can be chosen any one from

continuous or piecewise linear function because of the nearly similar results.

Table 7.44 The comparison between continuous and piecewise linear local control

application
Percent Change of
Day at Continuous Function Piecewise Linear Function Piecewise Linear
Nov Function
2014 Obj. Value g{l i’;:t Obj. Value g{l i’;:t Obj. Value g{l T:):t
3 58,433.80 109,474.51 60,022.07 112,551.35 +2.72% +2.81%
4 51,862.06 114,606.26 52,291.58 116,015.03 +0.83% +1.23%
5 44,890.02 113,525.61 45,003.35 115,153.18 +0.25% +1.43%
6 37,443.97 114,131.95 37,522.40 114,352.09 +0.21% +0.19%
7 41,338.27 113,761.11 41,431.62 114,881.27 +0.23% +0.98%
8 56,218.30 114,819.12 56,674.72 116,038.12 +0.81% +1.06%
9 29,558.07 116,629.84 29,559.41 117,667.88 +0.00% +0.89%
Mean Change +0.72% +1.23%

7.7 Monte Carlo Simulation

The optimization process applies the 17 cases of the set of uncertainty to solve
the uncertainty problem. Therefore, the Monte-Carlo simulation is applied with
100,000-times random to prove the sufficiency in applying only the 17 cases of the set
of uncertainty. The simulations are divided into 4 parts: (7.7.1) the modified 19 node
distribution system with using continuous local control function; (7.7.2) the modified
19 node distribution system with using piecewise linear local control function; (7.7.3)
The modified 29 node distribution system with using continuous local control function;
(7.7.4) The modified 29 node distribution system with using piecewise linear local

control function.

7.7.1 The Modified 19 Node Distribution System With Using Continuous Local

Control Function

In this subsection, Monte Carlo simulation applies in eight parts: (7.7.1.1) at the
week 3-9 November 2014; (7.7.1.2) at the day 3 November 2014; (7.7.1.3) at the day 4
November 2014; (7.7.1.4) at the day 5 November 2014; (7.7.1.5) at the day 6 November
2014; (7.7.1.6) at the day 7 November 2014; (7.7.1.7) at the day 8 November 2014;
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(7.7.1.8) at the day 9 November 2014. The continuous local control function is selected

1n this subsection.
7.7.1.1 At The Week 3-9 November 2014

In this subsection, the value of load, solar irradiance and ambient temperature
will be randomized in 100,000 times, according to the normal uncertainty characteristic
of Figure 6.6 at the week 3-9 November 2014. Each random values at a time will be
assessed by power flow algorithm. The optimal parameters setting at the week 3-9
November 2014 as shown in Table 7.2 is applied. Then, the power flow results in
100,000 times can be shown in Figure 7.70. The summary from Monte Carlo simulation
is shown in Table 7.45. It can notice that mean values from power flow results are

within the limit and. Overall results are not more than the limit specified.
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Figure 7.70 The power flow results from 100,000-times random

Table 7.45 The results of Monte Carlo simulation

Mean Values Over-limit Consideration
Variables .from 100,000 Limit Probability Mean of Difference
times of random Excess Value
Min Voltage 249.83 V 253.00 V 0.00% 0.00 0.00
Max Voltage 235.10 V 207.00 V 0.00% 0.00 0.00
Loss 3,890.53 W 6,547.58 W 0.00% 0.00 0.00
Max VUF 0.84 3.00 0.00% 0.00 0.00
Transformer
Utilization 61,021.41 VA 125,000.00 VA 0.00% 0.00 0.00
Max Line
Capacity 36.47% 100.00% 0.00% 0.00 0.00

where “Mean of Excess Value” is calculated from the excess value that if no excess
value from 100,000 times of random, the “Mean of Excess Value” will be zero;
“Difference” is calculated from the difference between “Limit” and “Mean of Excess

Value”.
7.7.1.2 At The Day 3 November 2014

In this subsection, the value of load, solar irradiance and ambient temperature
will be randomized in 100,000 times, according to the normal uncertainty characteristic
of Figure 6.7 at the day 3 November 2014. Each random values at a time will be assessed
by power flow algorithm. The optimal parameters setting at the day 3 November 2014
as shown in Table 7.7 is applied. Then, the power flow results in 100,000 times can be
shown in Figure 7.71. The summary from Monte Carlo simulation is shown in Table
7.46. It can notice that mean values from power flow results are within the limit. The
probability of over loss is 0.02%. The mean over loss is 6,570.27 W that is slightly
more than the limit around 22.69 W. Other variables have 0% probability to exceed the

limits.
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Figure 7.71 The power flow results from 100,000-times random
Table 7.46 The results of Monte Carlo simulation
Mean Values Over-limit Consideration
Variables from 100,000 Limit - Mean of .
times of random Probability Excess Value Difference
Min Voltage 250.87 V 253.00 V 0.00% 0.00 0.00
Max Voltage 236.28 V 207.00 V 0.00% 0.00 0.00
Loss 4,707.89 W 6,547.58 W 0.02% 6,570.27 W 22.69 W
Max VUF 0.58 3.00 0.00% 0.00 0.00
Transformer
Utilization 68,596.46 VA 125,000.00 VA 0.00% 0.00 0.00
Max Line
Capacity 41.54% 100.00% 0.00% 0.00 0.00
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7.7.1.3 At The Day 4 November 2014

In this subsection, the value of load, solar irradiance and ambient temperature
will be randomized in 100,000 times, according to the normal uncertainty characteristic
of Figure 6.8 at the day 4 November 2014. Each random values at a time will be assessed
by power flow algorithm. The optimal parameters setting at the day 4 November 2014
as shown in Table 7.8 is applied. Then, the power flow results in 100,000 times can be
shown in Figure 7.72. The summary from Monte Carlo simulation is shown in Table
7.47. It can notice that mean values from power flow results are within the limit. Overall

results are not more than the limit specified.
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Figure 7.72 The power flow results from 100,000-times random

Table 7.47 The results of Monte Carlo simulation
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Mean Values Over-limit Consideration
Variables .from 100,000 Limit Probability Mean of Difference
times of random Excess Value
Min Voltage 250.08 V 253.00 V 0.00% 0.00 0.00
Max Voltage 235.17V 207.00 V 0.00% 0.00 0.00
Loss 4,240.29 W 6,547.58 W 0.00% 0.00 0.00
Max VUF 0.82 3.00 0.00% 0.00 0.00
Transformer | ¢5 55 39 v | 125,000.00 VA 0.00% 0.00 0.00
Utilization
Max Line 39.81% 100.00% 0.00% 0.00 0.00
Capacity

7.7.1.4 At The Day 5 November 2014

In this subsection, the value of load, solar irradiance and ambient temperature

will be randomized in 100,000 times, according to the normal uncertainty characteristic

of Figure 6.9 at the day 5 November 2014. Each random values at a time will be assessed

by power flow algorithm. The optimal parameters setting at the day 5 November 2014

as shown in Table 7.9 is applied. Then, the power flow results in 100,000 times can be

shown in Figure 7.73. The summary from Monte Carlo simulation is shown in Table

7.48. It can notice that mean values from power flow results are within the limit. Overall

results are not more than the limit specified.
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Figure 7.73 The power flow results from 100,000-times random

Table 7.48 The results of Monte Carlo simulation
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Mean Values

Over-limit Consideration

Variables .from 100,000 Limit Probability Mean of Difference
times of random Excess Value
Min Voltage 24951V 253.00 V 0.00% 0.00 0.00
Max Voltage 23553 V 207.00 V 0.00% 0.00 0.00
Loss 3,964.83 W 6,547.58 W 0.00% 0.00 0.00
Max VUF 0.56 3.00 0.00% 0.00 0.00
Transformer
Utilization 62,125.71 VA 125,000.00 VA 0.00% 0.00 0.00
Max Line
Capacity 37.16% 100.00% 0.00% 0.00 0.00

7.7.1.5 At The Day 6 November 2014

In this subsection, the value of load, solar irradiance and ambient temperature

will be randomized in 100,000 times, according to the normal uncertainty characteristic

of Figure 6.10 at the day 6 November 2014. Each random values at a time will be

assessed by power flow algorithm. The optimal parameters setting at the day 6

November 2014 as shown in Table 7.10 is applied. Then, the power flow results in

100,000 times can be shown in Figure 7.74. The summary from Monte Carlo simulation

is shown in Table 7.49. It can notice that mean values from power flow results are

within the limit. Overall results are not more than the limit specified.
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Figure 7.74 The power flow results from 100,000-times random
Table 7.49 The results of Monte Carlo simulation
Mean Values Over-limit Consideration
Variables from 100,000 Limit - Mean of .
times of random Probability Excess Value Difference
Min Voltage 248.72V 253.00 V 0.00% 0.00 0.00
Max Voltage 235.55V 207.00 V 0.00% 0.00 0.00
Loss 3,400.64 W 6,547.58 W 0.00% 0.00 0.00
Max VUF 0.64 3.00 0.00% 0.00 0.00
Transformer
Utilization 56,848.46 VA 125,000.00 VA 0.00% 0.00 0.00
Max Line
Capacity 33.85% 100.00% 0.00% 0.00 0.00
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7.7.1.6 At The Day 7 November 2014

In this subsection, the value of load, solar irradiance and ambient temperature
will be randomized in 100,000 times, according to the normal uncertainty characteristic
of Figure 6.11 at the day 7 November 2014. Each random values at a time will be
assessed by power flow algorithm. The optimal parameters setting at the day 7
November 2014 as shown in Table 7.11 is applied. Then, the power flow results in
100,000 times can be shown in Figure 7.75. The summary from Monte Carlo simulation
is shown in Table 7.50. It can notice that mean values from power flow results are

within the limit. Overall results are not more than the limit specified.

4
g 250
[} L
g 2
S
200 — 0 e
2 4 6 8 10 2 4 6 8 10
Number «10% Number «10%
(a) Minimum and maximum phase (b) Maximum VUF
voltage
< £ 100
= 2
5 10 S
£ S 50
S 5 S
e ©
S0 : : : : £ 0 : : : :
= 2 4 6 8 10 2 4 6 8 10
Number «10% Number «10%
(c) MV/LV transformer utilization (d) Maximum line capacity
[%)]
n
(@)
— 5000
S
()
@
>
[

2 4 6 8 10
Number «10%

(e) System loss
Figure 7.75 The power flow results from 100,000-times random
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Mean Values

Over-limit Consideration

Variables .from 100,000 Limit Probability Mean of Difference
times of random Excess Value
Min Voltage 24931V 253.00 V 0.00% 0.00 0.00
Max Voltage 23573V 207.00 V 0.00% 0.00 0.00
Loss 3,822.44 W 6,547.58 W 0.00% 0.00 0.00
Max VUF 1.23 3.00 0.00% 0.00 0.00
Transformer
Utilization 61,599.93 VA 125,000.00 VA 0.00% 0.00 0.00
Max Line
Capacity 36.82% 100.00% 0.00% 0.00 0.00

7.7.1.7 At The Day 8 November 2014

In this subsection, the value of load, solar irradiance and ambient temperature

will be randomized in 100,000 times, according to the normal uncertainty characteristic

of Figure 6.12 at the day 8 November 2014. Each random values at a time will be

assessed by power flow algorithm. The optimal parameters setting at the day 8

November 2014 as shown in Table 7.12 is applied. Then, the power flow results in

100,000 times can be shown in Figure 7.76. The summary from Monte Carlo simulation

is shown in Table 7.51. It can notice that mean values from power flow results are

within the limit. The probability of over loss is 0.01%. The mean over loss is 6,562.24

W that is slightly more than the limit around 14.66 W. Other variables have 0%

probability to exceed the limits.
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Figure 7.76 The power flow results from 100,000-times random
Table 7.51 The results of Monte Carlo simulation
Mean Values Over-limit Consideration
Variables from 100,000 Limit - Mean of .
times of random Probability Excess Value Difference
Min Voltage 25040 V 253.00 V 0.00% 0.00 0.00
Max Voltage 23529V 207.00 V 0.00% 0.00 0.00
Loss 4426.85 W 6,547.58 W 0.01% 6,562.24 W 14.66 W
Max VUF 0.85 3.00 0.00% 0.00 0.00
Transformer
Utilization 64,828.57 VA 125,000.00 VA 0.00% 0.00 0.00
Max Line
Capacity 39.88% 100.00% 0.00% 0.00 0.00

7.7.1.8 At The Day 9 November 2014

In this subsection, the value of load, solar irradiance and ambient temperature
will be randomized in 100,000 times, according to the normal uncertainty characteristic
of Figure 6.13 at the day 9 November 2014. Each random values at a time will be
assessed by power flow algorithm. The optimal parameters setting at the day 9
November 2014 as shown in Table 7.13 is applied. Then, the power flow results in
100,000 times can be shown in Figure 7.77. The summary from Monte Carlo simulation

is shown in Table 7.52. It can notice that mean values from power flow results are
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within the limit. The probability of over loss is 0.13%. The mean over loss is 6,570.90

W that is slightly more than the limit around 23.32 W. Other variables have 0%

probability to exceed the limits.
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Figure 7.77 The power flow results from 100,000-times random
Table 7.52 The results of Monte Carlo simulation
Mean Values Over-limit Consideration
Variables from 100,000 Limit - Mean of .
times of random Probability Excess Value Difference
Min Voltage 248.13 V 253.00V 0.00% 0.00 0.00
Max Voltage 232.65V 207.00 V 0.00% 0.00 0.00
Loss 2,762.98 W 6,547.58 W 0.13% 6,570.90 W 2332 W
Max VUF 1.01 3.00 0.00% 0.00 0.00
Transformer
Utilization 50,152.59 VA 125,000.00 VA 0.00% 0.00 0.00
Max Line
Capacity 30.83% 100.00% 0.00% 0.00 0.00
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From Monte Carlo simulations at the 19 node distribution system with using
continuous local control function, it can prove that the determination of only the 17
cases of the set of uncertainty is sufficient to solve the uncertainty problem of load,
solar irradiance and ambient temperature. It is because as follows:

- The power flow results of minimum and maximum voltage profile,
maximum VUF, MV/LV transformer utilization and maximum line capacity
are within the limit. The probabilities have around 100% to hold on those
limits under the uncertainty;

- The probability of the loss results have 100% to hold on the limits under the
uncertainty in the Day 4, 5, 6, 7 and the Week 3-9 November 2014;

- For the Day 3, 8 and 9 November 2014, the probability of the loss results to
exceed the limit is less than 0.2% or the probability of the loss results have
around 99.8% to hold on the loss limit under the uncertainty according to
the worst case at the day 9 November 2014. Mean over losses are more than
the limit about <30 W according to the day 9 November 2014.

However, the results that exceed only a small extent of the loss limit can be resolved by

adjusting the loss limit in the optimization problem less than the actual value.

7.7.2 The Modified 19 Node Distribution System With Using Piecewise Linear

Local Control Function

In this subsection, Monte Carlo simulation applies in eight parts: (7.7.2.1) at the
week 3-9 November 2014; (7.7.2.2) at the day 3 November 2014; (7.7.2.3) at the day 4
November 2014; (7.7.2.4) at the day 5 November 2014; (7.7.2.5) at the day 6 November
2014; (7.7.2.6) at the day 7 November 2014; (7.7.2.7) at the day 8 November 2014;
(7.7.2.8) at the day 9 November 2014. The piecewise linear local control function is

selected in this subsection.
7.7.2.1 At The Week 3-9 November 2014

In this subsection, the value of load, solar irradiance and ambient temperature
will be randomized in 100,000 times, according to the normal uncertainty characteristic
of Figure 6.6 at the week 3-9 November 2014. Each random values at a time will be
assessed by power flow algorithm. The optimal parameters setting at the week 3-9

November 2014 as shown in Table 7.5 is applied. Then, the power flow results in
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100,000 times can be shown in Figure 7.78. The summary from Monte Carlo simulation

is shown in Table 7.53. It can notice that mean values from power flow results are

within the limit and. Overall results are not more than the limit specified.
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Figure 7.78 The power flow results from 100,000-times random

Table 7.53 The results of Monte Carlo simulation

Mean Values Over-limit Consideration
Variables .from 100,000 Limit Probability Mean of Difference
times of random Excess Value
Min Voltage 249.54 V 253.00 V 0.00% 0.00 0.00
Max Voltage 234.61 V 207.00 V 0.00% 0.00 0.00
Loss 4,068.95 W 6,547.58 W 0.00% 0.00 0.00
Max VUF 0.63 3.00 0.00% 0.00 0.00
Transformer
Utilization 63,498.62 VA 125,000.00 VA 0.00% 0.00 0.00
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Mean Values Over-limit Consideration
Variables .from 100,000 Limit Probability Mean of Difference
times of random Excess Value
Max Line
Capacity 37.98% 100.00% 0.00% 0.00 0.00

7.7.2.2 At The Day 3 November 2014

In this subsection, the value of load, solar irradiance and ambient temperature

will be randomized in 100,000 times, according to the normal uncertainty characteristic

of Figure 6.7 at the day 3 November 2014. Each random values at a time will be assessed

by power flow algorithm. The optimal parameters setting at the day 3 November 2014

as shown in Table 7.15 is applied. Then, the power flow results in 100,000 times can

be shown in Figure 7.79. The summary from Monte Carlo simulation is shown in Table

7.54. It can notice that mean values from power flow results are within the limit. The

probability of over loss is 1.74%. The mean over loss is 6,556.08 W that is slightly

more than the limit around 8.50 W. Other variables have 0% probability to exceed the

limits.
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Figure 7.79 The power flow results from 100,000-times random

Table 7.54 The results of Monte Carlo simulation
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Mean Values

Over-limit Consideration

Variables .from 100,000 Limit Probability Mean of Difference
times of random Excess Value
Min Voltage 25098 V 253.00 V 0.00% 0.00 0.00
Max Voltage 236.72V 207.00 V 0.00% 0.00 0.00
Loss 4,670.76 W 6,547.58 W 1.74% 6,556.08 W 8.50 W
Max VUF 0.81 3.00 0.00% 0.00 0.00
Transformer
Utilization 65,063.20 VA 125,000.00 VA 0.00% 0.00 0.00
Max Line
Capacity 39.72% 100.00% 0.00% 0.00 0.00

7.7.2.3 At The Day 4 November 2014

In this subsection, the value of load, solar irradiance and ambient temperature

will be randomized in 100,000 times, according to the normal uncertainty characteristic

of Figure 6.8 at the day 4 November 2014. Each random values at a time will be assessed

by power flow algorithm. The optimal parameters setting at the day 4 November 2014

as shown in Table 7.16 is applied. Then, the power flow results in 100,000 times can

be shown in Figure 7.80. The summary from Monte Carlo simulation is shown in Table

7.55. It can notice that mean values from power flow results are within the limit. Overall

results are not more than the limit specified.
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Figure 7.80 The power flow results from 100,000-times random
Table 7.55 The results of Monte Carlo simulation
Mean Values Over-limit Consideration
Variables from 100,000 Limit - Mean of .
times of random Probability Excess Value Difference
Min Voltage 249.95 V 253.00 V 0.00 0.00 0.00
Max Voltage 235.12V 207.00 V 0.00 0.00 0.00
Loss 4,289.15 W 6,547.58 W 0.00 0.00 0.00
Max VUF 0.73 3.00 0.00 0.00 0.00
Transformer
Utilization 66,293.99 VA 125,000.00 VA 0.00 0.00 0.00
Max Line
Capacity 39.55% 100.00% 0.00 0.00 0.00
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7.7.2.4 At The Day 5 November 2014

In this subsection, the value of load, solar irradiance and ambient temperature
will be randomized in 100,000 times, according to the normal uncertainty characteristic
of Figure 6.9 at the day 5 November 2014. Each random values at a time will be assessed
by power flow algorithm. The optimal parameters setting at the day 5 November 2014
as shown in Table 7.17 is applied. Then, the power flow results in 100,000 times can
be shown in Figure 7.81. The summary from Monte Carlo simulation is shown in Table
7.56. It can notice that mean values from power flow results are within the limit. Overall

results are not more than the limit specified.
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Figure 7.81 The power flow results from 100,000-times random
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Mean Values Over-limit Consideration
Variables .from 100,000 Limit Probability Mean of Difference
times of random Excess Value
Min Voltage 249.64 V 253.00 V 0.00% 0.00 0.00
Max Voltage 235.18 V 207.00 V 0.00% 0.00 0.00
Loss 4,130.50 W 6,547.58 W 0.00% 0.00 0.00
Max VUF 1.01 3.00 0.00% 0.00 0.00
Transformer
Utilization 64,042.28 VA 125,000.00 VA 0.00% 0.00 0.00
Max Line
Capacity 38.24% 100.00% 0.00% 0.00 0.00

7.7.2.5 At The Day 6 November 2014

In this subsection, the value of load, solar irradiance and ambient temperature
will be randomized in 100,000 times, according to the normal uncertainty characteristic
of Figure 6.10 at the day 6 November 2014. Each random values at a time will be
assessed by power flow algorithm. The optimal parameters setting at the day 6
November 2014 as shown in Table 7.18 is applied. Then, the power flow results in
100,000 times can be shown in Figure 7.82. The summary from Monte Carlo simulation
is shown in Table 7.57. It can notice that mean values from power flow results are

within the limit. Overall results are not more than the limit specified.
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Figure 7.82 The power flow results from 100,000-times random

Table 7.57 The results of Monte Carlo simulation
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Mean Values

Over-limit Consideration

Variables .from 100,000 Limit Probability Mean of Difference
times of random Excess Value
Min Voltage 248.72 'V 253.00 V 0.00% 0.00 0.00
Max Voltage 23499 V 207.00 V 0.00% 0.00 0.00
Loss 3,685.18 W 6,547.58 W 0.00% 0.00 0.00
Max VUF 0.59 3.00 0.00% 0.00 0.00
Transformer
Utilization 60,337.10 VA 125,000.00 VA 0.00% 0.00 0.00
Max Line
Capacity 36.05% 100.00% 0.00% 0.00 0.00

7.7.2.6 At The Day 7 November 2014

In this subsection, the value of load, solar irradiance and ambient temperature

will be randomized in 100,000 times, according to the normal uncertainty characteristic

of Figure 6.11 at the day 7 November 2014. Each random values at a time will be

assessed by power flow algorithm. The optimal parameters setting at the day 7

November 2014 as shown in Table 7.19 is applied. Then, the power flow results in

100,000 times can be shown in Figure 7.83. The summary from Monte Carlo simulation

is shown in Table 7.58. It can notice that mean values from power flow results are

within the limit. Overall results are not more than the limit specified.
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Figure 7.83 The power flow results from 100,000-times random
Table 7.58 The results of Monte Carlo simulation
Mean Values Over-limit Consideration
Variables from 100,000 Limit - Mean of .
times of random Probability Excess Value Difference
Min Voltage 249.16 V 253.00 V 0.00% 0.00 0.00
Max Voltage 23551V 207.00 V 0.00% 0.00 0.00
Loss 3,896.38 W 6,547.58 W 0.00% 0.00 0.00
Max VUF 0.86 3.00 0.00% 0.00 0.00
Transformer
Utilization 61,285.59 VA 125,000.00 VA 0.00% 0.00 0.00
Max Line
Capacity 36.82% 100.00% 0.00% 0.00 0.00
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7.7.2.7 At The Day 8 November 2014

In this subsection, the value of load, solar irradiance and ambient temperature
will be randomized in 100,000 times, according to the normal uncertainty characteristic
of Figure 6.12 at the day 8 November 2014. Each random values at a time will be
assessed by power flow algorithm. The optimal parameters setting at the day 8
November 2014 as shown in Table 7.20 is applied. Then, the power flow results in
100,000 times can be shown in Figure 7.84. The summary from Monte Carlo simulation
is shown in Table 7.59. It can notice that mean values from power flow results are
within the limit. The probability of over loss is 1.05%. The mean over loss is 6,570.01
W that is slightly more than the limit around 22.43 W. Other variables have 0%
probability to exceed the limits.
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Figure 7.84 The power flow results from 100,000-times random

Table 7.59 The results of Monte Carlo simulation
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Mean Values

Over-limit Consideration

Variables .from 100,000 Limit Probability Mean of Difference
times of random Excess Value
Min Voltage 251.16 V 253.00 V 0.00% 0.00 0.00
Max Voltage 23529V 207.00 V 0.00% 0.00 0.00
Loss 442778 W 6,547.58 W 1.05% 6,570.01 W 2243 W
Max VUF 1.21 3.00 0.00% 0.00 0.00
Transformer
Utilization 63,386.76 VA 125,000.00 VA 0.00% 0.00 0.00
Max Line
Capacity 39.20% 100.00% 0.00% 0.00 0.00

7.7.2.8 At The Day 9 November 2014

In this subsection, the value of load, solar irradiance and ambient temperature

will be randomized in 100,000 times, according to the normal uncertainty characteristic

of Figure 6.13 at the day 9 November 2014. Each random values at a time will be

assessed by power flow algorithm. The optimal parameters setting at the day 9

November 2014 as shown in Table 7.21 is applied. Then, the power flow results in

100,000 times can be shown in Figure 7.85. The summary from Monte Carlo simulation

is shown in Table 7.60. It can notice that mean values from power flow results are

within the limit. Overall results are not more than the limit specified.
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Figure 7.85 The power flow results from 100,000-times random
Table 7.60 The results of Monte Carlo simulation
Mean Values Over-limit Consideration
Variables from 100,000 Limit - Mean of .
times of random Probability Excess Value Difference
Min Voltage 247.44 V 253.00 V 0.00 0.00 0.00
Max Voltage 23241V 207.00 V 0.00 0.00 0.00
Loss 3,023.57 W 6,547.58 W 0.00 0.00 0.00
Max VUF 0.70 3.00 0.00 0.00 0.00
Transformer
Utilization 53,169.41 VA 125,000.00 VA 0.00 0.00 0.00
Max Line
Capacity 32.00% 100.00% 0.00 0.00 0.00
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From Monte Carlo simulations at the 19 node distribution system with using
piecewise linear local control function, it can prove that the determination of only the
17 cases of the set of uncertainty is sufficient to solve the uncertainty problem of load,
solar irradiance and ambient temperature. It is because as follows:

- The power flow results of minimum and maximum voltage profile,
maximum VUF, MV/LV transformer utilization and maximum line capacity
are within the limit. The probabilities have around 100% to hold on those
limits under the uncertainty;

- The probability of the loss results have 100% to hold on the limits under the
uncertainty in the Day 4, 5, 6, 7, 9 and the Week 3-9 November 2014;

- For the Day 3 and 8 November 2014, the probability of the loss results to
exceed the limit is less than 2% or the probability of the loss results have
around 98% to hold on the loss limit under the uncertainty according to the
worst case at the day 8 November 2014. Mean over losses are more than the
limit about <30 W according to the day 8 November 2014.

However, the results that exceed only a small extent of the loss limit can be resolved by

adjusting the loss limit in the optimization problem less than the actual value.

7.7.3 The Modified 29 Node Distribution System With Using Continuous Local

Control Function

In this subsection, Monte Carlo simulation applies in eight parts: (7.7.3.1) at the
week 3-9 November 2014; (7.7.3.2) at the day 3 November 2014; (7.7.3.3) at the day 4
November 2014; (7.7.3.4) at the day 5 November 2014; (7.7.3.5) at the day 6 November
2014; (7.7.3.6) at the day 7 November 2014; (7.7.3.7) at the day 8 November 2014;
(7.7.3.8) at the day 9 November 2014. The continuous local control function is selected

in this subsection.
7.7.3.1 At The Week 3-9 November 2014

In this subsection, the value of load, solar irradiance and ambient temperature
will be randomized in 100,000 times, according to the normal uncertainty characteristic
of Figure 6.6 at the week 3-9 November 2014. Each random values at a time will be
assessed by power flow algorithm. The optimal parameters setting at the week 3-9

November 2014 as shown in Table 7.24 is applied. Then, the power flow results in
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100,000 times can be shown in Figure 7.86. The summary from Monte Carlo simulation
is shown in Table 7.61. It can notice that mean values from power flow results are
within the limit and. The probability of over loss is 27.38%. The mean over loss is
7,788.69 W that is slightly more than the limit around 146.63 W. Other variables have
0% probability to exceed the limits.
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Figure 7.86 The power flow results from 100,000-times random
Table 7.61 The results of Monte Carlo simulation
Mean Values Over-limit Consideration
Variables from 100,000 Limit Mean of

times of random Probability Excess Value Difference

Min Voltage 248.88 V 253.00 V 0.00% 0.00 0.00
Max Voltage 23921V 207.00 V 0.00% 0.00 0.00
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Mean Values Over-limit Consideration
Variables .from 100,000 Limit Probability Mean of Difference
times of random Excess Value
Loss 4991.72 W 7,642.05 W 27.38% 7,788.68 W 146.63 W
Max VUF 0.84 3.00 0.00% 0.00 0.00
Transformer
Utilization 70,035.73 VA 125,000.00 VA 0.00% 0.00 0.00
Max Line
Capacity 28.93% 100.00% 0.00% 0.00 0.00

7.7.3.2 At The Day 3 November 2014

In this subsection, the value of load, solar irradiance and ambient temperature

will be randomized in 100,000 times, according to the normal uncertainty characteristic

of Figure 6.7 at the day 3 November 2014. Each random values at a time will be assessed

by power flow algorithm. The optimal parameters setting at the day 3 November 2014

as shown in Table 7.26 is applied. Then, the power flow results in 100,000 times can

be shown in Figure 7.87. The summary from Monte Carlo simulation is shown in Table

7.62. It can notice that mean values from power flow results are within the limit. The

probability of over loss is 0.56%. The mean over loss is 7,649.82 W that is slightly

more than the limit around 7.76 W. Other variables have 0% probability to exceed the

limits.
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Figure 7.87 The power flow results from 100,000-times random

Table 7.62 The results of Monte Carlo simulation

Mean Values Over-limit Consideration
Variables ‘from 100,000 Limit Probability Mean of Difference
times of random Excess Value
Min Voltage 249.66 V 253.00 V 0.00% 0.00 0.00
Max Voltage 239.75V 207.00 V 0.00% 0.00 0.00
Loss 5,810.28 W 7,642.05 W 0.56% 7,649.82 W 7.76 W

Max VUF 0.73 3.00 0.00% 0.00 0.00
Transformer

Utilization 79,259.02 VA 125,000.00 VA 0.00% 0.00 0.00

Max Line

Capacity 31.86% 100.00% 0.00% 0.00 0.00

7.7.3.3 At The Day 4 November 2014

In this subsection, the value of load, solar irradiance and ambient temperature

will be randomized in 100,000 times, according to the normal uncertainty characteristic

of Figure 6.8 at the day 4 November 2014. Each random values at a time will be assessed

by power flow algorithm. The optimal parameters setting at the day 4 November 2014

as shown in Table 7.27 is applied. Then, the power flow results in 100,000 times can

be shown in Figure 7.88. The summary from Monte Carlo simulation is shown in Table

7.63. It can notice that mean values from power flow results are within the limit. The
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probability of over loss is 0.43%. The mean over loss is 7,655.33 W that is slightly

more than the limit around 13.27 W. Other variables have 0% probability to exceed the

limits.
260
S
P 240
S
= 220
>
200 — : —— '
2 4 6 8 10 2 4 6 8 10
Number «10% Number % 10*
(a) Minimum and maximum phase (b) Maximum VUF
voltage
—~ 2 100
< <
< >
o °
£ 3 50
= ©
2 O
= 2
S0 ' : : : 5 0 — - -
2 4 6 8 10 2 4 6 8 10
Number « 104 Number «10%
(c) MV/LV transformer utilization (d) Maximum line capacity
10000
[%)]
[%2]
o
-
£ 5000
o
®
>
[
0 n L
2 4 6 8 10
Number «10%
(e) System loss
Figure 7.88 The power flow results from 100,000-times random
Table 7.63 The results of Monte Carlo simulation
Mean Values Over-limit Consideration
Variables from 100,000 Limit - Mean of .
times of random Probability Excess Value Difference
Min Voltage 248.59 V 253.00 V 0.00% 0.00 0.00
Max Voltage 238.71V 207.00 V 0.00% 0.00 0.00
Loss 5,069.84 W 7,642.05 W 0.43% 7,655.33 W 13.27W
Max VUF 0.84 3.00 0.00% 0.00 0.00
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Mean Values Over-limit Consideration
Variables .from 100,000 Limit Probability Mean of Difference
times of random Excess Value
Transformer
Utilization 72,104.55 VA 125,000.00 VA 0.00% 0.00 0.00
Max Line
Capacity 29.90% 100.00% 0.00% 0.00 0.00

7.7.3.4 At The Day 5 November 2014

In this subsection, the value of load, solar irradiance and ambient temperature
will be randomized in 100,000 times, according to the normal uncertainty characteristic
of Figure 6.9 at the day 5 November 2014. Each random values at a time will be assessed
by power flow algorithm. The optimal parameters setting at the day 5 November 2014
as shown in Table 7.28 is applied. Then, the power flow results in 100,000 times can
be shown in Figure 7.89. The summary from Monte Carlo simulation is shown in Table
7.64. It can notice that mean values from power flow results are within the limit. The
probability of over loss is 11.01%. The mean over loss is 7,687.77 W that is slightly
more than the limit around 45.72 W. Other variables have 0% probability to exceed the

limits.
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Figure 7.89 The power flow results from 100,000-times random
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Table 7.64 The results of Monte Carlo simulation
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Mean Values Over-limit Consideration
Variables .from 100,000 Limit Probability Mean of Difference
times of random Excess Value
Min Voltage 248.68 V 253.00 V 0.00% 0.00 0.00
Max Voltage 238.96 V 207.00 V 0.00% 0.00 0.00
Loss 4,501.05 W 7,642.05 W 11.01% 7,687.77T W 4572 W

Max VUF 0.84 3.00 0.00% 0.00 0.00
Transformer

Utilization 66,510.18 VA 125,000.00 VA 0.00% 0.00 0.00

Max Line

Capacity 27.70% 100.00% 0.00% 0.00 0.00

7.7.3.5 At The Day 6 November 2014

In this subsection, the value of load, solar irradiance and ambient temperature

will be randomized in 100,000 times, according to the normal uncertainty characteristic

of Figure 6.10 at the day 6 November 2014. Each random values at a time will be

assessed by power flow algorithm. The optimal parameters setting at the day 6

November 2014 as shown in Table 7.29 is applied. Then, the power flow results in

100,000 times can be shown in Figure 7.90. The summary from Monte Carlo simulation

is shown in Table 7.65. It can notice that mean values from power flow results are

within the limit and. The probability of over loss is 0.89%. The mean over loss is

7,663.60 W that is slightly more than the limit around 21.55 W. Other variables have

0% probability to exceed the limits.
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Figure 7.90 The power flow results from 100,000-times random
Table 7.65 The results of Monte Carlo simulation
Mean Values Over-limit Consideration
Variables from 100,000 Limit - Mean of .
times of random Probability Excess Value Difference
Min Voltage 24736 V 253.00 V 0.00% 0.00 0.00
Max Voltage 238.21 V 207.00 V 0.00% 0.00 0.00
Loss 4,394.53 W 7,642.05 W 0.89% 7,663.60 W 21.55W
Max VUF 0.65 3.00 0.00% 0.00 0.00
Transformer
Utilization 66,800.41 VA 125,000.00 VA 0.00% 0.00 0.00
Max Line
Capacity 26.86% 100.00% 0.00% 0.00 0.00
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7.7.3.6 At The Day 7 November 2014

In this subsection, the value of load, solar irradiance and ambient temperature
will be randomized in 100,000 times, according to the normal uncertainty characteristic
of Figure 6.11 at the day 7 November 2014. Each random values at a time will be
assessed by power flow algorithm. The optimal parameters setting at the day 7
November 2014 as shown in Table 7.30 is applied. Then, the power flow results in
100,000 times can be shown in Figure 7.91. The summary from Monte Carlo simulation
is shown in Table 7.66. It can notice that mean values from power flow results are
within the limit and. The probability of over loss is 3.59%. The mean over loss is
7,681.22 W that is slightly more than the limit around 39.16 W. Other variables have
0% probability to exceed the limits.

260
S
< 240 L
:
= 220
>
200 —— LU
2 4 6 8 10 2 4 6 8 10
Number «10% Number «10%
(a) Minimum and maximum phase (b) Maximum VUF
voltage
—~ 2 100
< <
= >
= 10 ‘©
£ S 50
S 5 S
5 2
S0 ' : : : 5 0 — |
2 4 6 8 10 2 4 6 8 10

Number «10% Number % 10%

(c) MV/LV transformer utilization (d) Maximum line capacity



LLE8GEBSET

9 thes | £0:1g 16T 2952L0vz A9a1 | uo 1veviess ip tzzevtzos siseutt o I[NNI

Figure 7.91 The power flow results from 100,000-times random
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Table 7.66 The results of Monte Carlo simulation
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Mean Values Over-limit Consideration
Variables .from 100,000 Limit Probability Mean of Difference
times of random Excess Value
Min Voltage 247.86 V 253.00 V 0.00% 0.00 0.00
Max Voltage 238.13 V 207.00 V 0.00% 0.00 0.00
Loss 4,614.84 W 7,642.05 W 3.59% 7,681.22 W 39.16 W

Max VUF 0.73 3.00 0.00% 0.00 0.00
Transformer

Utilization 68,740.64 VA 125,000.00 VA 0.00% 0.00 0.00

Max Line

Capacity 27.74% 100.00% 0.00% 0.00 0.00

7.7.3.7 At The Day 8 November 2014

In this subsection, the value of load, solar irradiance and ambient temperature

will be randomized in 100,000 times, according to the normal uncertainty characteristic

of Figure 6.12 at the day 8 November 2014. Each random values at a time will be

assessed by power flow algorithm. The optimal parameters setting at the day 8

November 2014 as shown in Table 7.31 is applied. Then, the power flow results in

100,000 times can be shown in Figure 7.92. The summary from Monte Carlo simulation

is shown in Table 7.67. It can notice that mean values from power flow results are

within the limit and. The probability of over loss is 5.58%. The mean over loss is

7,673.75 W that is slightly more than the limit around 31.70 W. Other variables have

0% probability to exceed the limits.
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Figure 7.92 The power flow results from 100,000-times random
Table 7.67 The results of Monte Carlo simulation
Mean Values Over-limit Consideration
Variables from 100,000 Limit - Mean of .
times of random Probability Excess Value Difference
Min Voltage 249.26 V 253.00 V 0.00% 0.00 0.00
Max Voltage 238.80 V 207.00 V 0.00% 0.00 0.00
Loss 5,661.44 W 7,642.05 W 5.58% 7,673.75 W 31.70 W
Max VUF 0.85 3.00 0.00% 0.00 0.00
Transformer
Utilization 77,499.03 VA 125,000.00 VA 0.00% 0.00 0.00
Max Line
Capacity 32.42% 100.00% 0.00% 0.00 0.00
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7.7.3.8 At The Day 9 November 2014

In this subsection, the value of load, solar irradiance and ambient temperature
will be randomized in 100,000 times, according to the normal uncertainty characteristic
of Figure 6.13 at the day 9 November 2014. Each random values at a time will be
assessed by power flow algorithm. The optimal parameters setting at the day 9
November 2014 as shown in Table 7.32 is applied. Then, the power flow results in
100,000 times can be shown in Figure 7.93. The summary from Monte Carlo simulation
is shown in Table 7.68. It can notice that mean values from power flow results are
within the limit and. The probability of over loss is 5.59%. The mean over loss is
7,729.12 W that is slightly more than the limit around 87.06 W. Other variables have
0% probability to exceed the limits.
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Figure 7.93 The power flow results from 100,000-times random

Table 7.68 The results of Monte Carlo simulation

Mean Values Over-limit Consideration
Variables .from 100,000 Limit Probability Mean of Difference
times of random Excess Value
Min Voltage 24743 V 253.00 V 0.00% 0.00 0.00
Max Voltage 237.67V 207.00 V 0.00% 0.00 0.00
Loss 2,973.44 W 7,642.05 W 5.59% 7,729.12 W 87.06 W

Max VUF 0.75 3.00 0.00% 0.00 0.00
Transformer

Utilization 47,007.30 VA 125,000.00 VA 0.00% 0.00 0.00

Max Line

Capacity 22.26% 100.00% 0.00% 0.00 0.00

From Monte Carlo simulations at the 29 node distribution system with using
continuous local control function, it can prove that the determination of only the 17
cases of the set of uncertainty is sufficient to solve the uncertainty problem of load,
solar irradiance and ambient temperature. It is because as follows:

- The power flow results of minimum and maximum voltage profile,
maximum VUF, MV/LV transformer utilization and maximum line capacity
are within those limit. The probabilities have around 100% to hold on the
limits under the uncertainty;

- For the Day 3, 4, 5, 7 and 8 November 2014, there is a chance to occur
overvoltage. Assumingly, overvoltage is neglected because overvoltage is
more than the limit slightly about less than 0.5 V.

- For the Day 3, 4, 5, 6, 7, 8, 9 and the Week 3-9 November 2014, the
probability of the loss results to exceed the limit is less than 30% or the
probability of the loss results have around 70% to hold on the loss limit

under the uncertainty according to the worst case at the week 3-9 November
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2014. Mean over losses is more than the limit about <150 W according to
the week 3-9 November 2014.
However, the results that exceed only a small extent of the loss limit can be resolved by

adjusting the loss limit in the optimization problem less than the actual values.

7.7.4 The Modified 29 Node Distribution System With Using Piecewise Linear

Local Control Function

In this subsection, Monte Carlo simulation applies in eight parts: (7.7.4.1) at the
week 3-9 November 2014; (7.7.4.2) at the day 3 November 2014; (7.7.4.3) at the day 4
November 2014; (7.7.4.4) at the day 5 November 2014; (7.7.4.5) at the day 6 November
2014; (7.7.4.6) at the day 7 November 2014; (7.7.4.7) at the day 8 November 2014;
(7.7.4.8) at the day 9 November 2014. The piecewise linear local control function is

selected in this subsection.
7.7.4.1 At The Week 3-9 November 2014

In this subsection, the value of load, solar irradiance and ambient temperature
will be randomized in 100,000 times, according to the normal uncertainty characteristic
of Figure 6.6 at the week 3-9 November 2014. Each random values at a time will be
assessed by power flow algorithm. The optimal parameters setting at the week 3-9
November 2014 as shown in Table 7.34 is applied. Then, the power flow results in
100,000 times can be shown in Figure 7.94. The summary from Monte Carlo simulation
is shown in Table 7.69. It can notice that mean values from power flow results are
within the limit and. The probability of over loss is 29.60%. The mean over loss is
7,816.74 W that is slightly more than the limit around 174.68 W. Other variables have
0% probability to exceed the limits.
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Figure 7.94 The power flow results from 100,000-times random
Table 7.69 The results of Monte Carlo simulation
Mean Values Over-limit Consideration
Variables from 100,000 Limit - Mean of .
times of random Probability Excess Value Difference
Min Voltage 24985V 253.00 V 0.00% 0.00 0.00
Max Voltage 240.40 V 207.00 V 0.00% 0.00 0.00
Loss 4,642.38 W 7,642.05 W 29.60% 7,816.74 W 174.68 W
Max VUF 0.84 3.00 0.00% 0.00 0.00
Transformer
Utilization 60,885.72 VA 125,000.00 VA 0.00% 0.00 0.00
Max Line
Capacity 27.51% 100.00% 0.00% 0.00 0.00

7.7.4.2 At The Day 3 November 2014

In this subsection, the value of load, solar irradiance and ambient temperature
will be randomized in 100,000 times, according to the normal uncertainty characteristic
of Figure 6.7 at the day 3 November 2014. Each random values at a time will be assessed
by power flow algorithm. The optimal parameters setting at the day 3 November 2014
as shown in Table 7.36 is applied. Then, the power flow results in 100,000 times can

be shown in Figure 7.95. The summary from Monte Carlo simulation is shown in Table
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7.70. It can notice that mean values from power flow results are within the limit and.

The probability of over loss is 0.22%. The mean over loss is 7,655.99 W that is slightly

more than the limit around 13.93 W. Other variables have 0% probability to exceed the

limits.
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Figure 7.95 The power flow results from 100,000-times random
Table 7.70 The results of Monte Carlo simulation
Mean Values Over-limit Consideration
Variables from 100,000 Limit - Mean of .
times of random Probability Excess Value Difference
Min Voltage 25051V 253.00 V 0.00% 0.00 0.00
Max Voltage 240.13 V 207.00 V 0.00% 0.00 0.00
Loss 5,645.15 W 7,642.05 W 0.22% 7,655.99 W 13.93 W
Max VUF 0.83 3.00 0.00% 0.00 0.00




LLE8GEBSET

9 thes | £0:1g 16T 2952L0vz A9a1 | uo 1veviess ip tzzevtzos siseutt o I[NNI

243

Mean Values Over-limit Consideration
Variables .from 100,000 Limit Probability Mean of Difference
times of random Excess Value
Transformer
Utilization 80,977.20 VA 125,000.00 VA 0.00% 0.00 0.00
Max Line
Capacity 31.76% 100.00% 0.00% 0.00 0.00

7.7.4.3 At The Day 4 November 2014

In this subsection, the value of load, solar irradiance and ambient temperature
will be randomized in 100,000 times, according to the normal uncertainty characteristic
of Figure 6.8 at the day 4 November 2014. Each random values at a time will be assessed
by power flow algorithm. The optimal parameters setting at the day 4 November 2014
as shown in Table 7.37 is applied. Then, the power flow results in 100,000 times can
be shown in Figure 7.96. The summary from Monte Carlo simulation is shown in Table
7.71. It can notice that mean values from power flow results are within the limit and.
The probability of over loss is 10.86%. The mean over loss is 7,690.86 W that is
slightly more than the limit around 48.81 W. Other variables have 0% probability to

exceed the limits.
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Figure 7.96 The power flow results from 100,000-times random

Table 7.71 The results of Monte Carlo simulation
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Mean Values

Over-limit Consideration

Variables .from 100,000 Limit Probability Mean of Difference
times of random Excess Value
Min Voltage 24991V 253.00 V 0.00% 0.00 0.00
Max Voltage 23898 V 207.00 V 0.00% 0.00 0.00
Loss 5,225.49 W 7,642.05 W 10.86% 7,690.86 W 48.81 W
Max VUF 0.89 3.00 0.00% 0.00 0.00
Transformer
Utilization 78,060.82 VA 125,000.00 VA 0.00% 0.00 0.00
Max Line
Capacity 30.59% 100.00% 0.00% 0.00 0.00

7.7.4.4 At The Day 5 November 2014

In this subsection, the value of load, solar irradiance and ambient temperature

will be randomized in 100,000 times, according to the normal uncertainty characteristic

of Figure 6.9 at the day 5 November 2014. Each random values at a time will be assessed

by power flow algorithm. The optimal parameters setting at the day 5 November 2014

as shown in Table 7.38 is applied. Then, the power flow results in 100,000 times can

be shown in Figure 7.97. The summary from Monte Carlo simulation is shown in Table

7.72. It can notice that mean values from power flow results are within the limit and.

The probability of over loss is 4.31%. The mean over loss is 7,663.65 W that is slightly

more than the limit around 21.59 W. Other variables have 0% probability to exceed the

limits.
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Figure 7.97 The power flow results from 100,000-times random
Table 7.72 The results of Monte Carlo simulation
Mean Values Over-limit Consideration
Variables from 100,000 Limit - Mean of .
times of random Probability Excess Value Difference
Min Voltage 24932V 253.00 V 0.00% 0.00 0.00
Max Voltage 239.96 V 207.00 V 0.00% 0.00 0.00
Loss 4,276.42 W 7,642.05 W 4.31% 7,663.65 W 21.59 W
Max VUF 0.85 3.00 0.00% 0.00 0.00
Transformer
Utilization 56,461.94 VA 125,000.00 VA 0.00% 0.00 0.00
Max Line
Capacity 26.85% 100.00% 0.00% 0.00 0.00
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7.7.4.5 At The Day 6 November 2014

In this subsection, the value of load, solar irradiance and ambient temperature
will be randomized in 100,000 times, according to the normal uncertainty characteristic
of Figure 6.10 at the day 6 November 2014. Each random values at a time will be
assessed by power flow algorithm. The optimal parameters setting at the day 6
November 2014 as shown in Table 7.39 is applied. Then, the power flow results in
100,000 times can be shown in Figure 7.98. The summary from Monte Carlo simulation
is shown in Table 7.73. It can notice that mean values from power flow results are
within the limit and. The probability of over loss is 2.92%. The mean over loss is
7,668.07 W that is slightly more than the limit around 26.01 W. Other variables have
0% probability to exceed the limits.
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Figure 7.98 The power flow results from 100,000-times random

Table 7.73 The results of Monte Carlo simulation
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Mean Values

Over-limit Consideration

Variables .from 100,000 Limit Probability Mean of Difference
times of random Excess Value
Min Voltage 24778 V 253.00 V 0.00% 0.00 0.00
Max Voltage 23742V 207.00 V 0.00% 0.00 0.00
Loss 4,524 13 W 7,642.05 W 2.92% 7,668.07 W 26.01 W
Max VUF 0.76 3.00 0.00% 0.00 0.00
Transformer
Utilization 75,760.53 VA 125,000.00 VA 0.00% 0.00 0.00
Max Line
Capacity 27.73% 100.00% 0.00% 0.00 0.00

7.7.4.6 At The Day 7 November 2014

In this subsection, the value of load, solar irradiance and ambient temperature

will be randomized in 100,000 times, according to the normal uncertainty characteristic

of Figure 6.11 at the day 7 November 2014. Each random values at a time will be

assessed by power flow algorithm. The optimal parameters setting at the day 7

November 2014 as shown in Table 7.40 is applied. Then, the power flow results in

100,000 times can be shown in Figure 7.99. The summary from Monte Carlo simulation

is shown in Table 7.74. It can notice that mean values from power flow results are

within the limit and. The probability of over loss is 15.62%. The mean over loss is

7,743.72 W that is slightly more than the limit around 101.67 W. Other variables have

0% probability to exceed the limits.




LLE8GEBSET

9 thes | £0:1g 16T 2952L0vz A9a1 | uo 1veviess ip tzzevtzos siseutt o I[NNI

248

< 250
(0]
[®)]
8
Ke)
=
200 — S
2 4 6 8 10 2 4 6 8 10
Number «10% Number «10%
(a) Minimum and maximum phase (b) Maximum VUF
voltage
= = 100
< D
Z >
o o
£ S 50
= ©
L.g O
c o
0 ' ' : : £ 0 : : : :
= 2 4 6 8 10 ~ 2 4 6 8 10
Number «10% Number « 104
(c) MV/LV transformer utilization (d) Maximum line capacity
,, 10000
[0}
o
-
£ 5000
[0
»
@
0
2 4 6 8 10
Number «10%
(e) System loss
Figure 7.99 The power flow results from 100,000-times random
Table 7.74 The results of Monte Carlo simulation
Mean Values Over-limit Consideration
Variables from 100,000 Limit - Mean of .
times of random Probability Excess Value Difference
Min Voltage 248.81 V 253.00 V 0.00% 0.00 0.00
Max Voltage 239.20 V 207.00 V 0.00% 0.00 0.00
Loss 4,406.84 W 7,642.05 W 15.62% 7,743.72 W 101.67 W
Max VUF 0.69 3.00 0.00% 0.00 0.00
Transformer
Utilization 68,056.85 VA 125,000.00 VA 0.00% 0.00 0.00
Max Line
Capacity 26.91% 100.00% 0.00% 0.00 0.00
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7.7.4.7 At The Day 8 November 2014

In this subsection, the value of load, solar irradiance and ambient temperature
will be randomized in 100,000 times, according to the normal uncertainty characteristic
of Figure 6.12 at the day 8 November 2014. Each random values at a time will be
assessed by power flow algorithm. The optimal parameters setting at the day 8
November 2014 as shown in Table 7.41 is applied. Then, the power flow results in
100,000 times can be shown in Figure 7.100. The summary from Monte Carlo
simulation is shown in Table 7.75. It can notice that mean values from power flow
results are within the limit and. The probability of over loss is 36.61%. The mean over
loss is 7,763.52 W that is slightly more than the limit around 121.46 W. Other variables
have 0% probability to exceed the limits.
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Figure 7.100 The power flow results from 100,000-times random

Table 7.75 The results of Monte Carlo simulation

Mean Values

Over-limit Consideration

Variables .from 100,000 Limit Probability Mean of Difference
times of random Excess Value
Min Voltage 250.00 V 253.00 V 0.00% 0.00 0.00
Max Voltage 240.04 V 207.00 V 0.00% 0.00 0.00
Loss 5,333.30 W 7,642.05 W 36.61% 7,763.52 W 121.46 W
Max VUF 0.98 3.00 0.00% 0.00 0.00
Transformer
Utilization 69,292.13 VA 125,000.00 VA 0.00% 0.00 0.00
Max Line
Capacity 30.80% 100.00% 0.00% 0.00 0.00

7.7.4.8 At The Day 9 November 2014

In this subsection, the value of load, solar irradiance and ambient temperature

will be randomized in 100,000 times, according to the normal uncertainty characteristic

of Figure 6.13 at the day 9 November 2014. Each random values at a time will be

assessed by power flow algorithm. The optimal parameters setting at the day 9

November 2014 as shown in Table 7.42 is applied. Then, the power flow results in

100,000 times can be shown in Figure 7.101. The summary from Monte Carlo

simulation is shown in Table 7.76. It can notice that mean values from power flow

results are within the limit and. The probability of over loss is 7.22%. The mean over

loss is 7,852.06 W that is slightly more than the limit around 210.01 W. Other variables

have 0% probability to exceed the limits.
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Figure 7.101 The power flow results from 100,000-times random

Table 7.76 The results of Monte Carlo simulation

(d) Maximum line capacity
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Mean Values Over-limit Consideration
Variables ‘from 100,000 Limit Probability Mean of Difference
times of random Excess Value
Min Voltage 24727V 253.00 V 0.00% 0.00 0.00
Max Voltage 237.96 V 207.00 V 0.00% 0.00 0.00
Loss 294757 W 7,642.05 W 7.22% 7,852.06 W 210.01 W
Max VUF 0.69 3.00 0.00% 0.00 0.00
Transformer
Utilization 41,994.49 VA 125,000.00 VA 0.00% 0.00 0.00
Max Line
Capacity 22.08% 100.00% 0.00% 0.00 0.00
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From Monte Carlo simulations at the 29 node distribution system with using
piecewise linear local control function, it can prove that the determination of only the
17 cases of the set of uncertainty is sufficient to solve the uncertainty problem of load,
solar irradiance and ambient temperature. It is because as follows:

- The power flow results of minimum and maximum voltage profile,
maximum VUF, MV/LV transformer utilization and maximum line capacity
are within those limit. The probabilities have around 100% to hold on the
limits under the uncertainty;

- For the Day 3, 4, 5, 6, 7, 8, 9 and the Week 3-9 November 2014, the
probability of the loss results to exceed the limit is less than 40% or the
probability of the loss results have around 60% to hold on the loss limit
under the uncertainty according to the worst case at the day 8 November
2014. Mean over losses is more than the limit about <250 W according to
the day 9 November 2014.

However, the results that exceed only a small extent of the loss limit can be resolved by
adjusting the loss limit in the optimization problem less than the actual value.

From Monte Carlo simulation, it can notice that when 17 cases of the set of
uncertainty is applied in a small system (such as the modified 19 node distribution
system), exceeding loss limit can occur rarely. On the other hand, when 17 cases of the
set of uncertainty is applied in a larger system (such as the modified 29 node distribution
system), exceeding loss limit have more chance to occur. Then, adjusting loss limit in
the optimization problem less than the actual value is another way to hold on the loss

limit under the uncertainty in larger system.
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CHAPTER 8

CONCLUSION

This chapter provides a summary of this dissertation. Then, some suggestions

for improvement of this dissertation are also proposed.

8.1 Dissertation Summary

Solar energy is a clean energy and does not cause polluted environment. Then,
the technology of generating electricity from solar energy has been developed such as
Photovoltaic (PV) system. Currently, PV installation is supported to install in
households or at LV distribution system because of the government policies and the
cost reduction of PV installation. However, more PV installations in LV distribution
system can bring about problems such as the followings:

- Loss of real power generation because of the operation of overvoltage
protection of solar power generation systems which are specially on the
downstream nodes.

- Voltage unbalance due to the connection of a single-phase PV inverter.

Generally, the aforementioned problems can be resolved by the followings [3-
6]:

- Installing an MV/LV transformer with an On-Load Tap Changer (OLTC).

- Installing an energy storage system.

- Changing conductor size of LV feeder to be larger.

To support more PV installation or high PV penetration in LV distribution
system, many previous researches [7-13] have studied in controlling PV system instead
because it is cheaper than installing OLTC, installing energy storage system, or
changing into new larger conductor. Many previous researches [7-13] have proposed 3
different concepts of the control strategies as follows:

- Central control [7, 8, 10].

- Local control [9, 11, 12].

- Coordination between central and local control [13].
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This dissertation notices the advantages of the control strategy of coordination
between central and local control that has no need of very reliable communication
system with central control and, moreover, the parameter setting of local control can be
optimally updated to suit at any periods. However, the previous researches [7-13] did
not determine the uncertainty of load and solar irradiance which the uncertainty can
cause the voltage problem in LV distribution system. Then, the uncertainty is the
important topic which is determined in this dissertation.

The optimization process of the coordination between central and local control
of this dissertation applies 2-stage PSO to find the optimal parameter setting of local
control. The 2-stage PSO is used to solve the disadvantage of ordinary PSO process
which is not suitable for solving optimization problem with many free variables. The
local control applies P(U) and Q(U) functions to adjust real and reactive power output
which are generated by connected PV system when the voltage at the connection point
changes. The power flow algorithm applies Newton-Raphson Method with step-length
adjustment. Moreover, the 17 cases of the set of uncertainty are presented to take care
of the uncertainty of load, solar irradiance and ambient temperature that can be
occurred. The resetting of the parameter of local control can be in every day or week.
The optimization problem is determined on maximization of total real power output
from PV systems on the mean value from the normal uncertainty characteristic. The
normal uncertainty characteristic is assessed from the collected data which is consisted
ofload, solar, and ambient temperature. Note that the mean value has the highest chance
to occur according to normal uncertainty characteristic. From the results in Section 7,
they can be summarized as follows.

Firstly, the coordination between central and local control strategy can support
high PV penetration in LV distribution system. The parameters adjustment can be one
day or week.

Secondly, local control should be coordinated between P(U) and Q(U) functions
for more injection of real power from connected PV systems. Any continuous or
piecewise linear function can be chosen to operate because of the close results.

Thirdly, the different parameters setting of each PV system is better than the
same setting according to the comparison between the different and same parameter

settings.
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Fourthly, the resetting of local control in every day is preferred because of better

objective value result than resetting in every week.

Fifthly, Monte-Carlo simulation with 100,000-times random is applied to

determine the sufficiency of the determination of only the 17 cases of the set of

uncertainty in the optimization problem. It can find as follows:

In a small system such as the modified 19 node distribution system, the
results can hold on the limit effectively. However, exceeding loss limit has
about <2% chance.

In a larger system such as the modified 29 node distribution system, the
results have more chance to exceed the loss limit about <40%.

Other values (the minimum and maximum voltage, VUF, line flow, MV/LV
transformer utilization) are absolutely within the limit in small or larger

system.

To handle loss within the limit, adjusting limit in the optimization problem less than

the actual value is a another solution.

8.2 Recommendation for future research development

Some development and improvement of this dissertation are presented as

follows:

Energy Storage System (ESS) can help support high PV penetration in LV
distribution system. Then, the future researches should include ESS
installation.

This dissertation can resets the parameter setting of local control in every
day or week. The future researches should reset in faster period by
modifying the optimization process to find the faster solution.

Develop uncertainty analysis in optimization problem to reduce over loss

limit probability.
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APPENDIX A

Positive-sequence Current Calculation

The derivation of positive-sequence current calculation in equation (2.6) can be

initiated from equation (A.1) to equation (A.7).

SABC — [VABC]T X [IABC]* (Al)
1 1 1
SABC = [A,VO12]T x [A1°M?] ; A, =1 a? a] (A.2)
1 a a?
SABC = [VO12]T x AT x A5 x [I°%2]* ; AT x A5 =3 (A.3)
yze T jze1*
SABC — 3 % |ypo| x |po (A.4)
Vne ITLB

Three phase PV inverter does not generate zero and negative sequence current.
Then, [%¢ = [ = 0.
SABC = 3 X VPO X [IPO] ; SABC = Py, + jQy (A.S5)

1
3 (Bow +jQpv) = (VPO + jUPOm)(IPOT + jIPOM)? (A-6)

From (A.6), it can transform into matrix equation (A.7) that is the equation (2.6)

for calculating positive-sequence current.

po,r 1 po,r pom 1~1 P
I ]_ v |4 ] y pv] (A7)

jpom| =3 = lypom  _ywor Qpv
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APPENDIX B

Differential Equation of Three-Phase PV system

B.1 Differential Equation by Voltage and Phase Angle

Normally, power output of three-phase PV system can be written into Table
B.1.
Table B.1 Power output of three-phase PV system

Ploy + 701y | = VAZSE - [IPO7 — jIP™|
= [V cos(8) + jvA sin(8)] - [17°7 = jIP°™)
VAT cos(6) + VAP sin(s)

VA sin(a) ~ VA cos(51)]

Plow + @y | =V 2(8F +120%) - [I7*" = jI7*™]

= [V cos(8Z + 120°) + jVE sin(8F + 120°)] - [1P°" — jIP*™]
= VEIP®" cos(6F + 120°) + VEIP®™" sin(6F + 120°)
+j[VEIP" sin(6F + 120°)

— VEIP®™ cos(8F + 120°)]

Pi.cpv +jQiC,pv =V 4(6f —120°) [IlPO'T _jIl'pO'm]

= [VE€ cos(8f — 120°) + jVE sin(8F — 120°)] - [1P°7 — jIP*™]

= VEIP?" cos(6F — 120°) + VEIP”™ sin(8F — 120°)
+j[VEIPOT sin(8F — 120°)

— VEIP™ cos(8F — 120°)]

From equation (A.7), IP®" and IP®™ can be written into equations (B.1) and

(B.2).
por _ L[ Pugy £ VP Qi o
i - § yrm (B.1)
i
jPom _ 1 Vipo‘mpi.zw B Vipo‘rQi.Pv B2
i - § yrm (B.2)
i
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1
VPoT =3[V cos(8f) + VP cos(8P + 1207 ) + V€ cos(8F — 1207 )]

259

(B.3)

1
yrom = 3 [V#sin(6#) + VZ sin(62 +120° ) + V€ sin(6f —120° )]  (B4)

1r .2 2 2 0
vrm = S|VA% 4 VR 4 VER + 2VAVE cos(57 — 6P~ 120°)
+ 2VAVE cos(8f — 6F +120° )

+ 2VPVE cos(82 — 8¢ +240° )]

(B.5)

The differential of phase-A real power can be written into equations (B.6)-

(B.11).
0Pl arre” arro™
ava = Vi |cos(8) G+ sin(8) Sy (B.6)
+ [P cos(8lA) + 170" sm(&{“)]
Gl [ e’ [Po™
7 = VA cos((SA) V7 + sin(57 OLVL-B (B.7)
aPLApv [ por 7™
aViC = ViA _COS(SIA) al LC + Sln(giA aLViC (Bg)
oPA Pyl
aéiv = VA | =sin(§)IP°" + cos(57) 616‘4 + cos(84)1P™
‘ pom : (B.9)
+ sin(8/
sin(6) 66‘4
OP/yy e’ [Po™
367 = = VA cos(&A) 357 + sin(67 61615 (B.10)
0 PLApv [ pO.r Pom
=yA cos(6A) + sin(6f) = (B.11)
asf ! as¢ L as¢
The differential of phase-B real power can be written into equations (B.12)-
(B.17).
opr? Por [pom
m;iv =VF [605(6{3 + 120°) 6;/-‘4 + sin(6f + 120°) al 7 l (B.12)
L l l
aPprv B IpO ,r Ipo m
=V 68 +120° + 5B + 120°
oV Vi lcoS( ; ) 5 sin( ) 6VB l B.13)

+ [P0 cos(af +120°) + 77 sin(6F + 120°)]



LLE8GEBSET

9 thes | £0:1g 16T 2952L0vz A9a1 | uo 1veviess ip tzzevtzos siseutt o I[NNI

260

aPprV B [ ( B ) ipo,r ( B ) L'pO'm-
— =V [cos(87 + 120° + sin(87 + 120°) ——+— (B.14)
ave | ' ave ' Ve
aPprv po,r po mi
= B cos(5B +120°) aaA + sin(67 4+ 120°) aaA (B.15)
i
aPprv B po,r B po’r
56 = = VE |—sin(68 + 120°)I7™" + cos(6;7 + 120°) 663
¢ po}m (B.16)
+ cos(86F +120°)177™ + sin(6f + 120°) 653
0Py [ por oo™
== =VE |cos(6F + 120°) + sin(8f + 120°) l (B.17)
a6f ' ' 6dl asf
The differential of phase-C real power can be written into equations (B.18)-
(B.23).
aPle,, el al”‘” po i
=VE|cos(8f —120° + sin(6f — 120° (B.18)
6ViA 2 i ( 2 ) aVl ( ) avA
aPle,, i alpo,r po ,m1
=V |cos(6F —120° + sin(6f — 120° (B.19)
aVlB 12 i ( 12 ) l ( ) avB
aplcpv . alpor pom
= cos(8f —120° + sin(6F — 120°
Ve (& T ave ( )5 Ve (B.20)
+ [1P°7 cos(6F — 120°) + 1P sin(8F — 120°
l l 4 l
aPle,, el aﬂ”‘” po i
=V |cos(8F —120° + sin(6f — 120° (B.21)
aaLA A i ( i ) a(SL ( ) 66A
dPf, [ aIr” po ™
a:s.gv = V£ |cos(8f — 120°) 257 + sin(8¢ — 120°) > 53 (B.22)
l L
aPlev c po,r c por
55C =VF —sm(6 - 120°)I + 605(6 — 120°) 26¢
: pomy  (B23)
+ cos(8f —120°)1P"™ + sin(SF — 120°) 66C
The differential of phase-A reactive power can be written into equations (B.24)-
(B.29).
207,y aIre’ oo™
~— = VA |sin(6) = — cos(5/
i =¥ sin(51) G = os(61) G| @29
+ [1P7 sin(67) — 17°™ cos(64)]
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Q7w
VP

Q] v
ave

9Qipy _
954

GL0F
a5?

Q7w
a5¢

= VA SLn((SA)

[ 0
= ViA Sln(6{4) al c

Al cos(824)IP°T + sin(58)

alpor
ovp

alpom

— cos(6)

I;
= VA sm(SA) 0

ol
= VA sm((SA)

a5

po,r

a6%8

po,r

a6f

— cos(67)

po,r

06‘4

— cos(6#) =

— cos(67)

o™

Ve |

o1r™)
367 |

o™
a6f |

+ sin(84)1Po™

261

(B.25)

(B.26)

(B.27)

(B.28)

(B.29)

The differential of phase-B reactive power can be written into equations (B.30)-

(B.35).
anpv . . 'pO,T . alpo,m
7 = VE |sin(6F + 120°) 6;/;4 — cos(8F +120°) 6LVL-A
aQEpv . . por . alpom
o7 = VE |sin(6F + 120°) a;/i — cos(8F +120°) VP
+ [1P°7 sin(8F + 120°) — 1P°™ cos(8F + 120°)]
aQEpv B B o por B o l'p(),m_
GyC = V; sm((S + 120 ) —cos(67 +120°) e
L l l
anpr B B por B ipo,m_
— =V sm((S + 120°) —cos(6f +120°) ———
a8 ' A ' ass
B pO,T'
Wipw _ B lcos(6F +120°)1P°" + sin(6F + 120°)
a6F 663
pom
+ sin(86f + 120°)1P”™ — cos(6F + 120°) 3 53
aQEpv B . B o ipo,r B o pom
36C sin(67 + 120°) 36C cos(6; + 120°) (’)6C
i i

(B.30)

(B.31)

(B.32)

(B.33)

(B.34)

(B.35)

The differential of phase-C reactive power can be written into equations (B.36)-

(B.41).
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a;ézv =VF sm(é‘c —120°) aali;r — cos(8f —120° )aﬂ’"m
aaQég” =V sm(6c —120°) aali; — cos(8f —120°) a;i?;m:
aaQ_ég” = V¢ |sin(8¢ — 120°) a;i;r — cso(8f — 120°) a;i);:;m
+[17°7 sin(8f — 120°) — 17°™ cos(5f — 120°)]
aféﬁ” = V¢ 'Sm(5c ~ 120° )a;:;r — cos(8f —120° )a;’;m'
a;?igv = V¢ :Sin(&'C — 120°) a;pw — cos(8f —120° )ag;":
aanigv =V |cos(8f —120°)I7" + sin(8f — 120° )a(;:;r

alpom
+ sin(8F — 120°)1P7°™ — cos(8f — 120°) 25° l

The differential of I”®" can be written into equations (B.42)-(B.47).

aI7o"
VA
or om
= L BI/I:TmZ
o
172" i + VB Qi)
3yrm?
aI7o"
aViB
v veor e v py, B v ypom S s g, 2
B l évrmz
[V P + VP ] G

3yrm 2
i
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(B.36)

(B.37)

(B.38)

(B.39)

(B.40)

(B.41)

(B.42)

(B.43)
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oIy’
Ve
yrm |ypor 0Pipv + P, anor + Vpom 0Qipv + 0, anom
B i aViC L,pv aVc aVlC i,pv OVC
- 2
3Virm
aV-Tm
[Vipo'rpi,pv + Vipo’in,pv] a_]l/C
i
N 2
3Virm
91P"
i
864
ovror ovro™ o™
Virm lpl pv aaA + Ql , PV 65A [Vipo,TPi’pv + Vipo’in,pv] 65A
- 3v_1"m2
i
aIre’
i
9658
ovror ovro™ oy
Virm lpl pv 663 Ql DV 663 [Vipo'rpi’pv + Vipo’in,pv] 663
) 3y;m?
i
1"
i
a6¢

avPoT avrom gyrm

Virm lpi,pv 656 + Ql PV 65(: l [Vipo'rpi,pv + Vipo'in,pv] TEC
i

3y;m?

The differential of I’*™ can be written into equations (B.48)-(B.53).

arrom
i
VA
rm |y pom aPi,pv ano i po,r aQ; PV anO g
N R 7 C i 77 a7 T 7
i
- 3Vrm2

avrm

[Vipo'mpi,pv - Vipo’rQi,pv] aVA

3V'rm2
L
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(B.44)

(B.45)

(B.46)

(B.47)

(B.48)
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o1
avp
yrm I/.'po,m aPi,pv P. anom _ ypor anpv _ Q anOT
_ i TgyE Tl aVB i gy~ Qi gy
- 3y;m?
‘ ’ aVrm
[Vipo mPi.pv - ViporQi,pV] 6VB
- 2
3Virm
o1
i
ave
e | pom OPipy avPom o 0Qipv, )
I e Py M Qo
- 3Vrm2
’ aVrm
[Vipompi,pv Vporlev] aVC
- 3y;m?
i
o1
a54
m 6Vp0 m ano T pom po.r av;™
Vi Pi,pv 05’4 Ql .oV 66‘4 [Vi Pi,pv - Vi Qi,pv] 65'4
B 3y;m?
o1
P53
rm vy vy po,m po,r V™
Vi Pi,pv W - Ql PV 653 [Vi Pi,pv - Vi Qi,pv] 653
_ i
- 3Virm2
o1
8¢
aV-po,m ano T rm
Virm lpi,pv — C Ql PV A oC [Vipojmpi,pv - Vipo’rQi,pv] aV;c
96, 96, 96!

The differential of Vl.po’r
aVipO,T _

3 Virm 2

cos(87)

VA

l

3

can be written into equations (B.54)-(B.59).

264

(B.49)

(B.50)

(B.51)

(B.52)

(B.53)

(B.54)
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ovPo"  cos(6f +120°)
avE 3

l
VP cos(8f —120°)
ave 3

4

ovPo"  —vsin(67)

a5 3

l

ovPo"T  —VPsin(8f +120°)
as? 3

l

oV —Vfsin(8f —120°)

asf 3

L

The differential of Vl-po’m can be written into equations (B.60)-(B.65)

vy sin(67)
avA 3

l

ovyo™  sin(87 +120°)
avE 3

i

ovPo™  sin(8f —120°)
vt 3

2

Vo™ _ Viteos(st)
064 3

l

ovPo™  VPcos(8F +120°)

a67 3

L
ovPo™  Vcos(8f —120°)
P 3

l

The differential of V™ can be written into equations (B.66)-(B.71).

v _ l[zvﬂ + 2V cos(8# — 87 — 120°)
l L L l
avA 9
+ 2V cos(84 — 6F + 120°)]
avrm 1
ﬁ =35 [2VE + 2VA cos(87 — 67 — 120°)

4

+ 2V cos(6F — 6F + 240°)]

265

(B.55)

(B.56)

(B.57)

(B.58)

(B.59)

(B.60)

(B.61)

(B.62)

(B.63)

(B.64)

(B.65)

(B.66)

(B.67)
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a‘/i‘rm 1 c A A I )
T = g[zvi + 2V cos(8f — &f +120°) (B.68)
+ 2V cos(8F — 6 + 240°)]
aViT'm 1
= _[-2VAVE sin(84 — 68 — 120°
i = gl sn(ar = ot - 1207) .
— 2VAVEsin(6f — 67 + 120°)]
aVirm 1
= — |2V V¥ sin(6{ — 67 — 120°
06‘13 9[ Vi sm( i i ) (B.70)
— 2VEVEsin(6f — 8¢ + 240°)]
a]/i‘r‘m 1
= —[2VAVE sin(6# — 8 + 120°
o ~gleH Vi (el = 1207 @71

+ 2VEVEsin(6F — 8F + 240°)]
The differential of P; ,,, from continuous local control function can be written

into equation (B.72).
0P; _ 0P; _ 0P;
avA  avP  oavf

—4 E
—4qpmax , exp 3 (ViA + ViB + ViC -3 Vi,cri)
l Oip (B.72)
) _T4(V-A+V-B+V-C—3-V- ) 2
2 2 l Lcri
36ip |1+ exp 5

The differential of Q;,,,, from continuous local control function can be written

into equation (B.73).

aQi,pv — aQi,pv — aQi,pv
ovA  ovPE  ove

—4 /4 B C
2WA+VE+VE -3,
—4-Kip Q" - exp 3 v 16. l o)
iq

(B.73)

- _ 2
%(V{‘ +VE+VE=3Viy)

36;4 |1+ exp 5.
iq

The differential of P;,, from piecewise linear local control function can be

written into equation (B.74).
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1
aPi,pv s Vipr S Vil <V
ave] =3 (i = V) T (B.74)
L 0 ;other

VAV |+

where |V;| = S

The differential of Q;, from piecewise linear local control function can be

written into equation (B.75).

K. — K.

aQi,pU _ pmax . = L2 ; Vi,ql < |Vi| < Vi,qz

el = 413 (Vigr = Vige) (B.75)
| i | 0 ;other

VA |+ v+ vE]

where |V;| = S

B.2 Differential Equation by Step-change Value

Normally, power output of three-phase PV system can be written into Table

B.2.
Table B.2 Power output of three-phase PV system
Plpy +JQfpy | = [V +wya - AVA|| 177 cos (87 + wsa - A67)

+ [l]/lAl +wya -AlViAl] IP°™ sin (51-‘1 +wga 'A(SL-A)
+j [[lVlAl + wya - A|ViA|] Il_PO.T sin (5{4 + Wga - Aé‘iA)

- [|Vl~A| +wya -A|ViA|] 7™ cos (6{4 +wsa -Aé‘{“)]

Pl +jQipy | = [IVEI+wys - AIVEI| 177 cos (87 + wyp - ASF +120°)
+ [|ViB| + w5 -AlViBI] IP°™ sin (5{* +wgs - ASE + 120°)
+j [[|Vﬁ| + w5 -AIViBl] IP°7 sin (5{3 +wgp - ASE + 1200)

- [IViBl +wys -AIViBI] 7™ cos (51-3 +wge - AP + 120°)]

Pi.va +ijpv = [lViC| +wyc A|VL-C|] 1P°" cos (Sf +wee - ASE — 120°>
+ [IVE| + wye - AVE|| 1o sin (8¢ + wye - ASE — 120°)
+j [[|Vi‘f| +wyc A|Vf|] 1P°" sin (55 + wye - ASF — 120°)

—|VE| + wy,c - A|VE[ TP cos (8F + wc - ASE — 120°
v i &5
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From equation (A.7), IP®" and IP>™ can be written into equations (B.76) and

(B.77).
1[VPOT Py + VOO,
por _ i,pv i,pv
IPoT = 5[ l V{ml l (B.76)
1 V_po,mpi pv V'pO'TQi pv
[Pom = §I J o l ] (B.77)
ypor = %[[|V{*| +wya - AV | cos (87 + wya - A67)
+ [IVL-BI + Wy -AIViBI] cos (5;9 +wgp - ASE + 120°) (B.78)
+ [IVEE] + wyc - AVE(| cos (86 + wye - ASE — 120°)]
1
yrom = 3 [[|Vi‘4| +wya -A|ViA|] sin (5{4 +Wsa -A(SiA)
+ [IVE1 + wys - AIVE|] sin (87 + wyz - A6F +120°) (B.79)

+ VL + wye - AlVE| | sin (8E + wye - a6F — 120°)]

v = {1 g ) [ ] 1] ol |
+2||VA] + wya - AVAL] [IVE] + wy s
- AIVZ|| cos (87 +wsa - 057 — 6F — wyz - ASF — 120°)
+ 2 (VA + wya AV [IVE] + wye (B.80)
A|VE|] cos (87 +wa - A8 — 6F — wye - ASE +120°)
+ 2|1V 1+ wys - AV [[VE] + wye

-A|Vic|] cos (6}9 +wgp - ASE - 5F — 7 - ASF + 240°)]

The differential of phase-A real power can be written into equations (B.81)-

(B.86).
) arre”
m = [|ViA| + WViA . A|VLA|] cos (6{4 + ngq . A6;4)(,"/L—V;4
. 1" B.81
+ sin (é‘iA +wga -ASﬁ)ml ( )
+ A|VA [Iipo’r cos (6{‘ +wga ASL-A) +1P7™ sin (61-‘1 +Wga - ASL-A)]
) aIre”
ﬁ = [1v4] + wy - 8]VA[] [cos (82 + wia - Aaf)m;—vf

(B.82)

o7

+ sin (6{4 + W ASL-A) v

B
Vi
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apiépv a]_po'r
—aWVic = [|VLA| + WVl.A -AlViAI] cos (5{4 + Wa;“ 'A5{4) aVLVViC
- aIrom
+sin (6w 881) 50
oPA
Ly _ ViA +w,a-A ViA —A(SiAsin 5{4 + wga 'A5l~A PoT
aWEA VL 61. L
+ A - ASA ipo.r ASA 54 Ash) o
coS(i+W5;‘1 i)6W5A+ icos(i.|.‘,l,5f1 i)i
arrem
in (87 CASA) L
e (di T wap - A ) Owgs
aPil,qpv a]_po'r
—awgf = [|ViA| T wya 'AlViAl] cos (6{" + W .Aé'iA) aVLV&?
o1
aPiI,qpv a]?’o'r
—aW(gg: = [|VLA| + WViA -AlViAI] cos (5{4 + W‘qu 'A5{4) avzvaic

arre™

+ sin (5{4 +wga - ASiA) o
L SLC
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(B.83)

(B.84)

(B.85)

(B.86)

The differential of phase-B real power can be written into equations (B.87)-

(B.92).
B
OFip _ [IV-BI +w.p -A|V.B|] cos (55 +wep - ASE + 120°)‘—
owya . vi ‘ ! 8i ow
pom
. B . B o i
+ sin (6i + wsp AS7 + 120 )—aWVAl
B
OPipw _ [|V.B| +w.p -A|V.B|] cos (55 +w.p - ASE + 120°)i—
aWV_B 4 Vi i L 6i L ava
pom
: B . B o i
+ sin (Si + WgB AS7 + 120 )—aWV-Bl
+ A|VE| [Iipa'r cos (6{3 +wgs -ASE + 120°)
+ 1™ sin (68 + wya - ASE +120°)]
B
0Py _ [|V.B| +w, 5 -A|V~B|] cos (é‘B +wep - ASE + 120°)i—
OWV'C i Vi i L Si L aW

po,m
+ sin (6F + wgp - ASF +120°) ﬁl
i Vic

po,r

po,r

po,r

(B.87)

(B.88)

(B.89)
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s _[|V |+ wya - AVZI| |cos (82 + wgs - ASE + 120° )m
3
pom
+ sin (87 + wyp - ASF +120°) =L—
W5A

oPE
__bpv _ [|Vl’3| + Wy 5 'A|ViB|]

T —26Fsin (87 +wgp - ASF +120°) 177

po,r

B oI;
+cos(6 +W53 AS7 + 120° )W
(SB

+ 08P cos (OF + wgp - ASE +120°) 1P

aIpOm
+Sln(6 +W<SB A6 +120°)V
83

por

OPlpw _ 15 5
a—_[w |+ wys - AVE|

cos (63 +wgs - ASE + 120° ) 3

WSC

Ipom
+ sin (68 + WﬁB A6 + 1200) Vl
6C
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(B.90)

(B91)

(B.92)

The differential of phase-C real power can be written into equations (B.93)-

(B.98).
Pipy _ = |IVEl+ wyc - AIVE]| [cos (8 + wye - A6F - 120°) i
Owya ‘ Vi ' ! i ‘ Owya

Ipom
+ sin (8C +wge - ASE — 120°) aWVAl
iy _ = |IVEl+ wyc - AIVE]| [cos (8 + wye - A6F — 120°) -
aWViB ¢ Vi ¢ ¢ 5 ‘ aWViB
Lpo,m
+ sin (8¢ +wye - A8 —120°) ml
Pl _ [1VE] +wyc - AVE|| [cos (8 + e - ASE — 120°) 7
ach Vi 8 aWVC
alpom
+ sin (8¢ +wse - ASF —120°)ml
+ A|VE| [17°7 cos (8E + wye - ASE —120°)
+ 1P sin (6 + wpe - A6F —120°)]
OPipy _ = |IVEl+ wyc - AIVE]| [cos (8 +wye - A6F — 120°) —— 7
Owsa Vi 8 W4

pom
+sin (8 + wye - 08¢ —120°) =L l
5A

(B.93)

(B.94)

(B.95)

(B.96)
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oPf, i
s = [Vl +wye - AVE(] |cos (8 + wyg - 45F — 120°) L
" 4 i 6{3
1 . (B.97)
+ sin (8¢ +wye - A8 —120°) Tw
C
s _ [ g ] -8t 5 g 56 - 1209
8W5ic { 14 i i t 5y ' l

aI.pO,T‘
+ cos (6f +wye - AS{ — 120°) al

L Ws¢ (B.98)
+ 86F cos (8¢ +wye - ASE —120°) 1P

o1
+ sin (8¢ + wpe - ASE — 120°) o
i 5?

The differential of phase-A reactive power can be written into equations (B.99)-

(B.104).

Qi _ [y -A|VA|| [sin (87 as) 2
m—[lil'{'WViA |1|] sm(i+w8{4 i)w
N
— cos (8 + wya - A51) T (B.99)
+ AJVA| [17°7 sin (87 + wya - A57)
—IP”™ cos (5{4 + W A6{4)]
GLoF _ arrer
T [1V4] + wyn - A1VA[] [sin (67 +wp - A6{4)6V‘V?
l pom ‘ (B.100)
- cos(&“l + Wea - A64)L
t S t ow, s
GLo5. _ arrer
Fwye = [IViAl +wya -A|ViA|] sin (5{4 +wga -Aé‘{")m
l pomn ‘ (B.101)
- cos(&“l + Wea - A64)L
t S t ow,c
904
—Ql‘pv = [|[VA| + wya - A[VA|||AS/ cos (82 + wea - ASA) IPOT
6W6A Vl (51 L
' aLpO,T
+ sin (87 +wga - ASH) S+ A8f'sin (87 +wsa-867)17°™  (B.102)
8
arrom
S

— cos (6{‘ +wga ASL-A)

awsf
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aQiflpv _ ; A A 1"
W— [lVLAl +WViA'A|ViA|] sm(5i +W5£4 'A(Si )aVIl/'—5F
. W\
— cos (di + Wsa A6} )m
007y , arre”
dwse = [|ViA| +wya -A|ViA|] sin (6{4 +wga -A(S{“)W

arrom

— cos (6{4 +wga A(S{“) vy
6
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(B.103)

(B.104)

The differential of phase-B reactive power can be written into equations

(B.105)-(B.110).

B
aQi,pv
aWViA

B
aQi,pv
aWViB

B
00y
aWVic

B
0Q; v
ow 54

B
aQi,pv
aw

87

- [|vl.B| + Wy s -AIViBI]

= [VE1+ wys - alv21] |sin (82 + wyz - AF +120°) ajvﬁ
pom
— cos (87 +wgp - 6P +120°) ml
apor
= [VE1+ wys - alv21] |sin (82 + wyz - AF +120°) s
om
— cos (85 + wgp - ASE +120°) ZI;ZV‘B l
+ A|VE| [1}”’" sin (65 +wgs - A7 + 120°)
— IP°™ cos (67 + wyn - ASF +120°)]
por
_ [Wlpl s -AlViBI] [sin (5}9 +wyp - A6 + 120°) avlvvp
pom
— cos (8F +wys - A6F +120°) m]
.
_ [Wlpl s -AlViBI] [sin (5}9 +wyp - A6 + 120°) aVlV&A
pom
— cos (67 + wyn - ASF + 120°) 6;/54 l

aIrer
. B . B o L
+ sin (6i +wss AS; + 120 ) I
+ A6 sin (87 + wgp - ASE +120°) 1P
pom

ar;
— cos (51-3 + wys - ASP + 120°)#
i 6{3

ASEcos (61-3 +wgp - ASE + 120°) wer

(B.105)

(B.106)

(B.107)

(B.108)

(B.109)
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po,r

an Y%ipy
aw

o
B B B
= [IV21+ wys - 81V7] [sm (67 +wss - 867 +120)6W5c

(B.110)

pom

61
— cos (63 +wgs - ASE + 120°)a—
6C

The differential of phase-C reactive power can be written into equations

(B.111)-(B.116).

aQiC,pv . 2
Ty [VE] + wye - ave]] Ism (8¢ +wye - A5E — 120°) s
! pom ' (B.111)
— cos (6C +wec - ASE — 120°) aWVA]
9Qipy L
T = [Ive] + wye - alve]| Ism (8 +wye - A5E —120°) = e
’ o (B.112)
— cos (85 +wye - ASE — 120°) ml
00y _ [IVE] +wye - alve| Ism 5E +wye - ASF - 120°) =L 7
Owyc Vi 8 owyc
5 pom
—cso (6 +W56 ASF — 120°)ml (B.113)
+ A|VE| [17°7 sin (8E + wye - ASE — 120°)
— 1P cos (87 + wye - ASE —120°))]
9Qipw L
T = [IveE] + wye - alve]| Ism (8 +wye - A5E — 120°) = i
‘ oo (B.114)
— cos (6 + wye - ASE — 120°) awsA]
2%2’:_[|VC|+WVC Ave|] Ism (8¢ + wye - 8¢ —120°)Z;:
pom (B.115)
— cos (6f +wge - ASf 120°) Bwyp l
‘Z?A;;" = V€| + wye - AJVE|| [A6E cos (8E + wye - ASE — 120°) IP°T

po,r

ol
+ sin (5 +W5c ASE — 120") Tw
¢ (B.116)
+ A6 sin (8¢ + wye - ASE —120°) 1P
po,m

— cos (6 +wye - ASF — 120° )6—5c

The differential of I”*" can be written into equations (B.117)-(B.122).
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po,r
ol
0w, 4
oP, avper 90 v
rm |yypo,r 22 i,pv po Py =
= L BLI/rmz L l @119
i
V™
[vPo"P, ipv T Vipo’in'pV] aVl;V_A
- 3V'rm2
l
po,r
0w, B
aP, avror 90 v
rm [yypOr Z~ Lpv pom =P8 4 s
Vi Vi ow, & +Pipw Gus TV owy s + Qi Owy s
_ f 31Vrm2 i L (Bllg)
i
aV.Tm
[VFOT Py + VO™ Qi o] 'aM;V_B
- 3v_1"m2
l
po,r
ol
owyc
dP, 1 90, v
rm |yypor 22 Lpv porm —ZLPY
V. V: ow ¢ + Pl ,pV aW + V aW + lev aWVC
_ 4 SVTmZ L ! (Bl 19)
i
av_Tm
[I/ipO'rPi‘pv + Vipo'in,pU] am;V'C
- 3y
l
arre”
l
0Wga
ovPoT V™M o pomqy 10V (B.120)
v [Pz PV Owga +Qipv w4 OW [V‘ Pipy + Vi Qi'pv] (31/\;5,_4
= 3V'rm2
L
arrer
L
av”‘” av’”"m por pom, 19V™  (B.121)

3 Virm 2
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po,r
ol
aw&c
aVPor anom aV.rm
v [Pl P aW& + Qipv Gy o 6W c — VP Py + VO Qi ] ngc
B 3V'rm2
L
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(B.122)

The differential of Il.p ®™ can be written into equations (B.123)-(B.128).

o1
aWViA
om o,r
yrm |ypom aPi.pv 4+ p % _ ypor ipy aQi'pU o, an
i i aWV.A i,pv GWVA i aWV.A i,pv aW 2
) 3yrm?
aVrm
[VipO'mPi'P” Vporlev] aw 7
B 3y;m?
l
arro™
0wy B
yrm |ypom aPi,pv ) aVipo,m _ ypor Oipy an-,pU o, anor
aW B L,pv aW B i aW B i,pv aW 5
_ Vl Vl Vl :
) 3y;m?
l
aV_rm
pomp _ybor. i
[Vl Pl,pv Vi Ql,pv] aWV_iB
B 3yrm?
l
o™
owyc
yrm [ypom 0P py p. M _ ypor 9Q; pv 0 anor
owyc PV Owyc : an.C Lpv ach
) 3y;m?
aVrm
[Vipo’mpi,pv VpOTQva]

3yrm?

(B.123)

(B.124)

(B.125)
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arrem™
0wga
guPom avrer pom por V™
v lPi,pv 5'\5!/7 — Nipv aVlVT = [V Py = V" Qi) a“;aA
= 3v;/™?
l
arre™
AT
gurom VPO v
pom po,r
s e B A L
= 3V'rm2
l
arre™
0w
gurom Vo oV
v [Pi,pv W — Qipv W&c = [V Pipy = VP Qi) aVll’a.C
= 3y ™’
A
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(B.126)

(B.127)

(B.128)

The differential of Vl.po’r can be written into equations (B.129)-(B.134).

gyror  A|VA| cos (6{4 +wga - A(Sl-A)

aWViA 3

avrer A|VE| cos ((SL-B +wgp - A5 + 120°)

aWViB 3

avFor A|VE| cos (6f + wse - AS] — 120°)

ow,c 3

vror =08 [[VA] + wya - AlVA|| sin (87 + wya - A67)

Owga 3

ovPor  —SF [[VE| +wys - AV |sin (87 + wyp - A5F +120°)

0w - 3

vror  —BE [|VE| + wyc - AVE||sin (65 + wye - ASE - 120°)

6W5_C B 3

(B.129)

(B.130)

(B.131)

(B.132)

(B.133)

(B.134)

The differential of Vl-po’m can be written into equations (B.135)-(B.140)
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gyrom A|V#| sin (6{4 + Wea A5iA)

0wy a 3

gvrom  A|VE|sin (88 + wyn - ASE +120°)

aWViB 3

ovPom  AlVE|sin (8¢ +wpe - ASE - 120°)

ow,,c B 3

avrom ~ ASH [|Vi‘4| +wya- A|Vl-A|] cos (6{4 + wya -A&iA)

0Wga 3

gvrom  ASE [[VE| +wys - A|VE|| cos (68 + ws - A6 + 120°)

AN 3

ovPom  ASf [VE] +wyc - A|VE|| cos (6 + wiye - A6F — 120°)

0w 3
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(B.135)

(B.136)

(B.137)

(B.138)

(B.139)

(B.140)

The differential of V™™ can be written into equations (B.141)-(B.146).

o= 5 [2alvi [+ -l
| + 28VA| [IVE] + wy s
- AIVZ|| cos (87 +wsa - A5H — 6F — wyp - ASF — 120°)
+ 28VA[[VE] + wye - AVE|| cos (87 + wya - A8 = 5 — wye
-A5E +120°)|
ovym

T = %[ZAlviBl [IV21+wys - V2|
L + 2A|VE| [|ViA| + Wy
- A|VA|| cos (87 + wga - A57 — 5F — wyz - ASE — 120°)
+ 2A|VE| [|VL~C| +wyc A|Vic|] cos (8{3 +wgs “ASE - 6F — 2

A5 +240°)]

(B.141)

(B.142)
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gyrm 1
aVI;V.C - 6[2A|Vic| “Vic| + Wy A|ViC|]

14

+ 24|v¢| [|ViA| T wya

M|V | cos (87 +wsa - A87 = 6F = wye - ASE +120°) (B.143)
+ 28|VE| [IVE1 + wye - AIVE] cos (67 +wyn - A6F — 65 — wie

- AS¢ +240°)|

avym 1

av;(s_A =3 |-2882 [ [VA] + wya - AVA|| [IVE 1+ wye
- AIVZ||sin (87 + wsa - ASf — 8F — wyp - ASF — 120°) (B.144)
— 2087 |[VA] + wya - AVA]| [VE] + wye - A]VE]| sin (87 + wia
A7 — 6F — wye - ASE +120°)

avym 1

av;‘;B N g[ZAdf [|VLA| + Wy .A|V"A|] [IV‘Bl + Wyp
- AIVZ||sin (87 + wga - ASf — 5F — wyp - ASE — 120°) (B.145)
— 2088 [IVEL + wy - AIVEI| V] + wye - AVE|| sin (67 + s
- A8E — 5 — e - ASE +240°)]

aVirm

1
s = 52006 [V wya - AN [IVE] + wye
A|VE]] sin (87 + wya - 087 — 6F — wye - ASE +120°) (B.146)
+288¢ [IVE 1+ wy - AIVEI| [[VE| + wye - AVE|| sin (87 + wyp

867 — 68 — wye - ASE + 240°)|

The differential of P; ,,, from continuous local control function can be written

into equation (B.147)-(B.149).

aPi,pv A AABC

. AlVA| - P; (B.147)
aPi.pv B AABC

T AlVE|- P (B.148)
oP,

5= = AVE] - P (B.149)

0 WViC
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_4 T
3 (ViAABC -3 Vi,cri)

—4P" - exp 5

iLp
AABC __
Pi =

"4, ane — (B.150)
3 (Vi -3 Vi,cri)

36;, |1+ exp 5

Lp

iLp

VAABE = [[VA| + wya - A[VA|] + [ [VE| + wya - AVE]]
! ' (B.151)
+ [|Vf| +wyc A|ViC|]
The differential of Q; ,,, from continuous local control function can be written

into equation (B.152)-(B.154).

aQi,pv A

w4 = AlVA| - 45¢ (B.152)

90;,

T = AV 0 (5159

90;,

amjp: = A|VE| - @P4BC (B.154)

Vi
__4(V'AABC —3-V;,)
—4-K;, - QM - exp 3~ Ey =
i l [
l'q
B¢ = —4( AABC ) i B
—(v: -3V
3 ‘¢ l
36i_q 1+exp 5i'q

The differential of P;,, from piecewise linear local control function can be

written into equation (B.156)-(B.158).

0P; py A| . pVABC
m = A|VA| - P] (B.156)
api,pv B VABC
dw,s AlVE|- P, (B.157)
oP;

WPV A|VE| - PPABC (B.158)

d WVic
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1
s Vipr = Vil <1
PiVABC — Pimax {3. (Vi,pl _ Vi,pz) i,pl | l| I,p2
0 ;other

|ViA|+WV§4'A|ViA|+|ViB|+WV?'A|ViB|+|ViC|+WV{;'A|ViC|

where |V;| = 2
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(B.159)

The differential of Q;,, from piecewise linear local control function can be

written into equation (B.160)-(B.162).

9Q; py = A|VA| - QFABS
l l

0wy a
L
aQi,pv = AlvB| - oV4BC
0 - | i | i
WViB
aQi,pv = AlvE| - o¥ABC
ow - | i | i
Ve
(Kix — Ki2)
. : s Vit < Vi <V,
VABC _ pmax , » Viql i 1,q2
L el 3- (Vi,ql - Vi,qz)

0 s other

|ViA|+WV1i4'A|ViA|+|ViB|+WV%?'A|ViB|+|Vic|+WViC'A|ViC|

where |V;| = .

(B.160)

(B.161)

(B.162)

(B.163)
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APPENDIX C

The Calculation Example Of The Power Flow Algorithm With Using

Local Control Function

The modified 19 node LV distribution system, that is described in Subsection 6.1, is applied.
Phase-A, -B and -C loads are 0.3124, 0.2599 and 0.2928 pu. respectively. Solar irradiance is 0.3519
kW/m2. Ambient temperature is 30.10 °C. The continuous local control function is selected to operate.

PV1-PVI18 have the same parameters setting: V,,; = 1.062; §, = 0.01; K; = 0.06; K, = 1.06; V, =

1.021; 6, = 0.01. The process of power flow algorithm is as follows.

First: For load buses, where P&oad“h and Qi‘,’load“h are specified, voltage magnitudes and
phase angles are set equal to the slack bus values. Initial voltage is 1.05 pu. Initial phase angles (A, B,
C) are (0, -2.0944, 2.0944) radians.
Second: For step-change values, wye ("9 = wze " = 1.
o ko o ko
Third: For load buses, P (ko){ ' } and leoad(ko){ ' } are calculated from

i,load 5{1(160) 6{7(’(0)

equations (5.1), (5.2), (5.16), (5.17), (5.30) and (5.31) as shown Table C.1. AP, “® and AQ7y4q**
are calculated from equations (5.40) and (5.41) as shown in Table C.1.

Table C.1 The calculated values

Node Cload Cioad AP 1oaq™” 805 100a™”

A 0.00000000 0.00000000 -0.00518831 -0.00250418

2 B 0.00000000 0.00000000 -0.00215848 -0.00104805
C 0.00000000 0.00000000 -0.00486282 -0.00234708

A 0.00000000 0.00000000 -0.00550321 -0.00266913

3 B 0.00000000 0.00000000 -0.00404247 -0.00195885
C 0.00000000 0.00000000 -0.00243141 -0.00118057

A 0.00000000 0.00000000 -0.00323895 -0.00157449

N B 0.00000000 0.00000000 -0.00235811 -0.00114786
C 0.00000000 0.00000000 -0.00189734 -0.00091354

A -0.02078118 0.01679984 0.01754223 -0.01837432

5 B -0.02078118 0.01679984 0.01862270 -0.01784788
C -0.02078118 0.01679984 0.01865896 -0.01782581

A -0.01601882 0.01333320 0.01391951 -0.01435287

6 B -0.01601882 0.01333320 0.01473372 -0.01395704
C -0.01601882 0.01333320 0.01465555 -0.01399376

A -0.01601882 0.01333320 0.01116040 -0.01568744

7 B -0.01601882 0.01333320 0.01265010 -0.01496766
C -0.01601882 0.01333320 0.01222414 -0.01517433

A -0.01601882 0.01333320 0.01432437 -0.01415794

8 B -0.01601882 0.01333320 0.01376053 -0.01440620
C -0.01601882 0.01333320 0.01253333 -0.01501973

9 A 0.00000000 0.00000000 -0.00614800 -0.00298403
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Node PZloaa ™" P AP 00a™” AQ10aa™”

B 0.00000000 0.00000000 -0.00620095 -0.00300690

C 0.00000000 0.00000000 -0.00622610 -0.00300764

A -0.01601882 0.01333320 0.01432437 -0.01415794

10 B -0.01601882 0.01333320 0.01427208 -0.01418162
C -0.01601882 0.01333320 0.01481014 -0.01392349

A -0.01601882 0.01333320 0.01230003 -0.01513262

11 B -0.01601882 0.01333320 0.01292459 -0.01483041
C -0.01601882 0.01333320 0.01086086 -0.01583489

A -0.02078118 0.01679984 0.01592276 -0.01915407

12 B -0.02078118 0.01679984 0.01741245 -0.01843429
C -0.02078118 0.01679984 0.01698649 -0.01864096

A -0.01601882 0.01333320 0.01382954 -0.01439786

13 B -0.01601882 0.01333320 0.01379796 -0.01440620
C -0.01601882 0.01333320 0.01298307 -0.01480892

A 0.00000000 0.00000000 -0.00154450 -0.00074976

14 B 0.00000000 0.00000000 -0.00128511 -0.00062384
C 0.00000000 0.00000000 -0.00189734 -0.00091354

A -0.01601882 0.01333320 0.01382954 -0.01439786

15 B -0.01601882 0.01333320 0.01399759 -0.01430639
C -0.01601882 0.01333320 0.01275820 -0.01490730

A -0.01601882 0.01333320 0.01213509 -0.01522259

16 B -0.01601882 0.01333320 0.01170187 -0.01541682
C -0.01601882 0.01333320 0.01237873 -0.01510406

A 0.00000000 0.00000000 -0.00323895 -0.00157449

17 B 0.00000000 0.00000000 -0.00202123 -0.00097319
C 0.00000000 0.00000000 -0.00227681 -0.00109624

A -0.02078118 0.01679984 0.01811204 -0.01808942

18 B -0.02078118 0.01679984 0.01856031 -0.01787284
C -0.02078118 0.01679984 0.01562321 -0.01930152

A -0.01601882 0.01333320 0.01164025 -0.01544752

19 B -0.01601882 0.01333320 0.01183911 -0.01535444
C -0.01601882 0.01333320 0.01086086 -0.01583489

Fourth: The elements of the Jacobian matrix (J, /,, J3 and J,) are calculated from equations
(5.8)-(5.15), (5.18)-(5.29) and (5.32)-(5.39).

Fifth: The linear simultaneous equation (5.7) is solved directly by optimally ordered triangular

factorization and Gaussian elimination. The A§7 k0 and A|Vi"(k0)| are obtained as shown Table C.2.

a(k0) (h0) | g (k0)
o (ho) Vi Wy Alv; |

Sixth: For load buses, load and

5740 + wi® - as7*”
i

V'O'(ko) + ng_};'O) . Al]/LO'(kO)|
L

Qfioad™]
Lloa
5740 +wE? - asg ™

are calculated from equations (5.44), (5.45), (5.55), (5.56),

(5.69) and (5.70) as shown in Table C.2. A i(,fzoad(ho) and AQf,oad(ho) are calculated from equations

(5.40) and (5.41) as shown Table C.2.
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Table C.2 The calculated values
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Node Alvf(k0)| as7*® Plioad" Tload" APf150a™” 8Q510aa™”

A 0.00167246 0.01694075 -0.00105929 0.00075997 -0.00412902 -0.00326415

2 B 0.00078728 0.01877068 0.00155878 0.00243154 -0.00371726 -0.00347959
C -0.00398264 0.01475349 -0.00101911 0.00008281 -0.00384371 -0.00242989

A -0.02121483 0.02304986 -0.00539099 -0.00262203 -0.00011221 -0.00004710

3 B -0.01597663 0.01499544 -0.00399033 -0.00192961 -0.00005214 -0.00002924
C -0.00684489 0.01497870 -0.00241399 -0.00116216 -0.00001742 -0.00001841

A 0.00540690 0.03952687 0.00155700 0.00290659 -0.00479595 -0.00448108

N B 0.00245237 0.04423819 0.00198843 0.00354084 -0.00434653 -0.00468870
C -0.00886207 0.03446042 0.00249636 0.00250723 -0.00439370 -0.00342076

A 0.03336391 0.11221838 0.01648899 -0.00193455 -0.01972794 0.00036007

5 B 0.02995536 0.11725867 0.01794915 -0.00120597 -0.02010762 0.00015793
C 0.01447910 0.10237032 0.01288815 -0.00084739 -0.01501036 -0.00017858

A 0.00918693 0.05977191 0.00139353 0.00176764 -0.00349285 -0.00278730

6 B 0.00414622 0.06752011 0.00200966 0.00250072 -0.00329476 -0.00312456
C -0.01365485 0.05213007 0.00146575 0.00157232 -0.00282903 -0.00223288

A 0.01795430 0.08902495 -0.00273629 -0.00264436 -0.00212213 0.00029013

7 B 0.01382212 0.09783806 -0.00108578 -0.00171597 -0.00228295 0.00008151
C -0.00950842 0.07856980 -0.00210379 -0.00155106 -0.00169089 -0.00029007

A 0.01226216 0.07641877 0.00078000 0.00084981 -0.00247445 -0.00167455

8 B 0.00532103 0.08682277 0.00012925 0.00087628 -0.00238754 -0.00194929
C -0.01799862 0.06663219 -0.00163096 -0.00011458 -0.00185453 -0.00157195

A 0.01463068 0.09136565 -0.00436932 -0.00140168 -0.00177868 -0.00158234

9 B 0.00618602 0.10392775 -0.00461073 -0.00140977 -0.00159021 -0.00159713
C -0.02184469 0.07963439 -0.00444799 -0.00187893 -0.00177811 -0.00112871

A 0.01691142 0.10258763 0.00003498 0.00015062 -0.00172942 -0.00097535

10 B 0.00738504 0.11685918 0.00007062 0.00095756 -0.00181737 -0.00180597
C -0.02432861 0.08955923 -0.00060183 -0.00005756 -0.00060685 -0.00053272

A 0.02028084 0.11175954 -0.00310288 -0.00190402 -0.00061590 0.00010461

11 B 0.01082893 0.12704798 -0.00232660 -0.00126241 -0.00076763 -0.00023480
C -0.02383015 0.09840788 -0.00513717 -0.00174167 -0.00002079 -0.00076002

A 0.02186633 0.11494475 0.01481679 -0.00239418 -0.01967521 0.00003995

12 B 0.01160479 0.13000054 0.00636194 -0.00118841 -0.00973067 -0.00044604
C -0.02230407 0.10082368 -0.00257012 -0.00189905 -0.00122457 0.00005793

A 0.02785263 0.12579901 0.00005159 -0.00167866 -0.00224087 0.00061400

13 B 0.01685637 0.14296452 0.00020310 -0.00130143 -0.00242396 0.00022843
C -0.02207448 0.11115633 -0.00159771 -0.00108092 -0.00143804 -0.00039480

A 0.02090667 0.11534749 -0.00150054 -0.00068660 -0.00004395 -0.00006315

14 B 0.01192316 0.13083164 -0.00124158 -0.00055187 -0.00004352 -0.00007197
C -0.02366690 0.10208688 -0.00179724 -0.00082017 -0.00010011 -0.00009337

A 0.02448872 0.12058680 -0.00114410 -0.00159021 -0.00104519 0.00052555

15 B 0.01373490 0.13638174 -0.00080323 -0.00115303 -0.00121800 0.00017985
C -0.02196906 0.10596189 -0.00291006 -0.00115571 -0.00035056 -0.00041838

A 0.02795339 0.12973304 -0.00163283 -0.00254699 -0.00225091 0.00065760

16 B 0.01520408 0.14566848 -0.00191898 -0.00231564 -0.00239798 0.00023203
C -0.02045720 0.11332076 -0.00216862 -0.00141946 -0.00147147 -0.00035139

A 0.01745965 0.11583538 -0.00328065 -0.00160269 0.00004170 0.00002820

17 B 0.01011828 0.13046612 -0.00203166 -0.00098426 0.00001043 0.00001108
C -0.02520695 0.10230072 -0.00223479 -0.00105189 -0.00004202 -0.00004435
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Node Alvf(k0)| as7* Plioad"” Qtoaa™” APG100a™” AQ510aa™”

A 0.02252138 0.11883702 0.01654545 -0.00200915 -0.01921458 0.00071957

18 B 0.01359390 0.13466607 0.01099619 -0.00141595 -0.01321705 0.00034295
C -0.02285190 0.10571321 -0.00430173 -0.00331687 -0.00085624 0.00081518

A 0.02559296 0.12344526 -0.00317221 -0.00281135 -0.00120637 0.00069704

19 B 0.01458364 0.13956936 -0.00277286 -0.00235898 -0.00140685 0.00033775
C -0.02194447 0.10852010 -0.00459528 -0.00214245 -0.00056269 -0.00035923

Seventh: The elements of the Jacobian matrix (J;, J,, J5 and J,)
(5.47)-(5.54), (5.57)-(5.68) and (5.71)-(5.78).

are calculated from equations

Eighth: The linear simultancous equation (5.46) is solved directly by optimally ordered

triangular factorization and Gaussian elimination. The Awy,o (h0) and Awsgr(ho) are obtained as shown in

Table C.3.

Ninth: The new step-length values

wD
i
(h1)
87

w

equations (5.79) and (5.80) as shown in Table C.3.

=w

(h0)
6

Table C.3 The calculated values

(ho)
Wyo + Awyg (rO)

o+ Awg

5 (h0)

i

are computed from

Node Awyg O Aw o0 wys ("D wge (M)
A -3.36032652 -0.02642235 2.36032652 0.97357765
5 B -2.50419090 -0.13501303 -1.50419090 0.86498697
C -0.04411662 0.13258012 0.95588338 1.13258012
A 0.29632616 -0.01216129 1.29632616 0.98783871
3 B 0.13777610 -0.17944463 1.13777610 0.82055537
C -0.03954849 0.13546324 0.96045151 1.13546324
A -2.33863605 -0.02232056 -1.33863605 0.97767944
! B -1.69820799 -0.13237305 -0.69820799 0.86762695
C -0.09690867 0.13738034 0.90309133 1.13738034
A 236076745 -0.02316550 -1.36076745 0.97683450
5 B 2.11905746 -0.34451125 -1.11905746 0.65548875
C -0.26435804 -0.02695950 0.73564196 0.97304050
A -1.86339920 -0.01751946 -0.86339920 0.98248054
6 B -1.01362324 -0.10968171 -0.01362324 0.89031829
C -0.12492629 0.15339988 0.87507371 1.15339988
A -0.84931341 -0.00159684 0.15068659 0.99840316
7 B -0.16410624 -0.06865747 0.83589376 0.93134253
C -0.43291153 0.12604944 0.56708847 1.12604944
A -1.73890128 -0.01712956 -0.73890128 0.98287044
8 B -0.73718668 -0.10475324 0.26281332 0.89524676
C -0.15493276 0.16747239 0.84506724 1.16747239
A -1.72831494 -0.01716688 -0.72831494 0.98283312
9 B -0.54638582 -0.10425674 045361418 0.89574326
C -0.18734310 0.17983860 0.81265690 1.17983860
A -1.66206664 -0.01689394 -0.66206664 0.98310606
10 B -0.38169476 -0.10422139 0.61830524 0.89577861
C -0.21604369 0.18697701 0.78395631 1.18697701
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Node vag(ho) Aws;’(ho) Wvg(hl) wa‘i,(hl)
A -1.51911717 -0.01718143 -0.51911717 0.98281857
1 B -0.25206621 -0.10413443 0.74793379 0.89586557
C 026127794 0.18774238 0.73872206 1.18774238
A -1.38573831 -0.01539558 -0.38573831 0.98460442
12 B -0.17416137 -0.09954601 0.82583863 0.90045399
C -0.30401205 0.18669764 0.69598795 1.18669764
A -1.02318073 -0.00839001 -0.02318073 0.99160999
13 B -0.02019153 -0.08747636 0.97980847 0.91252364
C -0.40303275 0.18296175 0.59696725 1.18296175
A -1.62739776 -0.02068963 -0.62739776 0.97931037
14 B -0.26742397 -0.11090440 0.73257603 0.88909560
C -0.27439412 0.19188499 0.72560588 1.19188499
A -1.20989130 -0.01241195 -0.20989130 0.98758805
15 B -0.09488549 -0.09340851 0.90511451 0.90659149
C 034811361 0.18342800 0.65188639 1.18342800
A -1.01016304 -0.00780881 -0.01016304 0.99219119
16 B 0.01214234 -0.08450666 1.01214234 0.91549334
C -0.45240262 0.18112545 0.54759738 1.18112545
A -1.95222259 -0.02058376 -0.95222259 0.97941624
17 B -0.31284718 -0.11124959 0.68715282 0.88875041
C 025619925 0.19161014 0.74380075 1.19161014
A -1.65230987 -0.02386686 -0.65230987 0.97613314
18 B -0.26855783 -0.11727042 0.73144217 0.88272958
C -0.29749272 0.19573832 0.70250728 1.19573832
A -1.14332738 -0.01106838 -0.14332738 0.98893162
19 B -0.06204880 -0.09057420 0.93795120 0.90942580
C -0.36939500 0.18199903 0.63060500 1.18199903
Via(ko) + W(fz_l) . A|Via(k0)|
Tenth: For load buses, {’laad(m) K and
} 6f(k0) i Wg‘n) _A(Sl_g(ko)
1A
. Vo) LD )| |
Q10aa are calculated from equations (5.44), (5.45), (5.55), (5.56),

(5.69) and (5.70) as shown in Table C.4. APJ,

iload

aid(ko) + W(hl) . AS{T(RO)

7

(5.40) and (5.41) as shown Table C.4.

(h1) (h1)

o
and AQi,laad

Table C.4 The calculated values

are calculated from equations

Node Plioaa o QZ1oaa o AP 1oaq o AQ710aa v

A -0.00516327 -0.00241395 -0.00002504 -0.00009023

2 B -0.00213766 -0.00090205 -0.00002082 -0.00014600
C -0.00486280 -0.00226463 -0.00000002 -0.00008246

A -0.00550242 -0.00266858 -0.00000079 -0.00000055

3 B -0.00404250 -0.00195887 0.00000003 0.00000002
C -0.00243133 -0.00118066 -0.00000008 0.00000010

4 A -0.00309601 -0.00139423 -0.00014294 -0.00018026
B -0.00229346 -0.00053076 -0.00006465 -0.00061710
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max{|A

% oaa” | |AQ{fload(hO) [} = 0.0201. After that, go to the next calculation.

iload

Node P?laad(hl) Q:”luad(hl) Apglaud(hl) AQ‘i’load(hl)

C -0.00193196 -0.00075592 0.00003462 -0.00015762

A -0.02283031 -0.01939098 0.01959136 0.01781650

5 B 002157382 -0.01625677 0.01941534 0.01520872

C -0.00318872 -0.00109415 0.00106651 0.00006818

A -0.00186728 -0.00095434 -0.00023204 -0.00006533

6 B -0.00101704 -0.00059040 -0.00026806 -0.00003344

C -0.00110608 -0.00056334 -0.00025719 -0.00009722

A -0.00321329 -0.00234711 -0.00164513 -0.00000713

7 B -0.00174494 -0.00160476 -0.00162378 -0.00002969

C -0.00220305 -0.00186981 -0.00159164 0.00002868

A -0.00142627 -0.00077841 -0.00026818 -0.00004632

8 B -0.00194257 -0.00104656 -0.00031572 -0.00002644

C -0.00319579 -0.00159035 -0.00028970 -0.00009617

A -0.00613168 -0.00294415 -0.00001632 -0.00003988

9 B -0.00613240 -0.00298630 -0.00006854 -0.00002060

C -0.00619294 -0.00291013 -0.00003316 -0.00009751

A -0.00130017 -0.00079834 -0.00039427 -0.00002639

10 B -0.00151812 -0.00091456 -0.00022863 0.00006614

C -0.00081254 -0.00069369 -0.00039614 0.00010340

A -0.00282487 -0.00177415 -0.00089392 -0.00002526

1 B -0.00220786 -0.00146827 -0.00088637 -0.00002894

C -0.00428040 -0.00250257 -0.00087756 0.00000088

A -0.02026046 -0.00242675 0.01540204 0.00007251

12 B -0.00308676 -0.00161587 -0.00028197 -0.00001859

C -0.00382433 -0.00383486 0.00002964 0.00199374

A 0.00100274 -0.00104991 -0.00319203 -0.00001474

13 B 0.00092383 -0.00099402 -0.00314469 -0.00007898

C 0.00002826 -0.00155074 -0.00306401 0.00007503

A -0.00154241 -0.00073469 -0.00000209 -0.00001507

14 B -0.00127982 -0.00061423 -0.00000529 -0.00000960

C -0.00189226 -0.00090404 -0.00000508 -0.00000950

A -0.00007376 -0.00105423 -0.00211553 -0.00001042

15 B 0.00007202 -0.00092697 -0.00209325 -0.00004621

C -0.00120806 -0.00161656 -0.00205256 0.00004246

A -0.00094507 -0.00187529 -0.00293866 -0.00001409

16 B -0.00143315 -0.00200976 -0.00288381 -0.00007386

C -0.00082296 -0.00184613 -0.00281713 0.00007528

A -0.00323708 -0.00157367 -0.00000187 -0.00000082

17 B -0.00202119 -0.00097295 -0.00000004 -0.00000024

C -0.00227701 -0.00109660 0.00000020 0.00000036

A -0.01830172 -0.00144613 0.01563259 0.00015655

18 B -0.00266356 -0.00106331 0.00044270 -0.00000969

C -0.00518809 -0.00491261 0.00003013 0.00241093

A -0.00194795 -0.00210911 -0.00243063 -0.00000520

19 B -0.00177713 -0.00196793 -0.00240259 -0.00005331

C -0.00280786 -0.00255620 -0.00235010 0.00005452
Eleventh: Determine max{|APif’load(h1)|, |AQfload(h1)|} =0.0196 and
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Twelfth: The elements of the Jacobian matrix (J;, /5, /5 and J,) are calculated from equations
(5.47)-(5.54), (5.57)-(5.68) and (5.71)-(5.78).
Thirteenth: The linear simultaneous equation (5.46) is solved directly by optimally ordered

triangular factorization and Gaussian elimination. The Awy,o (A1) and Awsgr(hl) are obtained as shown in

Table C.5.
W(?) — W‘%l) + AWV;’(M)
Fourteenth: The new step-length values ' ' are computed from
W(h2) _ W(hl) + Awo (D
s T Vs? i

equations (5.79) and (5.80) as shown in Table C.5.

Table C.5 The calculated values

Node Awy D Awge D) wys (") wge (D)
A 3.88279211 -0.07040849 1.52246559 0.90316916
5 B -0.76114926 0.28044430 2.26534016 1.14543177
C 0.60102123 -0.13924076 1.55690461 0.99333936
A -0.31362002 -0.05379776 0.98270614 0.93404094
3 B 0.04121165 0.35347244 1.17898774 1.17402781
C 0.35473505 -0.13801210 1.31518655 0.99745114
A 2.78840565 -0.07896060 1.44976959 0.89871884
! B -0.44832716 0.27811089 -1.14653514 1.14573784
C 0.64162409 -0.13614410 1.54471542 1.00123624
A 4.34092572 -0.75888286 2.98015827 0.21795164
5 B 1.39947427 1.27303706 0.28041680 1.92852581
C -0.60226303 0.06237373 0.13337894 1.03541423
A 2.03159940 -0.04973986 1.16820020 0.93274068
6 B -0.51046429 0.20973298 -0.52408753 1.10005127
C 0.55796413 -0.14589492 1.43303784 1.00750496
A 0.88603576 -0.04826980 1.03672236 0.95013336
7 B 031931199 0.13229820 0.51658178 1.06364073
C 1.05104617 -0.10808652 1.61813464 1.01796293
A 1.83028797 -0.03668829 1.09138669 0.94618215
8 B -0.55201901 0.18634043 -0.28920568 1.08158719
C 0.52933724 -0.15555850 1.37440448 1.01191388
A 1.79546147 -0.02954971 1.06714652 0.95328341
9 B 059725183 0.17552165 -0.14363765 1.07126492
C 0.52587838 -0.16418190 1.33853528 1.01565670
A 1.72268819 -0.02628425 1.06062155 0.95682181
10 B -0.57053550 0.16940560 0.04776974 1.06518421
C 0.53457940 -0.16831915 1.31853571 1.01865786
A 1.58264999 -0.02261163 1.06353281 0.96020694
11 B -0.39947451 0.16467462 0.34845928 1.06054019
C 0.59484101 -0.16756477 1.33356307 1.02017760
A 1.43679621 -0.02664569 1.05105790 0.95795873
12 B -0.39116681 0.15948173 0.43467182 1.05993572
C 0.66214317 -0.16364834 1.35813112 1.02304930
A 1.05336226 -0.03028997 1.03018153 0.96132003
13 B -0.39137938 0.13825962 0.58842909 1.05078326
C 0.74471904 -0.15628332 1.34168629 1.02667843
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Node Awyr (h1) Awgg (h1) Wv;’(hz) Ws ‘i,(hz)

A 1.71068303 -0.01719090 1.08328527 0.96211946

14 B -0.32637995 0.17094967 0.40619608 1.06004527

C 0.62246122 -0.17328686 1.34806710 1.01859813

A 1.25132803 -0.02891198 1.04143674 0.95867606

15 B -0.37487706 0.14949418 0.53023745 1.05608567

C 0.70381742 -0.15779871 1.35570381 1.02562929

A 1.03437968 -0.03300511 1.02421664 0.95918609

16 B -0.43632204 0.13511824 0.57582030 1.05061158

C 0.82493984 -0.15253286 1.37253721 1.02859259

= A 2.05544224 -0.01749177 1.10321965 0.96192447
% 17 B -0.38609297 0.17164355 0.30105984 1.06039396
] C 0.58683934 -0.17288283 1.33064009 1.01872731
= A 1.74951954 -0.01220204 1.09720967 0.96393110
18 B -0.25344067 0.17670633 0.47800150 1.05943591

C 0.66862772 -0.17865428 1.37113500 1.01708404

A 1.18135361 -0.03001032 1.03802623 0.95892129

19 B -0.37590287 0.14480662 0.56204834 1.05423241

C 0.72148565 -0.15517418 1.35209066 1.02682485

(k0) (h2) (k0)
Vo Wyg - AV

pe (h2)

iload and

Fifteenth: For load buses, . 2 .
5740 + wi? - as7*”
L

V'O'(ko) + ng_};'Z) . Al]/LO'(kO)|
L

o, () :
i,load

are calculated from equations (5.44), (5.45), (5.55), (5.56),
5740 + wi? - asg ™

(5.69) and (5.70) as shown in Table C.6. A L-‘_"load(hz) and AQ{fload(hz) are calculated from equations

(5.40) and (5.41) as shown Table C.6.

Table C.6 The calculated values

9 :bos / £0:/€:6T 295ZL0VZ 1AD9I / UO 11€119SS IP TZZEvTL9S S 1sauL 1 o ||

Node P‘i’,load(hZ) leoad(hZ) APZload(hZ) Aleoad(hZ)

A -0.00498524 -0.00273979 -0.00020307 0.00023560

2 B -0.00170912 -0.00083967 -0.00044936 -0.00020838
C -0.00487943 -0.00217097 0.00001660 -0.00017611

A -0.00550299 -0.00266894 -0.00000022 -0.00000019

3 B -0.00404257 -0.00195883 0.00000010 -0.00000002
C -0.00243141 -0.00118055 0.00000000 -0.00000002

A -0.00097990 -0.00409130 -0.00225904 0.00251681

! B 0.00044484 0.00114949 -0.00280295 -0.00229735
C -0.00208084 -0.00083485 0.00018350 -0.00007869

A 0.01958668 0.01838266 -0.02282563 -0.01995715

5 B 0.00297121 -0.02275801 -0.00512969 0.02170997
C 0.00760295 -0.00089692 -0.00972517 -0.00012905

A -0.00211527 -0.00102347 0.00001595 0.00000381

6 B -0.00120032 -0.00061798 -0.00008479 -0.00000586
C -0.00134174 -0.00053931 -0.00002154 -0.00012125

7 A -0.00487149 -0.00233930 0.00001307 -0.00001494
B -0.00335621 -0.00163948 -0.00001252 0.00000503
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Node P?laad(}a) Q:”luad(hZ) Apglaud(hZ) AQ‘i’load(hZ)

C -0.00377361 -0.00183683 -0.00002108 -0.00000429

A -0.00170809 -0.00083449 0.00001364 0.00000975

8 B -0.00217198 -0.00106404 -0.00008632 -0.00000896

C -0.00346570 -0.00157314 -0.00001979 -0.00011338

A -0.00615315 -0.00300190 0.00000515 0.00001787

9 B -0.00613162 -0.00299417 -0.00006933 -0.00001273

C -0.00621861 -0.00291241 -0.00000748 -0.00009523

A -0.00169922 -0.00078361 0.00000477 -0.00004112

10 B -0.00192770 -0.00097713 0.00018096 0.00012871

C -0.00110972 -0.00073085 -0.00009896 0.00014057

A -0.00371790 -0.00176265 -0.00000089 -0.00003676

1 B -0.00305770 -0.00149489 -0.00003653 -0.00000232

C -0.00511216 -0.00247421 -0.00004581 -0.00002747

A 0.01621436 -0.00243217 -0.02107278 0.00007794

12 B -0.00052920 -0.00158659 -0.00283952 -0.00004787

C -0.00378775 -0.01265181 -0.00000694 0.01081068

A -0.00218323 -0.00101846 -0.00000606 -0.00004619

13 B -0.00212808 -0.00108696 -0.00009278 0.00001396

C -0.00290950 -0.00146133 -0.00012625 -0.00001438

A -0.00154423 -0.00073187 -0.00000027 -0.00001788

14 B -0.00127923 -0.00061382 -0.00000588 -0.00001002

C -0.00189144 -0.00089852 -0.00000590 -0.00001502

A -0.00217144 -0.00102779 -0.00001785 -0.00003686

15 B -0.00194482 -0.00098266 -0.00007641 0.00000948

C -0.00316056 -0.00156186 -0.00010006 -0.00001223

A -0.00388442 -0.00184547 0.00000068 -0.00004392

16 B -0.00424017 -0.00209675 -0.00007678 0.00001314

C -0.00353096 -0.00175779 -0.00010913 -0.00001306

A -0.00323541 -0.00157098 -0.00000354 -0.00000351

17 B -0.00202255 -0.00097360 0.00000131 0.00000041

C -0.00227630 -0.00109604 -0.00000052 -0.00000021

A 0.01875872 -0.00223532 -0.02142786 0.00094574

18 B -0.00060458 -0.00101318 -0.00161628 -0.00005982

C -0.00516749 -0.01485018 0.00000953 0.01234850

A -0.00435501 -0.00207600 -0.00002357 -0.00003831

19 B -0.00409212 -0.00203352 -0.00008759 0.00001229

C -0.00504332 -0.00249011 -0.00011464 -0.00001157
Sixteenth: Determine max{|aPZ,qa "], |AQ70ea P |} = 0.0228 and
max{|A if’load(hl)|, |AQ{fload(h1)|} =0.0196 . Then, update voltage magnitudes,

|Vl-"(k1)| = |Vl-"(k0)| + WVia(hl) -A|Vi"(k0)|, and phase angles, 67V = §7*0 4 W(g?(hl) - A7 by
WVia(hl) and ng(hl) at equations (5.42) and (5.43) as shown in Table C.7. After that, renew WVl_g(hO) =

wsg " = 0.9 and go to STEP 3 of the power flow algorithm.
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Table C.7 The updated values

Node |V;-’(kl)| 8;’“‘”
A 1.04605245 0.01649314
) B 1.04881579 2.07815871
C 1.04619306 2.11110461
A 1.02249866 0.02276954
3 B 1.03182218 -2.08209052
C 1.04342582 2.11140287
A 1.04276213 0.03864461
! B 1.04828774 -2.05601286
C 1.04199674 2.13358970
A 1.00459947 0.10961878
5 B 1.01647823 -2.01753336
C 1.06065143 2.19400557
A 1.04206801 0.05872474
6 B 1.04994352 -2.03428072
C 1.03805100 2.15452192
A 1.05270547 0.08888279
7 B 1.06155383 -2.00327436
C 1.04460789 2.18286858
A 1.04093948 0.07510975
8 B 1.05139844 -2.01666730
C 1.03478996 2.17218634
A 1.03934425 0.08979719
9 B 1.05280607 -2.00130252
C 1.03224776 2.18835083
A 1.03880352 0.10085452
10 B 1.05456621 -1.98971515
C 1.03092744 2.20069985
A 1.03947187 0.10983935
11 B 1.05809932 -1.98057719
C 1.03239615 2.21127831
A 1.04156532 0.11317511
12 B 1.05958369 -1.97733560
C 1.03447664 2.21404232
A 1.04935436 0.12474355
13 B 1.06651601 -1.96393660
C 1.03682226 2.22588879
A 1.03688320 0.11296099
14 B 1.05873462 -1.97807326
C 1.03282716 2.21607093
A 1.04486003 0.11909008
15 B 106243166 -1.97075258
C 1.03567867 2.21979336
A 1.04971591 0.12871997
16 B 1.06538869 -1.96103658
C 1.03879769 2.22824114
A 1.03337453 0.11345106
17 B 1.05695281 -1.97844328
C 1.03125105 2.21629768
18 A 1.03530908 0.11600076

290
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291

Node |V;-’(k1)| PHG)
B 1.05994315 -1.97552138
C 1.03394637 2.22080043
A 1.04633183 0.12207892
19 B 1.063678743 -1.967467124
C 1.036161705 2.222665756

i,load

D) Via(kl) .
500D and Qf}oqa
i

(k1)

yo kD

L

570D are calculated from
13

equations (5.1), (5.2), (5.16), (5.17), (5.30) and (5.31) as shown Table C.8. AP, "" and AQ7),q*"

are calculated from equations (5.40) and (5.41) as shown Table C.8.

Table C.8 The calculated values

Node P:”load D ;’loud o AP:'rload D AQE’luad e

A -0.00516327 -0.00241395 -0.00002504 -0.00009023

5 B ~0.00213766 -0.00090205 -0.00002082 -0.00014600
C -0.00486280 -0.00226463 -0.00000002 -0.00008246

A -0.00550242 -0.00266858 -0.00000079 -0.00000055

3 B -0.00404250 -0.00195887 0.00000003 0.00000002
C -0.00243133 -0.00118066 -0.00000008 0.00000010

A -0.00309601 -0.00139423 -0.00014294 -0.00018026

! B -0.00229346 -0.00053076 -0.00006465 -0.00061710
C -0.00193196 -0.00075592 0.00003462 -0.00015762

A -0.02283031 -0.01939098 0.01959136 0.01781650

5 B -0.02157382 -0.01625677 0.01941534 0.01520872
C -0.00318872 -0.00109415 0.00106651 0.00006818

A -0.00186728 -0.00095434 -0.00023204 -0.00006533

6 B -0.00101704 -0.00059040 -0.00026806 -0.00003344
C -0.00110608 -0.00056334 -0.00025719 -0.00009722

A -0.00321329 -0.00234711 -0.00164513 -0.00000713

7 B -0.00174494 -0.00160476 -0.00162378 -0.00002969
C -0.00220305 -0.00186981 -0.00159164 0.00002868

A -0.00142627 -0.00077841 -0.00026818 -0.00004632

8 B -0.00194257 -0.00104656 -0.00031572 -0.00002644
C -0.00319579 -0.00159035 -0.00028970 -0.00009617

A -0.00613168 -0.00294415 -0.00001632 -0.00003988

9 B -0.00613240 -0.00298630 -0.00006854 -0.00002060
C -0.00619294 -0.00291013 -0.00003316 -0.00009751

A -0.00130017 -0.00079834 -0.00039427 -0.00002639

10 B -0.00151812 -0.00091456 -0.00022863 0.00006614
C -0.00081254 -0.00069369 -0.00039614 0.00010340

A -0.00282487 -0.00177415 -0.00089392 -0.00002526

11 B -0.00220786 -0.00146827 -0.00088637 -0.00002894
C -0.00428040 -0.00250257 -0.00087756 0.00000088

A -0.02026046 -0.00242675 0.01540204 0.00007251

12 B -0.00308676 -0.00161587 -0.00028197 -0.00001859
C -0.00382433 -0.00383486 0.00002964 0.00199374

A 0.00100274 -0.00104991 -0.00319203 -0.00001474

13 B 0.00092383 -0.00099402 -0.00314469 -0.00007898
C 0.00002826 -0.00155074 -0.00306401 0.00007503
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(k1)

Node PZloaa™" P AP 00a™Y AQ10ad
A -0.00154241 -0.00073469 -0.00000209 -0.00001507
14 B -0.00127982 -0.00061423 -0.00000529 -0.00000960
C -0.00189226 -0.00090404 -0.00000508 -0.00000950
A -0.00007376 -0.00105423 -0.00211553 -0.00001042
15 B 0.00007202 -0.00092697 -0.00209325 -0.00004621
C -0.00120806 -0.00161656 -0.00205256 0.00004246
A -0.00094507 -0.00187529 -0.00293866 -0.00001409
16 B -0.00143315 -0.00200976 -0.00288381 -0.00007386
C -0.00082296 -0.00184613 -0.00281713 0.00007528
A -0.00323708 -0.00157367 -0.00000187 -0.00000082
17 B -0.00202119 -0.00097295 -0.00000004 -0.00000024
C -0.00227701 -0.00109660 0.00000020 0.00000036
A -0.01830172 -0.00144613 0.01563259 0.00015655
18 B -0.00266356 -0.00106331 0.00044270 -0.00000969
C -0.00518809 -0.00491261 0.00003013 0.00241093
A -0.00194795 -0.00210911 -0.00243063 -0.00000520
19 B -0.00177713 -0.00196793 -0.00240259 -0.00005331
C -0.00280786 -0.00255620 -0.00235010 0.00005452

Eighteenth: The linear simultaneous equation (5.7) is solved directly by optimally ordered

triangular factorization and Gaussian elimination. The AS 1) and A|Vl~"(k1)| are obtained as shown

Table C.9.

(k1) (ho) (k1)
b o ao)l Wy AV
uses, iload

Nineteenth: For load and

QG’ (h0)
i,load

po kD)

o7

Pl ol )

6izr(k1) + W(hO) . A(Sf(kl)

67

Sf(kl) +W(h0) 'AS;T(kl)

are calculated from equations (5.44), (5.45), (5.55), (5.56),

(5.69) and (5.70) as shown in Table C.9. A if‘zoad(ho) and AQ{fload(ho) are calculated from equations

(5.40) and (5.41) as shown Table C.9.

Table C.9 The calculated values

Node A|V§'T(k1)| as7*Y Plioad" Qtoaa™” APg100a™” 8Q510aa™”

A 0.00649382 -0.00119277 -0.00502140 -0.00268582 -0.00016691 0.00018164

2 B -0.00059923 0.00526414 -0.00179235 -0.00086469 -0.00036612 -0.00018336
C -0.00239365 -0.00205429 -0.00487634 -0.00219614 0.00001352 -0.00015095

A 0.00665339 -0.00124003 -0.00550295 -0.00266892 -0.00000026 -0.00000021

3 B -0.00065842 0.00530047 -0.00404256 -0.00195883 0.00000009 -0.00000002
C -0.00242812 -0.00206724 -0.00243140 -0.00118056 -0.00000001 -0.00000001

A 0.01507662 -0.00312107 -0.00140624 -0.00359287 -0.00183271 0.00201839

4 B -0.00109946 0.01230312 -0.00009047 0.00077805 -0.00226763 -0.00192592
C -0.00568612 -0.00469158 -0.00205518 -0.00083486 0.00015784 -0.00007868

A 0.14483027 -0.08516060 0.01727894 0.01603619 -0.02051789 -0.01761068

5 B 0.04192176 0.14927464 -0.00231405 -0.02048753 0.00015557 0.01943948
C -0.00872022 0.00638522 0.00593754 -0.00092704 -0.00805975 -0.00009893

6 A 0.01866416 -0.00297305 -0.00208939 -0.00101620 -0.00000993 -0.00000347
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Node Alvf(k1)| asg*y Plioad"” Qtoaa™” APG100a™” AQ510aa™”

B -0.00211650 0.01416119 -0.00118995 -0.00061584 -0.00009516 -0.00000800

C -0.00761892 -0.00760551 -0.00132046 -0.00055253 -0.00004281 -0.00010803

A 0.01590815 -0.00429722 -0.00470455 -0.00234143 -0.00015387 -0.00001280

7 B -0.00441357 0.01294380 -0.00319625 -0.00163556 -0.00017247 0.00000111

C -0.00999378 -0.00849234 -0.00361849 -0.00184051 -0.00017620 -0.00000061

A 0.02244328 -0.00280367 -0.00167904 -0.00082799 -0.00001541 0.00000325

8 B -0.00293731 0.01617859 -0.00215712 -0.00106323 -0.00010117 -0.00000977

C -0.00952734 -0.01036520 -0.00344085 -0.00158497 -0.00004464 -0.00010155

A 0.02626883 -0.00269983 -0.00615051 -0.00299443 0.00000251 0.00001040

E 9 B -0.00369461 0.01824157 -0.00613786 -0.00299460 -0.00006309 -0.00001230
% C -0.01148765 -0.01307453 -0.00621670 -0.00292062 -0.00000940 -0.00008702
E A 0.02913310 -0.00269644 -0.00165944 -0.00078906 -0.00003500 -0.00003567
; 10 B -0.00421343 0.01979660 -0.00187126 -0.00095925 0.00012452 0.00011083
—8 C -0.01300557 -0.01507453 -0.00108911 -0.00071473 -0.00011957 0.00012445
— A 0.03209748 -0.00252707 -0.00363063 -0.00176723 -0.00008816 -0.00003218
('5D|- 11 B -0.00432588 0.02092158 -0.00297785 -0.00149258 -0.00011638 -0.00000463
2. C -0.01417515 -0.01648969 -0.00503488 -0.00247949 -0.00012308 -0.00002219
(:'I A 0.03141746 -0.00306278 0.01397843 -0.00242906 -0.01883685 0.00007483
§ 12 B -0.00453941 0.02073271 -0.00099567 -0.00159362 -0.00237305 -0.00004084
(.E C -0.01476849 -0.01649963 -0.00379176 -0.01027868 -0.00000293 0.00843755
B A 0.02933891 -0.00381045 -0.00186742 -0.00102582 -0.00032187 -0.00003883
:_ 13 B -0.00659724 0.01976622 -0.00183322 -0.00107655 -0.00038765 0.00000355
é' C -0.01643929 -0.01737188 -0.00262894 -0.00147143 -0.00040681 -0.00000429
g A 0.03576468 -0.00198293 -0.00154407 -0.00073380 -0.00000043 -0.00001595
L 14 B -0.00389148 0.02236563 -0.00127981 -0.00061476 -0.00000530 -0.00000908
é' C -0.01473173 -0.01769032 -0.00189205 -0.00090040 -0.00000529 -0.00001314
— A 0.03064342 -0.00348640 -0.00196664 -0.00103379 -0.00022264 -0.00003086
('_I; 15 B -0.00514890 0.02038828 -0.00175314 -0.00097640 -0.00026810 0.00000322
2 C -0.01546220 -0.01672065 -0.00297729 -0.00156829 -0.00028333 -0.00000580
N A 0.02891442 -0.00428185 -0.00359199 -0.00185246 -0.00029174 -0.00003693
§ 16 B -0.00663387 0.01968247 -0.00396774 -0.00208698 -0.00034922 0.00000336
§ C -0.01687596 -0.01728514 -0.00327125 -0.00176769 -0.00036884 -0.00000317
~ A 0.03588729 -0.00202617 -0.00323589 -0.00157157 -0.00000305 -0.00000292
; 17 B -0.00390660 0.02239367 -0.00202229 -0.00097349 0.00000106 0.00000031
.&.‘) C -0.01479243 -0.01768604 -0.00227641 -0.00109611 -0.00000040 -0.00000013
8 A 0.03940160 -0.00145005 0.01659939 -0.00214209 -0.01926852 0.00085251
= 18 B -0.00344525 0.02379635 -0.00094926 -0.00102333 -0.00127160 -0.00004967
_(i; C -0.01527942 -0.01888612 -0.00516840 -0.01264445 0.00001043 0.01014277
; A 0.03023433 -0.00370463 -0.00411973 -0.00208279 -0.00025884 -0.00003152
19 B -0.00548203 0.02021057 -0.00387154 -0.00202603 -0.00030817 0.00000479

C -0.01583262 -0.01683952 -0.00483297 -0.00249761 -0.00032499 -0.00000407

293

Twentieth: The elements of the Jacobian matrix (J;, J,, /5 and J,) are calculated from equations
(5.47)-(5.54), (5.57)-(5.68) and (5.71)-(5.78).
Twenty-first: The linear simultaneous equation (5.46) is solved directly by optimally ordered

triangular factorization and Gaussian elimination. The Awy,o*® and Aws¢("® are obtained as shown in

Table C.10.



LLE8GEBSET

—

_|
=
@
%)
%)
a1
o
~
=
N
w
~
N
N
[
=2
9]
)
@
=
-
)
=S
o
=]
-
-
@
o
<
N
N
o
~
N
ul
o
N
[
©
w
~
o
@
-
[
@

Q
o

equations (5.79) and (5.80) as shown in Table C.10.

Twenty-second: The new step-length values

W(zl)
13
(h1)

WSlg

=w

_ ,,(h0)
Wyo~ + Awye "0

(ho)

61'0- + Angf (hO)

Table C.10 The calculated values

294

are computed from

(h0)

(h0)

(1)

(1)

Node Awye Awse Wye Wse
A -0.91320023 -0.28872029 -0.01320023 0.61127971
5 B 249453181 -0.78845798 -1.59453181 0.11154202
C -0.52501585 -0.93091291 0.37498415 -0.03091291
A -0.91491320 -0.31371935 -0.01491320 0.58628065
3 B 236762661 -0.78949857 -1.46762661 0.11050143
C -0.52869473 -0.93184970 0.37130527 -0.03184970
A -0.91561853 -0.34898437 -0.01561853 0.55101563
! B -2.94135610 -0.79492082 -2.04135610 0.10507918
C 053245754 -0.94265918 0.36754246 -0.04265918
A -0.94435744 -0.61274819 -0.04435744 0.28725181
5 B 0.46113870 -0.83904978 1.36113870 0.06095022
C -1.33029109 2.72732718 -0.43029109 3.62732718
A -0.90385740 -0.22430953 -0.00385740 0.67569047
6 B -1.63053252 -0.80971623 -0.73053252 0.09028377
C -0.49044928 -0.80611344 0.40955072 0.09388656
A -1.02556334 032111765 -0.12556334 0.57888235
7 B -0.85073371 -0.86023493 0.04926629 0.03976507
C -0.44516958 -0.73686194 0.45483042 0.16313806
A -0.89050944 -0.09596046 0.00949056 0.80403954
8 B -1.22702798 -0.81477954 -0.32702798 0.08522046
C -0.46852480 -0.75275165 0.43147520 0.14724835
A -0.88025823 0.02717243 0.01974177 0.92717243
9 B -1.00720182 -0.81698492 -0.10720182 0.08301508
C -0.45530279 -0.72348273 0.44469721 0.17651727
A -0.87435576 0.10054464 0.02564424 1.00054464
10 B -0.89467668 -0.81773373 0.00532332 0.08226627
C -0.44882845 -0.70905607 045117155 0.19094393
A -0.86921101 0.19351617 0.03078899 1.09351617
11 B -0.82567309 -0.81624876 0.07432691 0.08375124
C -0.44526215 -0.70434320 045473785 0.19565680
A -0.87560215 0.04497353 0.02439785 0.94497353
12 B -0.76217146 -0.81939138 0.13782854 0.08060862
C -0.42907428 -0.70644597 0.47092572 0.19355403
A -0.93452180 -0.02756145 -0.03452180 0.87243855
13 B -0.56583535 -0.84863234 0.33416465 0.05136766
C -0.41449366 -0.67152406 0.48550634 0.22847594
A -0.85077664 0.45064999 0.04922336 1.35064999
14 B -0.86669768 -0.80705105 0.03330232 0.09294895
C -0.45124809 -0.70880840 0.44875191 0.19119160
A -0.89520544 -0.01921791 0.00479456 0.88078209
15 B -0.66606034 -0.82926093 0.23393966 0.07073907
C -0.41847476 -0.69601610 048152524 0.20398390
16 A -0.93482281 -0.11078975 -0.03482281 0.78921025
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Node vag(ho) Aws;’(ho) Wvg(hl) wa‘i,(hl)
B 055570681 -0.84743445 0.34429319 0.05256555
C -0.40759765 -0.67853319 0.49240235 0.22146681
A -0.85076536 0.42493470 0.04923464 1.32493470
17 B -0.86665712 -0.80702100 0.03334288 0.09297900
C -0.45191209 -0.70893232 0.44808791 0.19106768
A -0.83574213 0.89061806 0.06425787 1.79061806
18 B -0.91882435 -0.79905566 -0.01882435 0.10094434
C -0.45686346 -0.71270097 0.44313654 0.18729903
A -0.90595697 -0.04650681 -0.00595697 0.85349319
19 B -0.62429859 -0.83446800 0.27570141 0.06553200
C -0.41333481 -0.69068463 0.48666519 0.20931537
Via(kl) + W(fz_l) . A|Via(k1)|
Twenty-third: ~ For  load  buses, i"load(hl) K and
} 6f(k1) +W§21) _A(Sig(m)
1A
Via(kl) +W(f}71) ,AlVia(kl)|
0%aa™ " are calculated from equations (5.44), (5.45), (5.55), (5.56),
' Si”(kl) + ngll) -Adf(kl)

13

(5.69) and (5.70) as shown in Table C.11. A iﬂoad(hl) and AQi‘fload(hl) are calculated from equations

(5.40) and (5.41) as shown Table C.11.

Table C.11 The calculated values

(h1)

(h1)

1)

(h1)

Node Plioaa QZ1oaa AP 1oaq AQ710aa
A -0.00510738 -0.00263436 -0.00008093 0.00013018
2 B -0.00183366 -0.00102441 -0.00032482 -0.00002364
C -0.00482242 -0.00221898 -0.00004040 -0.00012811
A -0.00550302 -0.00266896 -0.00000019 -0.00000017
3 B -0.00404254 -0.00195883 0.00000007 -0.00000002
C -0.00243142 -0.00118056 0.00000001 -0.00000001
A -0.00215761 -0.00338370 -0.00108133 0.00180921
! B -0.00001491 -0.00114033 -0.00234320 -0.00000753
C -0.00167031 -0.00087959 -0.00022703 -0.00003395
A -0.02233084 -0.01626383 0.01909189 0.01468934
5 B 0.01102886 -0.00042118 -0.01318734 -0.00062687
C 0.00982219 -0.00129944 -0.01194440 0.00027347
A -0.00208870 -0.00101033 -0.00001061 -0.00000934
6 B -0.00124264 -0.00061399 -0.00004247 -0.00000985
C -0.00133966 -0.00062157 -0.00002361 -0.00003899
A -0.00465947 -0.00234950 -0.00019894 -0.00000474
7 B -0.00317190 -0.00163006 -0.00019682 -0.00000440
C -0.00360114 -0.00184335 -0.00019355 0.00000222
A -0.00168120 -0.00081741 -0.00001325 -0.00000732
8 B -0.00221371 -0.00106168 -0.00004458 -0.00001132
C -0.00346170 -0.00164959 -0.00002379 -0.00003694
A -0.00614384 -0.00298227 -0.00000416 -0.00000176
9 B -0.00617488 -0.00299389 -0.00002607 -0.00001300
C -0.00621982 -0.00297617 -0.00000628 -0.00003147
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Node P?laad(hl) Q:”luad(hl) AP?laud(hl) AQ‘i’load(hl)

A -0.00165931 -0.00082707 -0.00003513 0.00000234

10 B -0.00182149 -0.00088182 0.00007475 0.00003340

C -0.00116197 -0.00068610 -0.00004671 0.00009582

A -0.00365043 -0.00178323 -0.00006836 -0.00001618

1 B -0.00302331 -0.00149466 -0.00007092 -0.00000255

C -0.00508739 -0.00249573 -0.00007058 -0.00000595

A -0.01549246 -0.00237448 0.01063404 0.00002025

12 B -0.00198967 -0.00160019 -0.00137905 -0.00003426

C -0.00379929 -0.00586313 0.00000461 0.00402200

A -0.00167270 -0.00105149 -0.00051658 -0.00001316

13 B -0.00170677 -0.00105997 -0.00051409 -0.00001303

C -0.00253742 -0.00148122 -0.00049833 0.00000551

A -0.00154406 -0.00074026 -0.00000043 -0.00000949

14 B -0.00128216 -0.00062025 -0.00000295 -0.00000359

C -0.00189364 -0.00090629 -0.00000371 -0.00000724

A -0.00194715 -0.00105279 -0.00024213 -0.00001186

15 B -0.00178083 -0.00096759 -0.00024040 -0.00000560

C -0.00302636 -0.00157588 -0.00023426 0.00000179

A -0.00335968 -0.00187520 -0.00052406 -0.00001418

16 B -0.00379679 -0.00207043 -0.00052017 -0.00001319

C -0.00313425 -0.00177658 -0.00050584 0.00000572

A -0.00323641 -0.00157210 -0.00000254 -0.00000239

17 B -0.00202199 -0.00097338 0.00000076 0.00000020

C -0.00227669 -0.00109628 -0.00000013 0.00000003

A -0.01486698 -0.00137574 0.01219785 0.00008616

18 B -0.00082520 -0.00103472 -0.00139566 -0.00003828

C -0.00517777 -0.00580463 0.00001980 0.00330295

A -0.00405774 -0.00210139 -0.00032083 -0.00001292

19 B -0.00386272 -0.00201358 -0.00031699 -0.00000765

C -0.00484953 -0.00250441 -0.00030843 0.00000272
Twenty-fourth: Determine max{|A {”laad(hl)|, |Aleoad(h1)|} =0.0191 and

max{|A i‘_’,oad(ho) | |AQfload(hO) |} = 0.0205. After that, go to the next calculation.
Twenty-fifth: The elements of the Jacobian matrix (J;, J,, J3 and J,) are calculated from
equations (5.47)-(5.54), (5.57)-(5.68) and (5.71)-(5.78).
Twenty-sixth: The linear simultaneous equation (5.46) is solved directly by optimally ordered

triangular factorization and Gaussian elimination. The Awy,o ("1 and AWS{r(hl) are obtained as shown in

Table C.12.
W(ZZ) - WIE_}::D +AWV{’(h1)
Twenty-seventh: The new step-length values ' ' are computed
(r2) _ "D 4 Ay (1D
87 8¢ 8

from equations (5.79) and (5.80) as shown in Table C.12.
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Table C.12 The calculated values
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Node AWVE' (h1) AwrS'i’ (h1) WV:-’ (h2) wé"f (h2)
A 0.96862606 -0.17154179 0.95542583 0.43973792
2 B 2.94596168 0.43655920 1.35142987 0.54810122
C 0.27617537 1.29808238 0.65115952 1.26716946
A 0.97159232 -0.11769522 0.95667912 0.46858544
3 B 2.75972695 0.44143771 1.29210034 0.55193914
C 0.28697854 1.29543089 0.65828380 1.26358119
A 0.97328513 -0.06167235 0.95766660 0.48934328
! B 3.60161641 0.44386283 1.56026031 0.54894200
C 0.29526849 1.32721661 0.66281095 1.28455743
A 0.94553129 0.45403911 0.90117385 0.74129092
5 B -1.09170696 0.21274028 0.26943174 0.27369050
C 1.12523055 -3.57591219 0.69493946 0.05141499
A 0.99226586 -0.22020014 0.98840846 0.45549033
6 B 2.07239466 0.53637140 1.34186214 0.62665518
C 0.28231731 1.16813897 0.69186803 1.26202552
A 1.13005827 0.04688716 1.00449493 0.62576952
7 B 1.10732638 0.56120081 1.15659267 0.60096587
C 0.30094125 1.07395677 0.75577167 1.23709483
A 0.99862121 038611412 1.00811178 0.41792541
8 B 1.60406448 0.60388130 1.27703649 0.68910176
C 0.27933555 1.11085560 0.71081074 1.25810395
A 1.00210389 -0.53438404 1.02184566 0.39278840
9 B 1.34730902 0.65547151 1.24010720 0.73848659
C 0.28148291 1.08179534 0.72618012 1.25831261
A 1.00413210 -0.60877665 1.02977634 0.39176799
10 B 1.21707572 0.68672149 1.22239904 0.76898776
C 0.28541408 1.06913245 0.73658563 1.26007638
A 1.00294882 -0.69991674 1.03373781 0.39359943
11 B 1.11829935 0.70605117 1.19262626 0.78980240
C 0.28979804 1.07914206 0.74453589 1.27479887
A 1.01019376 -0.49155469 1.03459161 0.45341884
12 B 1.07175738 0.70430333 1.20958592 0.78491196
C 0.28276630 1.07834510 0.75369202 1.27189913
A 1.08002827 -0.27650831 1.04550647 0.59593023
13 B 0.77998207 0.72967400 1.11414672 0.78104166
C 0.29191715 1.03360152 0.77742349 1.26207746
A 0.98523446 -1.07145253 1.03445782 0.27919746
14 B 1.15543444 0.71738768 1.18873676 0.81033663
C 0.29283244 1.09887512 0.74158435 1.29006672
A 1.03267635 -0.35795008 1.03747091 0.52283201
15 B 0.95082786 0.71129618 1.18476752 0.78203524
C 0.28356118 1.06544271 0.76508641 1.26942661
A 1.08161155 -0.18064563 1.04678874 0.60856462
16 B 0.78467319 0.72482575 1.12896639 0.77739130
C 0.28896324 1.03866401 0.78136559 1.26013083
A 0.98514537 -1.02940326 1.03438001 0.29553143
17 B 1.15342903 0.71757509 1.18677190 0.81055409
C 0.29420841 1.09881729 0.74229631 1.28988497
18 A 0.97079658 -1.70398698 1.03505445 0.08663107
B 1.20317493 0.72728665 1.18435058 0.82823098
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Node AwyehD Aw e (MD) wye (1) wso(12)
C 0.29604590 1.11631327 0.73918244 1.30361230
A 1.04505146 -0.30121204 1.03909449 0.55228115
19 B 0.89740236 0.71500714 1.17310377 0.78053914
C 0.28397036 1.05871515 0.77063555 1.26803053
k1 h2 k1
(hz) Vio'( ) + W‘E'a' ) . A|]/LO'( )|
Twenty-eighth: ~ For  load  buses, Cload ' and
boa soKD 4 (12 | p co (1)
i T Wso i
k1 h2 k1
. ViO'( ) +W[E-,0') Alvla'( )|
leoad( ) : are calculated from equations (5.44), (5.45), (5.55), (5.56),

(5.69) and (5.70) as shown in Table C.13. AP,

i,load

s74Y +wl? - asg Y

L

(5.40) and (5.41) as shown Table C.13.

(h2)

Table C.13 The calculated values

and AQ{fload(hz) are calculated from equations

Node Pglaad ") Q;”load ") Apglaad h2) AQ?luad ")

A -0.00519827 -0.00252599 0.00000996 0.00002181

5 B -0.00200709 -0.00109271 -0.00015139 0.00004466
C -0.00479054 -0.00222870 -0.00007228 -0.00011838

A -0.00550301 -0.00266893 -0.00000020 -0.00000020

3 B -0.00404252 -0.00195883 0.00000005 -0.00000002
C -0.00243142 -0.00118058 0.00000001 0.00000001

A -0.00276020 -0.00273626 -0.00047875 0.00116177

! B -0.00178308 -0.00139394 -0.00057503 0.00024608
C -0.00182055 -0.00109313 -0.00007679 0.00017960

A 0.02050407 0.01889010 -0.02374302 -0.02046459

5 B -0.01934983 -0.00216708 0.01719136 0.00111904
C 0.00009288 -0.00091996 -0.00221510 -0.00010602

A -0.00208926 -0.00100319 -0.00001005 -0.00001648

6 B -0.00121497 -0.00061850 -0.00007013 -0.00000534
C -0.00131068 -0.00059381 -0.00005260 -0.00006675

A -0.00461707 -0.00234618 -0.00024135 -0.00000805

7 B -0.00312793 -0.00163112 -0.00024080 -0.00000333
C -0.00355652 -0.00184285 -0.00023816 0.00000173

A -0.00168113 -0.00081177 -0.00001332 -0.00001297
8 B -0.00218560 -0.00106570 -0.00007269 -0.00000730
C -0.00343393 -0.00162286 -0.00005156 -0.00006367

A -0.00614357 -0.00297811 -0.00000443 -0.00000592

9 B -0.00615048 -0.00299397 -0.00005046 -0.00001293
C -0.00619872 -0.00295039 -0.00002738 -0.00005725

A -0.00162465 -0.00085405 -0.00006979 0.00002932

10 B -0.00184410 -0.00087283 0.00009736 0.00002441
C -0.00114607 -0.00073381 -0.00006261 0.00014353

A -0.00364535 -0.00178196 -0.00007344 -0.00001745

11 B -0.00301323 -0.00149844 -0.00008101 0.00000123
C -0.00507229 -0.00249455 -0.00008567 -0.00000713

12 A 0.01614575 -0.00244182 -0.02100417 0.00008759
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Node P?laad(hZ) Q:”luad(hZ) Apgluud(hZ) AQ‘i’load(hZ)

B -0.00024198 -0.00156464 -0.00312674 -0.00006981

C -0.00381172 -0.00388167 0.00001704 0.00204054

A -0.00162008 -0.00104326 -0.00056921 -0.00002140

13 B -0.00164840 -0.00106253 -0.00057246 -0.00001048

C -0.00247651 -0.00147957 -0.00055924 0.00000385

A -0.00154302 -0.00073861 -0.00000148 -0.00001115

14 B -0.00127774 -0.00061810 -0.00000737 -0.00000574

C -0.00188585 -0.00090121 -0.00001150 -0.00001233

A -0.00193754 -0.00104638 -0.00025175 -0.00001827

15 B -0.00176722 -0.00097011 -0.00025401 -0.00000308

C -0.00300964 -0.00157536 -0.00025098 0.00000127

A -0.00330355 -0.00186658 -0.00058018 -0.00002280

16 B -0.00373605 -0.00207293 -0.00058090 -0.00001069

C -0.00307098 -0.00177510 -0.00056911 0.00000425

A -0.00323556 -0.00157124 -0.00000339 -0.00000325

17 B -0.00202199 -0.00097348 0.00000076 0.00000029

C -0.00227662 -0.00109648 -0.00000019 0.00000024

A 0.01864754 -0.00166213 -0.02131667 0.00037255

18 B 0.00022568 -0.00099589 -0.00244654 -0.00007711

C -0.00518760 -0.00505591 0.00002963 0.00255422

A -0.00404518 -0.00209378 -0.00033339 -0.00002053

19 B -0.00384579 -0.00201630 -0.00033392 -0.00000493

C -0.00482931 -0.00250341 -0.00032866 0.00000173
Twenty-ninth: Determine max{|APgoaq ™|, |AQ710ea "]} = 0.0237 and
max{|A i‘_’load(hl)|, |AQ{fload(h1)|} =0.0191 . Then, update voltage magnitudes,

|Vf(k2)| = |VL~”(k1)| + WVia(hl) -A|Vi"(k1)|, and phase angles, 672 = 57V 4 wslq(hl) 087K | by
wyo (1) and WVia(hl) at equations (5.42) and (5.43) as shown in Table C.14. After that, renew wyo (h0) —

wys " = 0.8 and go to STEP 3 of the power flow algorithm.

Table C.14 The updated values

Node |,,g<k2>| 5702
A 1.04596673 0.01576402
5 B 1.04977129 2.07757154
C 1.04529548 2.11116812
A 1.02239944 0.02204254
3 B 1.03278850 -2.08150481
C 1.04252425 2.11146871
A 1.04252666 0.03692485
! B 1.05053213 -2.05472005
C 1.03990685 2.13378984
A 0.99817517 0.08515624
5 B 107353956 -2.00843504
C 1.06440367 2.21716685
6 A 1.04199602 0.05671588
B 1.05148969 -2.03300219




LLE8GEBSET

—

_|
=
@
%)
%)
a1
o
~
=
N
w
~
N
N
[
=2
9]
)
@
=
-
)
=S
o
=]
-
-
@
o
<
N
N
o
~
N
ul
o
N
[
©
w
~
o
@
-
[
@

Q
o

Node |V;-’(k2)| 5902
C 1.03493066 2.15380786
A 1.05070799 0.08639521
7 B 1.06133639 -2.00275965
C 1.04006241 2.18148316
A 1.04115247 0.07285549
8 B 1.05235902 -2.01528856
C 1.03067915 2.17066008
A 1.03986285 0.08729398
9 B 1.05320213 -1.99978819
C 1.02713923 2.18604295
A 1.03955061 0.09815662
10 B 1.05454378 -1.98808655
C 1.02505969 2.19782146
A 1.04046011 0.10707596
11 B 1.05777779 -1.97882498
C 1.02595017 2.20805199
A 1.04233184 0.11028086
12 B 1.05895803 -1.97566437
C 1.02752178 2.21084875
A 1.04834152 0.12141917
13 B 1.06431145 -1.96292125
C 1.02884088 2.22191973
A 1.03864366 0.11028275
14 B 1.05860503 -1.97599440
C 1.02621627 2.21268869
A 1.04500695 0.11601932
15 B 1.06122713 -1.96931033
C 1.02823323 2.21638262
A 1.04870903 0.12534069
16 B 1.06310469 -1.96000196
C 1.03048792 2.22441305
A 1.03514143 0.11076652
17 B 1.05682255 -1.97636114
C 1.02462274 2.21291845
A 1.03784094 0.11340426
18 B 1.06000801 -1.97311928
C 1.02717551 2.21726308
A 1.04615172 0.11891704
19 B 1.062167339 -1.966142685
C 1.028456518 2.219140986
o &) Vio(kz) *2) ia(kz)
Thirtieth: For load buses, P{jyqq 5002 and Q71pq4 5002
L L

300

are calculated from

equations (5.1), (5.2), (5.16), (5.17), (5.30) and (5.31) as shown Table C.15. AP ** and AQ?*® are
calculated from equations (5.40) and (5.41) as shown in Table C.15.
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Table C.15 The calculated values

301

Node ¥ ioad P AP 100" 8QZ100a™”

A -0.00510738 -0.00263436 -0.00008093 0.00013018

5 B ~0.00183366 -0.00102441 -0.00032482 -0.00002364
C -0.00482242 -0.00221898 -0.00004040 -0.00012811

A -0.00550302 -0.00266896 -0.00000019 -0.00000017

3 B -0.00404254 -0.00195883 0.00000007 -0.00000002
C -0.00243142 -0.00118056 0.00000001 -0.00000001

A -0.00215761 -0.00338370 -0.00108133 0.00180921

! B -0.00001491 -0.00114033 -0.00234320 -0.00000753
C -0.00167031 -0.00087959 -0.00022703 -0.00003395

A -0.02233084 -0.01626383 0.01909189 0.01468934

5 B 0.01102886 -0.00042118 -0.01318734 -0.00062687
C 0.00982219 -0.00129944 -0.01194440 0.00027347

A -0.00208870 -0.00101033 -0.00001061 -0.00000934

6 B -0.00124264 -0.00061399 -0.00004247 -0.00000985
C -0.00133966 -0.00062157 -0.00002361 -0.00003899

A -0.00465947 -0.00234950 -0.00019894 -0.00000474

7 B -0.00317190 -0.00163006 -0.00019682 -0.00000440
C -0.00360114 -0.00184335 -0.00019355 0.00000222

A -0.00168120 -0.00081741 -0.00001325 -0.00000732

8 B -0.00221371 -0.00106168 -0.00004458 -0.00001132
C -0.00346170 -0.00164959 -0.00002379 -0.00003694

A -0.00614384 -0.00298227 -0.00000416 -0.00000176

9 B -0.00617488 -0.00299389 -0.00002607 -0.00001300
C -0.00621982 -0.00297617 -0.00000628 -0.00003147

A -0.00165931 -0.00082707 -0.00003513 0.00000234

10 B -0.00182149 -0.00088182 0.00007475 0.00003340
C -0.00116197 -0.00068610 -0.00004671 0.00009582

A -0.00365043 -0.00178323 -0.00006836 -0.00001618

11 B -0.00302331 -0.00149466 -0.00007092 -0.00000255
C -0.00508739 -0.00249573 -0.00007058 -0.00000595

A -0.01549246 -0.00237448 0.01063404 0.00002025

12 B -0.00198967 -0.00160019 -0.00137905 -0.00003426
C -0.00379929 -0.00586313 0.00000461 0.00402200

A -0.00167270 -0.00105149 -0.00051658 -0.00001316

13 B -0.00170677 -0.00105997 -0.00051409 -0.00001303
C -0.00253742 -0.00148122 -0.00049833 0.00000551

A -0.00154406 -0.00074026 -0.00000043 -0.00000949

14 B -0.00128216 -0.00062025 -0.00000295 -0.00000359
C -0.00189364 -0.00090629 -0.00000371 -0.00000724

A -0.00194715 -0.00105279 -0.00024213 -0.00001186

15 B -0.00178083 -0.00096759 -0.00024040 -0.00000560
C -0.00302636 -0.00157588 -0.00023426 0.00000179

A -0.00335968 -0.00187520 -0.00052406 -0.00001418

16 B -0.00379679 -0.00207043 -0.00052017 -0.00001319
C -0.00313425 -0.00177658 -0.00050584 0.00000572

A -0.00323641 -0.00157210 -0.00000254 -0.00000239

17 B -0.00202199 -0.00097338 0.00000076 0.00000020
C -0.00227669 -0.00109628 -0.00000013 0.00000003

8 A -0.01486698 -0.00137574 0.01219785 0.00008616
B -0.00082520 -0.00103472 -0.00139566 -0.00003828
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(k2)

(k2)

Node PZloaa® P AP{10aa AQ10ad
C -0.00517777 -0.00580463 0.00001980 0.00330295
A -0.00405774 -0.00210139 -0.00032083 -0.00001292
19 B -0.00386272 -0.00201358 -0.00031699 -0.00000765
C -0.00484953 -0.00250441 -0.00030843 0.00000272

Thirty-first: The linear simultaneous equation (5.7) is solved directly by optimally ordered

triangular factorization and Gaussian elimination. The A5 *2) and A|Vi"(k2)| are obtained as shown

Table C.16.

a(k2) (ho) | o (k2)
o (ho) Vi Wy Alv; |

i,load and

Thirty-second: For load  buses,

leoad

(h0)

yok2)

13

Sl ol

Sg(kz) n ngzo) A 6{,—(k2)

L

579 +w” - as7*?

are calculated from equations (5.44), (5.45), (5.55), (5.56),

(5.69) and (5.70) as shown in Table C.16. A iﬂoad(ho) and AQi‘fload(ho) are calculated from equations

(5.40) and (5.41) as shown Table C.16.

Table C.16 The calculated values

Node A|V‘i7(k2)| Aag(kz) glnud(hO) leuud(hO) Apg,loud(ho) Aleaad(hO)

A 0.00629008 0.00020461 -0.00517847 -0.00254415 -0.00000984 0.00003996

2 B -0.00176532 0.00229811 -0.00199657 -0.00107192 -0.00016190 0.00002388
C -0.00066107 -0.00266663 -0.00480848 -0.00224566 -0.00005434 -0.00010142

A 0.00646439 0.00014595 -0.00550304 -0.00266897 -0.00000016 -0.00000016

3 B -0.00181707 0.00233983 -0.00404251 -0.00195883 0.00000005 -0.00000002
C -0.00069682 -0.00267797 -0.00243142 -0.00118057 0.00000001 0.00000000

A 0.01467385 0.00019248 -0.00271993 -0.00267903 -0.00051901 0.00110455

! B -0.00395984 0.00546090 -0.00152062 -0.00130480 -0.00083748 0.00015694
C -0.00167893 -0.00622675 -0.00180322 -0.00102132 -0.00009413 0.00010779

A 0.13694156 -0.03866624 0.01567724 0.01497124 -0.01891619 -0.01654573

5 B -0.04576628 0.03175673 -0.01739966 -0.00095543 0.01524118 -0.00009262
C -0.00981226 -0.02283298 0.00033292 -0.00101321 -0.00245513 -0.00001276

A 0.01851981 0.00065467 -0.00209216 -0.00100737 -0.00000716 -0.00001230

6 B -0.00438622 0.00759566 -0.00123306 -0.00061861 -0.00005204 -0.00000523
C -0.00215095 -0.00888429 -0.00132627 -0.00061007 -0.00003701 -0.00005048

A 0.01797714 -0.00020148 -0.00467924 -0.00234814 -0.00017918 -0.00000609

7 B -0.00488726 0.00726407 -0.00318955 -0.00163182 -0.00017917 -0.00000263
C -0.00300754 -0.00912040 -0.00361764 -0.00184231 -0.00017705 0.00000118

A 0.02241234 0.00108254 -0.00168525 -0.00081528 -0.00000920 -0.00000945

8 B -0.00471163 0.00976995 -0.00220474 -0.00106645 -0.00005356 -0.00000655
C -0.00266132 -0.01151424 -0.00344965 -0.00163860 -0.00003584 -0.00004792

A 0.02632410 0.00144275 -0.00614431 -0.00297986 -0.00000369 -0.00000417

9 B -0.00497778 0.01195683 -0.00616338 -0.00299606 -0.00003756 -0.00001083
C -0.00323358 -0.01414396 -0.00620733 -0.00296466 -0.00001877 -0.00004298

A 0.02925348 0.00164153 -0.00164675 -0.00084511 -0.00004770 0.00002037

10 B -0.00512806 0.01359475 -0.00182783 -0.00087186 0.00008109 0.00002344
C -0.00371197 -0.01611667 -0.00116254 -0.00070246 -0.00004614 0.00011218
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Node Alvf(k2)| a5y Plioad"” Qtoaa™” APG100a™” AQ510aa™”

A 0.03219213 0.00176874 -0.00367163 -0.00178583 -0.00004716 -0.00001359

11 B -0.00483763 0.01477170 -0.00304125 -0.00149862 -0.00005298 0.00000141
C -0.00410793 -0.01779472 -0.00510168 -0.00249635 -0.00005628 -0.00000533

A 0.03173772 0.00150553 0.01215869 -0.00242000 -0.01701711 0.00006576

12 B -0.00486515 0.01460212 -0.00097824 -0.00158274 -0.00239048 -0.00005171
C -0.00417603 -0.01779229 -0.00380634 -0.00389983 0.00001165 0.00205871

A 0.03168685 0.00105362 -0.00181085 -0.00104825 -0.00037844 -0.00001640

13 B -0.00514573 0.01442290 -0.00183717 -0.00106628 -0.00038370 -0.00000672
C -0.00479891 -0.01795560 -0.00266087 -0.00147702 -0.00037488 0.00000131

A 0.03523660 0.00212461 -0.00154346 -0.00074076 -0.00000104 -0.00000900

14 B -0.00449635 0.01604482 -0.00127980 -0.00061945 -0.00000531 -0.00000438
C -0.00431393 -0.01943945 -0.00188924 -0.00090419 -0.00000810 -0.00000935

A 0.03164473 0.00124796 -0.00202252 -0.00105075 -0.00016676 -0.00001391

15 B -0.00489572 0.01450210 -0.00185173 -0.00097142 -0.00016951 -0.00000176
C -0.00438448 -0.01781489 -0.00309304 -0.00157437 -0.00016758 0.00000028

A 0.03127417 0.00077350 -0.00349527 -0.00187193 -0.00038847 -0.00001745

16 B -0.00520542 0.01426636 -0.00392503 -0.00207669 -0.00039192 -0.00000692
C -0.00487653 -0.01795345 -0.00325605 -0.00177242 -0.00038404 0.00000156

A 0.03535420 0.00208574 -0.00323627 -0.00157194 -0.00000268 -0.00000255

17 B -0.00450598 0.01606914 -0.00202187 -0.00097341 0.00000064 0.00000022
C -0.00435206 -0.01943372 -0.00227667 -0.00109640 -0.00000015 0.00000016

A 0.03825094 0.00247087 0.01464011 -0.00158893 -0.01730924 0.00029935

18 B -0.00414524 0.01730676 -0.00035066 -0.00101575 -0.00187020 -0.00005725
C -0.00452341 -0.02108282 -0.00518062 -0.00475556 0.00002265 0.00225387

A 0.03159644 0.00111588 -0.00415610 -0.00209867 -0.00022248 -0.00001564

19 B -0.00491959 0.01445070 -0.00395551 -0.00201818 -0.00022420 -0.00000306
C -0.00449600 -0.01782825 -0.00493720 -0.00250207 -0.00022077 0.00000039

Thirty-third: The elements of the Jacobian matrix (J;, /5, /3 and J,) are calculated from
equations (5.47)-(5.54), (5.57)-(5.68) and (5.71)-(5.78).
Thirty-fourth: The linear simultaneous equation (5.46) is solved directly by optimally ordered

triangular factorization and Gaussian elimination. The Awy,o (h0) and AWS{r(hO) are obtained as shown in

Table C.17.
w(ﬁl) — Wyfro) + AWV;’(hO)
Thirty-fifth: The new step-length values ' ' are computed from
(h1) _  (hO) + Aw .o (B0
s T Ve? i

equations (5.79) and (5.80) as shown in Table C.17.

Table C.17 The calculated values

Node Awys 0 Aw o0 wys (A w g MD)
A -0.65786488 -0.70580099 0.14213512 0.09419901
2 B -0.83802289 -0.44569304 -0.03802289 0.35430696
C -0.58402723 -0.53842102 0.21597277 0.26157898
A -0.65875253 -0.71742527 0.14124747 0.08257473
3 B -0.83539992 -0.45038003 -0.03539992 0.34961997
C -0.59059293 -0.54113775 0.20940707 0.25886225
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(ho)

(h0)

(h1)

(h1)

Node Awye Awge Wye Wi
A -0.65784017 -0.73254523 0.14215983 0.06745477
! B -0.85796434 -0.45081988 -0.05796434 0.34918012
C -0.58104112 -0.53743327 0.21895888 0.26256673
A -0.81381708 -0.68127777 -0.01381708 0.11872223
5 B -1.41984769 -0.30941150 -0.61984769 0.49058850
C -0.13007010 -0.90840256 0.66992990 -0.10840256
A -0.61297923 -0.23423060 0.18702077 0.56576940
6 B -0.74884008 -0.47354146 0.05115992 0.32645854
C -0.65294032 -0.48847915 0.14705968 0.31152085
A -0.61920886 -1.66620978 0.18079114 -0.86620978
7 B -0.71972425 -0.47863647 0.08027575 0.32136353
C -0.60294646 -0.48794911 0.19705354 0.31205089
A -0.58284766 -0.15279206 021715234 0.64720794
8 B 066234677 -0.48435448 0.13765323 0.31564552
C -0.69247485 -0.46112897 0.10752515 0.33887103
A -0.56134352 -0.10738509 0.23865648 0.69261491
9 B -0.58793784 -0.49010246 0.21206216 0.30989754
C -0.71242780 -0.44333136 0.08757220 0.35666864
A -0.54879987 -0.07095326 0.25120013 0.72904674
10 B -0.53739918 -0.49260376 0.26260082 0.30739624
C -0.71851565 -0.43338403 0.08148435 0.36661597
A -0.54115559 -0.07168271 0.25884441 0.72831729
1 B -0.50914108 -0.49392341 0.29085892 0.30607659
C -0.70722474 -0.43159215 0.09277526 0.36840785
A -0.53889355 0.05442285 0.26110645 0.85442285
12 B -0.48121829 -0.49392852 0.31878171 0.30607148
C -0.71963453 -0.42021896 0.08036547 0.37978104
A -0.54323835 0.22219912 0.25676165 1.02219912
13 B -0.49778848 -0.49546591 0.30221152 0.30453409
C -0.66556776 -0.43065509 0.13443224 0.36934491
A -0.53438542 -0.12095956 0.26561458 0.67904044
14 B -0.47956665 -0.49451727 0.32043335 0.30548273
C -0.70947202 -0.43029664 0.09052798 0.36970336
A -0.53938740 0.17055993 0.26061260 0.97055993
15 B -0.47862607 -0.49438032 0.32137393 0.30561968
C -0.70549924 -0.41992667 0.09450076 0.38007333
A 054105453 0.58108691 0.25894547 1.38108691
16 B -0.47132282 -0.49554614 0.32867718 0.30445386
C -0.67581421 -0.41943291 0.12418579 0.38056709
A -0.53450497 -0.11276343 0.26549503 0.68723657
17 B -0.48002818 -0.49472792 0.31997182 0.30527208
C -0.70846557 -0.43045009 0.09153443 0.36954991
A -0.52863491 -0.15569319 0.27136509 0.64430681
18 B -0.44496151 -0.49490860 0.35503849 0.30509140
C -0.71090844 -0.42912688 0.08909156 0.37087312
A -0.53968845 0.25076472 0.26031155 1.05076472
19 B -0.47716301 -0.49464733 0.32283699 0.30535267
C -0.69846521 -0.41978072 0.10153479 0.38021928
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Thirty-sixth: For

(h1)

A

6{7(k2) L w®D A

&7

V_O'(kz) + Wy;_l) . Al‘/za(k2)|
i

load buses,

6{)‘(](2)

(5.69) and (5.70) as shown in Table C.18. AP,
(5.40) and (5.41) as shown Table C.18.

(h1)

*2) L (D) | plyo(k2)
VIt wye - AV

574D + wig? - nsg*?
i

305

and

are calculated from equations (5.44), (5.45), (5.55), (5.56),

and AQ{fload(hl) are calculated from equations

Table C.18 The calculated values

Node Pglaad D gload D AP?laad "0 AQ?luad D

A 000519424 -0.00251365 0.00000593 0.00000947

5 B -0.00211462 -0.00107285 -0.00004386 0.000024381
C -0.00483912 -0.00231392 -0.00002370 -0.00003316

A -0.00550312 -0.00266904 -0.00000009 -0.00000009

3 B -0.00404248 -0.00195884 0.00000002 -0.00000001
C -0.00243142 -0.00118057 0.00000000 0.00000000

A -0.00295361 -0.00225161 -0.00028534 0.00067712

! B -0.00211456 -0.00125579 -0.00024354 0.00010793
C -0.00186615 -0.00106375 -0.00003120 0.00015022

A -0.02232867 -0.01747612 0.01908973 0.01590163

5 B 0.01943308 -0.00182255 -0.02159155 0.00077450
C -0.00196252 -0.00095685 -0.00015969 -0.00006912

A -0.00208981 -0.00102077 -0.00000950 0.00000110

6 B -0.00126685 -0.00061525 -0.00001825 -0.00000859
C -0.00135466 -0.00064844 -0.00000862 -0.00001212

A -0.00474779 -0.00235145 -0.00011063 -0.00000278

7 B -0.00326044 -0.00163269 -0.00010829 -0.00000177
C -0.00368754 -0.00184233 -0.00010715 0.00000120

A -0.00168363 -0.00082574 -0.00001082 0.00000100

8 B -0.00223923 -0.00106363 -0.00001906 -0.00000937
C -0.00347638 -0.00167505 -0.00000911 -0.00001147

A -0.00614363 -0.00298661 -0.00000437 0.00000258

9 B -0.00619141 -0.00299762 -0.00000954 -0.00000928
C -0.00622589 -0.00299797 -0.00000021 -0.00000967

A -0.00167821 -0.00082721 -0.00001624 0.00000248

10 B -0.00176193 -0.00085437 0.00001519 0.00000595
C -0.00118853 -0.00061564 -0.00002015 0.00002536

A -0.00367795 -0.00179382 -0.00004084 -0.00000559

11 B -0.00305298 -0.00149460 -0.00004125 -0.00000261
C -0.00511698 -0.00249938 -0.00004098 -0.00000231

A -0.01160748 -0.00235423 0.00674907 0.00000000

12 B -0.00283661 -0.00162422 -0.00053211 -0.00001024
C -0.00379260 -0.00301653 -0.00000209 0.00117540

A -0.00188425 -0.00105926 -0.00030504 -0.00000539

13 B -0.00192158 -0.00106606 -0.00029928 -0.00000694
C -0.00274491 -0.00148016 -0.00029084 0.00000445

4 A -0.00154382 -0.00074756 -0.00000067 -0.00000219
B -0.00128360 -0.00062138 -0.00000151 -0.00000246
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Node P?laad(hl) Q:”luad(hl) Apglaud(hl) AQ‘i’load(hl)

C -0.00189576 -0.00091086 -0.00000158 -0.00000267

A -0.00205345 -0.00105953 -0.00013584 -0.00000513

15 B -0.00188775 -0.00097031 -0.00013348 -0.00000288

C -0.00312998 -0.00157560 -0.00013064 0.00000150

A -0.00357693 -0.00188363 -0.00030680 -0.00000575

16 B -0.00401690 -0.00207664 -0.00030006 -0.00000697

C -0.00334769 -0.00177550 -0.00029239 0.00000464

A -0.00323797 -0.00157353 -0.00000098 -0.00000096

17 B -0.00202149 -0.00097325 0.00000026 0.00000006

C -0.00227677 -0.00109629 -0.00000004 0.00000005

A -0.01081512 -0.00130441 0.00814599 0.00001483

18 B -0.00177568 -0.00105867 -0.00044518 -0.00001433

C -0.00515973 -0.00390238 0.00000177 0.00140070

A -0.00419986 -0.00210876 -0.00017871 -0.00000555

19 B -0.00400489 -0.00201736 -0.00017482 -0.00000387

C -0.00498724 -0.00250392 -0.00017072 0.00000223
Thirty-seventh: Determine max{|aP%a "] |AQ70ea ™[} = 0.0216 and
max{|A if',oad(ho)|, |AQ{fload(h0)|} =0.0189 . Then, update voltage magnitudes,

Ve ® | = [ve | + wye "0 - A|ve®*?|, and phase angles, 57" = 57 + weg ("0 - A87%D | by
wye " and wye ") at equations (5.42) and (5.43) as shown in Table C.19. After that, renew wy,o"® =

WVi"(hO) = 0.7 and go to STEP 3 of the power flow algorithm.

Table C.19 The updated values

Node |V;-’(k3)| 8;'("3)
A 1.05099879 0.01592771
By B 1.04835903 207573305
C 1.04476663 2.10903481
A 1.02757095 0.02215929
3 B 1.03133484 -2.07963294
C 1.04196679 2.10932634
A 1.05426574 0.03707884
! B 1.04736426 -2.05035133
C 1.03856370 2.12880845
A 1.10772842 0.05422325
5 B 1.03692654 -1.98302966
C 1.05655386 2.19890046
A 1.05681187 0.05723961
6 B 1.04798071 -2.02692566
C 1.03320990 2.14670043
A 1.06508970 0.08623402
7 B 1.05742658 -1.99694839
C 1.03765638 2.17418683
A 1.05908234 0.07372152
8 B 1.04858971 -2.00747260
C 1.02855009 2.16144869




LLE8GEBSET

—

_|
=
@
%)
%)
a1
o
~
=
N
w
~
N
N
[
=2
9]
)
@
=
-
)
=S
o
=]
-
-
@
o
<
N
N
o
~
N
ul
o
N
[
©
w
~
o
@
-
[
@

Q
o

Thirty-eighth: For load buses, P7,44

equations (5.1), (5.2), (5.16), (5.17), (5.30) and (5.31) as shown Table C.20. A

Node |V;-’(k3)| 590
A 1.06092212 0.08844818
9 B 1.04921991 -1.99022273
C 1.02455237 2.17472778
A 1.06295339 0.09946984
10 B 1.05044133 -1.97721075
C 1.02209011 2.18492812
A 1.06621382 0.10849095
1 B 1.05390769 -1.96700762
C 1.02266383 2.19381621
A 1.06772201 0.11148528
12 B 1.05506591 -1.96398267
C 1.02418095 2.19661492
A 1.07369100 0.12226207
13 B 1.06019487 -1.95138294
C 1.02500175 2.20755525
A 1.06683294 0.11198244
14 B 1.05500795 -1.96315854
C 1.02276513 2.19713713
A 1.07032274 0.11701769
15 B 1.05731055 -1.95770865
C 1.02472565 2.20213071
A 1.07372836 0.12595949
16 B 1.05894036 -1.94858887
C 1.02658670 2.21005029
A 1.06342479 0.11243511
17 B 1.05321776 -1.96350583
C 1.02114109 2.19737147
A 1.06844169 0.11538096
18 B 1.05669182 -1.95927386
C 1.02355678 2.20039682
A 1.07142887 0.11980974
19 B 1.05823167 -1.95458213
C 1.02485972 2.20487838

(k3)

yo®3)
and Qi(,;load

(k3)

are calculated from equations (5.40) and (5.41) as shown Table C.20.

Table C.20 The calculated values

307

are calculated from

k3 k3
¢ )andAleoad( )

(k3)

k3 k3 k3
Node Pi”load( ) ;rluud( ) Apgload( ) AQE,luad
A -0.00517847 -0.00254415 -0.00000984 0.00003996
2 B -0.00199657 -0.00107192 -0.00016190 0.00002388
C -0.00480848 -0.00224566 -0.00005434 -0.00010142
A -0.00550304 -0.00266897 -0.00000016 -0.00000016
3 B -0.00404251 -0.00195883 0.00000005 -0.00000002
C -0.00243142 -0.00118057 0.00000001 0.00000000
4 A -0.00271993 -0.00267903 -0.00051901 0.00110455
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Node PZloaa™” I AP 00a™® AQ10aa™”

B -0.00152062 -0.00130480 -0.00083748 0.00015694

C -0.00180322 -0.00102132 -0.00009413 0.00010779

A 0.01567724 0.01497124 -0.01891619 -0.01654573

5 B -0.01739966 -0.00095543 0.01524118 -0.00009262
C 0.00033292 -0.00101321 -0.00245513 -0.00001276

A -0.00209216 -0.00100737 -0.00000716 -0.00001230

6 B -0.00123306 -0.00061861 -0.00005204 -0.00000523
C -0.00132627 -0.00061007 -0.00003701 -0.00005048

A -0.00467924 -0.00234814 -0.00017918 -0.00000609

7 B -0.00318955 -0.00163182 -0.00017917 -0.00000263
C -0.00361764 -0.00184231 -0.00017705 0.00000118

A -0.00168525 -0.00081528 -0.00000920 -0.00000945

8 B -0.00220474 -0.00106645 -0.00005356 -0.00000655
C -0.00344965 -0.00163860 -0.00003584 -0.00004792

A -0.00614431 -0.00297986 -0.00000369 -0.00000417

9 B -0.00616338 -0.00299606 -0.00003756 -0.00001083
C -0.00620733 -0.00296466 -0.00001877 -0.00004298

A -0.00164675 -0.00084511 -0.00004770 0.00002037

10 B -0.00182783 -0.00087186 0.00008109 0.00002344
C -0.00116254 -0.00070246 -0.00004614 0.00011218

A -0.00367163 -0.00178583 -0.00004716 -0.00001359

1 B -0.00304125 -0.00149862 -0.00005298 0.00000141
C -0.00510168 -0.00249635 -0.00005628 -0.00000533

A 0.01215869 -0.00242000 -0.01701711 0.00006576

12 B -0.00097824 -0.00158274 -0.00239048 -0.00005171
C -0.00380634 -0.00389983 0.00001165 0.00205871

A -0.00181085 -0.00104825 -0.00037844 -0.00001640

13 B -0.00183717 -0.00106628 -0.00038370 -0.00000672
C -0.00266087 -0.00147702 -0.00037488 0.00000131

A -0.00154346 -0.00074076 -0.00000104 -0.00000900

14 B -0.00127980 -0.00061945 -0.00000531 -0.00000438
C -0.00188924 -0.00090419 -0.00000810 -0.00000935

A -0.00202252 -0.00105075 -0.00016676 -0.00001391

15 B -0.00185173 -0.00097142 -0.00016951 -0.00000176
C -0.00309304 -0.00157437 -0.00016758 0.00000028

A -0.00349527 -0.00187193 -0.00038847 -0.00001745

16 B -0.00392503 -0.00207669 -0.00039192 -0.00000692
C -0.00325605 -0.00177242 -0.00038404 0.00000156

A -0.00323627 -0.00157194 -0.00000268 -0.00000255

17 B -0.00202187 -0.00097341 0.00000064 0.00000022
C -0.00227667 -0.00109640 -0.00000015 0.00000016

A 0.01464011 -0.00158893 -0.01730924 0.00029935

18 B -0.00035066 -0.00101575 -0.00187020 -0.00005725
C -0.00518062 -0.00475556 0.00002265 0.00225387

A -0.00415610 -0.00209867 -0.00022248 -0.00001564

19 B -0.00395551 -0.00201818 -0.00022420 -0.00000306
C -0.00493720 -0.00250207 -0.00022077 0.00000039
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Thirty-ninth: The linear simultaneous equation (5.7) is solved directly by optimally ordered
triangular factorization and Gaussian elimination. The A§7 *3) and A|VL-”(k3)| are obtained as shown

Table C.21.

Ve 4y |yt
. i v i
Fortieth: For load buses, load (rO) . L o ;
879D +w(” - as7 ™
12

Vio—(kg) + W‘EZO) . Al]/lo'(k3)| .
. ’ho . are calculated from equations (5.44), (5.45), (5.55), (5.56),
574 + wi? - asg ™

(5.69) and (5.70) as shown in Table C.21. A iﬂoad(ho) and AQ{fload(hO) are calculated from equations

(5.40) and (5.41) as shown Table C.21.

Table C.21 The calculated values

Node Alvf(k3)| 287" Ploaa " ftoaa " APf1oea™” 8Q10aa"”

A -0.00413802 -0.00014441 -0.00518827 -0.00252082 -0.00000004 0.00001663

2 B 0.00147938 -0.00102425 -0.00208843 -0.00106736 -0.00007005 0.00001931
C 0.00038608 0.00143577 -0.00483491 -0.00230042 -0.00002791 -0.00004667

A -0.00425843 -0.00010471 -0.00550312 -0.00266904 -0.00000009 -0.00000009

3 B 0.00151798 -0.00105381 -0.00404249 -0.00195884 0.00000002 -0.00000001
C 0.00041154 0.00144915 -0.00243142 -0.00118057 0.00000000 0.00000000

A -0.00965305 -0.00014100 -0.00294179 -0.00223802 -0.00029715 0.00066353

! B 0.00339740 -0.00246188 -0.00198773 -0.00124736 -0.00037038 0.00009950
C 0.00097553 0.00334646 -0.00185362 -0.00101955 -0.00004372 0.00010601

A -0.11144538 0.02634245 -0.01760117 0.00379753 0.01436223 -0.00537202

5 B 0.06498114 -0.00982590 0.01452565 -0.00155047 -0.01668413 0.00050243
C 0.00127628 0.02074154 -0.00130994 -0.00098807 -0.00081227 -0.00003790

A -0.01135226 -0.00015334 -0.00209218 -0.00101651 -0.00000713 -0.00000316

6 B 0.00328458 -0.00359686 -0.00126025 -0.00061804 -0.00002486 -0.00000580
C 0.00140444 0.00433979 -0.00134764 -0.00063947 -0.00001564 -0.00002109

A -0.01113160 0.00033572 -0.00474679 -0.00235104 -0.00011163 -0.00000319
7 B 0.00351748 -0.00347685 -0.00325846 -0.00163271 -0.00011027 -0.00000174
C 0.00181339 0.00445029 -0.00368566 -0.00184215 -0.00010903 0.00000102

A -0.01306298 -0.00016540 -0.00168595 -0.00082235 -0.00000850 -0.00000238
8 B 0.00312073 -0.00473212 -0.00223248 -0.00106640 -0.00002581 -0.00000660
C 0.00184290 0.00530955 -0.00346986 -0.00166650 -0.00001563 -0.00002003

A -0.01477686 -0.00015493 -0.00614474 -0.00298405 -0.00000325 0.00000003
9 B 0.00292663 -0.00586007 -0.00618501 -0.00299910 -0.00001593 -0.00000780
C 0.00230369 0.00627046 -0.00622036 -0.00299001 -0.00000573 -0.00001763

A -0.01605430 -0.00011647 -0.00167138 -0.00083194 -0.00002306 0.00000721

10 B 0.00275581 -0.00669683 -0.00177774 -0.00085824 0.00003099 0.00000982
C 0.00266711 0.00698471 -0.00118426 -0.00063625 -0.00002442 0.00004597
A -0.01742095 -0.00012679 -0.00368183 -0.00179252 -0.00003696 -0.00000689
11 B 0.00246304 -0.00729609 -0.00305544 -0.00149621 -0.00003880 -0.00000100
C 0.00290523 0.00768006 -0.00511839 -0.00249895 -0.00003957 -0.00000273

A -0.01710325 0.00008193 -0.00876425 -0.00237392 0.00390583 0.00001969

12 B 0.00234120 -0.00721240 -0.00240798 -0.00161394 -0.00096074 -0.00002051
C 0.00300522 0.00747666 -0.00379718 -0.00305682 0.00000249 0.00121570
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Node Alvf(k3)| as7*® Plioad"” Qtoaa™” APG100a™” AQ510aa™”

A -0.01721351 0.00023411 -0.00190730 -0.00105715 -0.00028199 -0.00000751

13 B 0.00256148 -0.00714605 -0.00194094 -0.00106704 -0.00027992 -0.00000596
C 0.00319400 0.00773267 -0.00276323 -0.00147874 -0.00027252 0.00000303

A -0.01882992 -0.00025699 -0.00154386 -0.00074598 -0.00000064 -0.00000378

14 B 0.00215630 -0.00793444 -0.00128278 -0.00062132 -0.00000233 -0.00000252
C 0.00306061 0.00836473 -0.00189414 -0.00090942 -0.00000321 -0.00000411

A -0.01706877 0.00021285 -0.00206383 -0.00105797 -0.00012546 -0.00000668

15 B 0.00234322 -0.00716955 -0.00189647 -0.00097099 -0.00012477 -0.00000219
C 0.00309325 0.00748095 -0.00313809 -0.00157510 -0.00012253 0.00000101

A -0.01692103 0.00044947 -0.00359826 -0.00188138 -0.00028548 -0.00000801

16 B 0.00245343 -0.00706964 -0.00403458 -0.00207759 -0.00028237 -0.00000602
C 0.00329563 0.00753027 -0.00336440 -0.00177405 -0.00027569 0.00000320

A -0.01889700 -0.00023520 -0.00323766 -0.00157325 -0.00000128 -0.00000124

17 B 0.00216300 -0.00794985 -0.00202155 -0.00097328 0.00000032 0.00000010
C 0.00308328 0.00836525 -0.00227675 -0.00109631 -0.00000006 0.00000007

A -0.02022078 -0.00038470 -0.00818688 -0.00138655 0.00551775 0.00009697

18 B 0.00184447 -0.00856527 -0.00144828 -0.00104883 -0.00077258 -0.00002417
C 0.00321573 0.00904721 -0.00516566 -0.00387988 0.00000769 0.00137820

A -0.01705223 0.00027982 -0.00421280 -0.00210692 -0.00016578 -0.00000739

19 B 0.00234745 -0.00714800 -0.00401580 -0.00201810 -0.00016392 -0.00000314
C 0.00314030 0.00748396 -0.00499745 -0.00250315 -0.00016052 0.00000147

Forty-first: The elements of the Jacobian matrix (J;, J, /5 and J,) are calculated from equations
(5.47)-(5.54), (5.57)-(5.68) and (5.71)-(5.78).
Forty-second: The linear simultaneous equation (5.46) is solved directly by optimally ordered

triangular factorization and Gaussian elimination. The Awyo (h0) and AWSET(hO) are obtained as shown in

Table C.22.
W(i‘,l) — W]Eﬁo) + AWVL-‘T(hO)
Forty-third: The new step-length values ' ' are computed from
(1) _  (hO) (h0)
Wso ' =W~ + Awso
L L

equations (5.79) and (5.80) as shown in Table C.22.

Table C.22 The calculated values

Node Awys O Aw o0 wys "D wer M)
A 038350109 -19.97614659 0.31649891 -19.27614659
5 B -1.78462208 0.09051822 -1.08462208 0.79051822
C 1.43830854 -1.55363737 2.13830854 -0.85363737
A -0.38524390 -27.33308609 0.31475610 -26.63308609
3 B -1.75489508 0.07948911 -1.05489508 0.77948911
C 1.31500053 -1.52781574 2.01500053 -0.82781574
A -0.39876087 -47.26466959 030123913 -46.56466959
! B -1.81316154 0.02784136 -1.11316154 0.72784136
C 1.21624459 -1.57313693 1.91624459 -0.87313693
A 053532517 4.35481525 0.16467483 5.05481525
5 B -1.61334535 0.70390964 -0.91334535 1.40390964
C 4.44228287 -2.91506094 5.14228287 -2.21506094
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Node vag(ho) Aws;’(ho) Wvg(hl) wa‘i,(hl)
A -0.38839126 -41.62586520 0.31160874 -40.92586520
6 B -1.77167972 -0.18153969 -1.07167972 0.51846031
C 0.63836218 -1.30963076 1.33836218 -0.60963076
A -0.40398230 18.23071547 0.29601770 18.93071547
7 B -1.69007972 -0.22539449 -0.99007972 0.47460551
C 0.34086414 -1.27490890 1.04086414 -0.57490890
A 037824422 -36.94496322 0.32175578 -36.24496322
8 B -1.74398947 -0.28351769 -1.04398947 0.41648231
C 0.33775758 -1.14755106 1.03775758 -0.44755106
= A -0.36921728 -37.67419926 0.33078272 -36.97419926
% 9 B -1.72281028 034251431 -1.02281028 0.35748569
] C 0.15184308 -1.03627727 0.85184308 -0.33627727
= A -0.36347059 -48.28154778 0.33652941 -47.58154778
= 10 B -1.71491366 -0.37292252 -1.01491366 0.32707748
? C 0.05229183 -0.97375017 0.75229183 -0.27375017
= A 037097833 -43.40526275 0.32902167 -42.70526275
3 1 B -1.75149295 -0.40376212 -1.05149295 0.29623788
:’1 C -0.01958863 -0.93451389 0.68041137 -0.23451389
2 A -0.34431963 65.66555229 0.35568037 66.36555229
5 12 B -1.86141969 -0.38052923 -1.16141969 0.31947077
§ C -0.01063337 -0.93579680 0.68936663 -0.23579680
= A -0.36543106 22.62696583 0.33456894 23.32696583
% 13 B -1.76540139 -0.40373839 -1.06540139 0.29626161
E C -0.11200181 -0.93691493 0.58799819 -0.23691493
§ A -0.37784709 -21.19998907 0.32215291 -20.49998907
. 14 B -1.78778263 -0.42797920 -1.08778263 0.27202080
i C -0.05522400 -0.90159293 0.64477600 -0.20159293
= A -0.34383919 24.96778846 0.35616081 25.66778846
§ 15 B -1.87559582 -0.38219071 -1.17559582 0.31780929
;\; C -0.03706997 -0.93597763 0.66293003 -0.23597763
§ A -0.33888473 11.52910265 036111527 12.22910265
> 16 B -1.86277173 -0.38095549 -1.16277173 0.31904451
R C -0.09805275 -0.93713608 0.60194725 -0.23713608
© A 037746511 -23.12783814 0.32253489 2242783814
@ 17 B -1.78224341 -0.42746263 -1.08224341 0.27253737
o C -0.05750904 -0.90045790 0.64249096 -0.20045790
~ A -0.38386476 -14.01348370 031613524 -13.31348370
o 18 B -1.83926998 -0.44840929 -1.13926998 0.25159071
= C -0.08735918 -0.87405498 0.61264082 -0.17405498
< A 034343077 18.87014750 0.35656923 19.57014750
19 B -1.88170323 -0.38289470 -1.18170323 0.31710530
C -0.05056265 -0.93604020 0.64943735 -0.23604020

Via(k3) + W(’;-l) . A|Via(k3)|
Forty-fourth: For  load  buses, L-“Tload(hl) g and

8749 + wig? - ns "
L

V'U(k3) + W[E-,}:;'l) . A|VLO'(R3)|
i

Qfioad™
Lloa
579 +wigh - as7*®

are calculated from equations (5.44), (5.45), (5.55), (5.56),

L
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(5.69) and (5.70) as shown in Table C.23. A iﬂoad(hl) and AQifload(hl) are calculated from equations

(5.40) and (5.41) as shown Table C.23.

Table C.23 The calculated values

Node Pglaad D gload D AP?laad "0 AQ?luad D

A -0.00515785 -0.00233668 -0.00003047 -0.00016750

5 B -0.00218943 -0.00104174 0.00003095 -0.00000631
C -0.00476263 -0.00229678 -0.00010020 -0.00005030

A -0.00550319 -0.00266912 -0.00000002 -0.00000002

3 B -0.00404244 -0.00195883 -0.00000003 -0.00000002
C -0.00243140 -0.00118059 -0.00000001 0.00000002

A -0.00208558 0.00036257 -0.00115337 -0.00193706

! B -0.00266994 -0.00064996 0.00031183 -0.00049790
C -0.00106290 -0.00066884 -0.00083444 -0.00024470

A 0.01958092 -0.01493413 -0.02281987 0.01335964

5 B 002102113 -0.01912634 0.01886266 0.01807829
C 0.00108014 -0.00098710 -0.00320235 -0.00003887

A -0.00209696 -0.00102002 -0.00000236 0.00000035

6 B -0.00128426 -0.00061695 -0.00000084 -0.00000689
C -0.00136506 -0.00065823 0.00000178 -0.00000233

A -0.00485705 -0.00235371 -0.00000136 -0.00000052

7 B -0.00336684 -0.00163382 -0.00000188 -0.00000063
C -0.00379295 -0.00184066 -0.00000173 -0.00000047

A -0.00169218 -0.00082471 -0.00000227 -0.00000002

8 B -0.00225747 -0.00106606 -0.00000083 -0.00000694
C -0.00348716 -0.00168424 0.00000167 -0.00000228

A -0.00614583 -0.00298438 -0.00000217 0.00000035

9 B -0.00619973 -0.00300124 -0.00000121 -0.00000566
C -0.00622740 -0.00300579 0.00000131 -0.00000185

A -0.00168883 -0.00081739 -0.00000562 -0.00000734

10 B -0.00175897 -0.00084114 0.00001223 -0.00000728
C -0.00120491 -0.00059682 -0.00000377 0.00000654

A -0.00371769 -0.00179832 -0.00000110 -0.00000109

11 B -0.00309324 -0.00149460 -0.00000100 -0.00000261
C -0.00515712 -0.00250053 -0.00000085 -0.00000116

A -0.00018297 -0.00235018 -0.00467545 -0.00000406

12 B -0.00170163 -0.00162652 -0.00166709 -0.00000793
C -0.00379041 -0.00184555 -0.00000428 0.00000442

A -0.00218799 -0.00106335 -0.00000129 -0.00000131

13 B -0.00221788 -0.00107304 -0.00000298 0.00000004
C -0.00303273 -0.00147481 -0.00000302 -0.00000091

A -0.00154388 -0.00074968 -0.00000062 -0.00000008

14 B -0.00128459 -0.00062149 -0.00000051 -0.00000235
C -0.00189735 -0.00091267 0.00000001 -0.00000087

A -0.00218883 -0.00106359 -0.00000046 -0.00000106

15 B -0.00202021 -0.00097303 -0.00000103 -0.00000016
C -0.00325934 -0.00157365 -0.00000128 -0.00000044

A -0.00388399 -0.00188827 0.00000025 -0.00000111

16 B -0.00431554 -0.00208367 -0.00000141 0.00000005
C -0.00363873 -0.00176993 -0.00000135 -0.00000093
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Node P?laad(hl) Q:”luad(hl) AP?laud(hl) AQ‘i’load(hl)
A -0.00323881 -0.00157430 -0.00000013 -0.00000018
17 B -0.00202119 -0.00097320 -0.00000004 0.00000002
C -0.00227674 -0.00109628 -0.00000007 0.00000004
A 0.00429816 -0.00128939 -0.00696729 -0.00000019
18 B -0.00075348 -0.00106197 -0.00146738 -0.00001103
C -0.00515766 -0.00252723 -0.00000030 0.00002554
A -0.00437804 -0.00211316 -0.00000053 -0.00000115
19 B -0.00417835 -0.00202112 -0.00000136 -0.00000011
C -0.00515645 -0.00250114 -0.00000151 -0.00000054
. . h1 h1
Forty-fifth: Determine max{|A l-‘fload( )l, |Aleoad( )|} = 0.0228 and
ho ho .
max{|A i‘,’load( )|, |AQ{_’load( )|} =0.0167 . Then, update voltage magnitudes,

|Vi"(k4)| = |Vi"(k3)| + WVizr(hO) -All/i"(k3)|, and phase angles, 8f(k4) = Sf(k3) + ng(ho) -A(Sf(m), by
wyo ") and wyo ") at equations (5.42) and (5.43) as shown in Table C.24. After that, renew wye ("% =

ina(ho) = 0.6 and go to STEP 3 of the power flow algorithm.

Table C.24 The updated values

Node | V;;(H) | 5;7(144)
A 1.04810217 0.01582662
2 B 1.04939459 -2.07645003
C 1.04503689 2.11003985
A 1.02459005 0.02208600
3 B 1.03239743 -2.08037061
C 1.04225487 2.11034074
A 1.04750861 0.03698013
N B 1.04974244 -2.05207465
C 1.03924657 2.13115097
A 1.02971665 0.07266297
5 B 1.08241334 -1.98990779
C 1.05744725 221341954
A 1.04886528 0.05713227
6 B 1.05027991 -2.02944347
C 1.03419301 2.14973828
A 1.05729758 0.08646902
7 B 1.05988881 -1.99938219
C 1.03892575 2.17730204
A 1.04993826 0.07360573
8 B 1.05077423 -2.01078508
C 1.02984012 2.16516537
A 1.05057832 0.08833973
9 B 1.05126855 -1.99432478
C 1.02616495 2.17911710
A 1.05171538 0.09938831
10 B 1.05237040 -1.98189853
C 1.02395709 2.18981742
11 A 1.05401915 0.10840220
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Node |V;-’(k4) | PHG)
B 1.05563182 -1.97211488
C 1.02469749 2.19919226
A 1.05574974 0.11154263
12 B 1.05670475 -1.96903135
C 1.02628460 2.20184858
A 1.06164154 0.12242595
13 B 1.06198791 -1.95638517
C 1.02723755 2.21296812
A 1.05365199 0.11180254
14 B 1.05651736 -1.96871265
C 1.02490756 2.20299244
A 1.05837460 0.11716669
15 B 1.05895080 -1.96272734
C 1.02689092 2.20736737
A 1.06188364 0.12627412
16 B 1.06065776 -1.95353762
C 1.02889364 2.21532148
A 1.05019689 0.11227047
17 B 1.05473186 -1.96907073
C 1.02329939 2.20322714
A 1.05428715 0.11511167
18 B 1.05798295 -1.96526955
C 1.02580779 2.20672987
A 1.05949231 0.12000562
19 B 1.05987488 -1.95958573
C 1.02705793 2.21011715
ixth: o (VY o o [VEP
Forty-sixth: For load buses, P}j5q4 6{’““ and Q1544 6{’““

equations (5.1), (5.2), (5.16), (5.17), (5.30) and (5.31) as shown Table C.25. AP{,,4

are calculated from equations (5.40) and (5.41) as shown Table C.25.

Table C.25 The calculated values

314

are calculated from

k4
(k) and AQit,rload

(ke4)

Node Cload Cioad"? APZ e ™ 8Q510aa™”

A -0.00518827 -0.00252082 -0.00000004 0.00001663

2 B -0.00208843 -0.00106736 -0.00007005 0.00001931
C -0.00483491 -0.00230042 -0.00002791 -0.00004667

A -0.00550312 -0.00266904 -0.00000009 -0.00000009

3 B -0.00404249 -0.00195884 0.00000002 -0.00000001
C -0.00243142 -0.00118057 0.00000000 0.00000000

A -0.00294179 -0.00223802 -0.00029715 0.00066353

N B -0.00198773 -0.00124736 -0.00037038 0.00009950
C -0.00185362 -0.00101955 -0.00004372 0.00010601

A -0.01760117 0.00379753 0.01436223 -0.00537202

5 B 0.01452565 -0.00155047 -0.01668413 0.00050243
C -0.00130994 -0.00098807 -0.00081227 -0.00003790

6 A -0.00209218 -0.00101651 -0.00000713 -0.00000316
B -0.00126025 -0.00061804 -0.00002486 -0.00000580
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Node PZloaa ™ P AP 00a™® AQ10aa™”

C -0.00134764 -0.00063947 -0.00001564 -0.00002109

A -0.00474679 -0.00235104 -0.00011163 -0.00000319

7 B -0.00325846 -0.00163271 -0.00011027 -0.00000174

C -0.00368566 -0.00184215 -0.00010903 0.00000102

A -0.00168595 -0.00082235 -0.00000850 -0.00000238

8 B -0.00223248 -0.00106640 -0.00002581 -0.00000660

C -0.00346986 -0.00166650 -0.00001563 -0.00002003

A -0.00614474 -0.00298405 -0.00000325 0.00000003

9 B -0.00618501 -0.00299910 -0.00001593 -0.00000780

E C -0.00622036 -0.00299001 -0.00000573 -0.00001763
= A -0.00167138 -0.00083194 -0.00002306 0.00000721
E 10 B -0.00177774 -0.00085824 0.00003099 0.00000982
j C -0.00118426 -0.00063625 -0.00002442 0.00004597
- A -0.00368183 -0.00179252 -0.00003696 -0.00000689
? 11 B -0.00305544 -0.00149621 -0.00003880 -0.00000100
3 C -0.00511839 -0.00249895 -0.00003957 -0.00000273
3 A -0.00876425 -0.00237392 0.00390583 0.00001969
(:1 12 B -0.00240798 -0.00161394 -0.00096074 -0.00002051
2 C -0.00379718 -0.00305682 0.00000249 0.00121570
5 A -0.00190730 -0.00105715 -0.00028199 -0.00000751
§ 13 B -0.00194094 -0.00106704 -0.00027992 -0.00000596
= C -0.00276323 -0.00147874 -0.00027252 0.00000303
% A -0.00154386 -0.00074598 -0.00000064 -0.00000378
E 14 B -0.00128278 -0.00062132 -0.00000233 -0.00000252
§ C -0.00189414 -0.00090942 -0.00000321 -0.00000411
o A -0.00206383 -0.00105797 -0.00012546 -0.00000668
i 15 B -0.00189647 -0.00097099 -0.00012477 -0.00000219
= C -0.00313809 -0.00157510 -0.00012253 0.00000101
< A -0.00359826 -0.00188138 -0.00028548 -0.00000801
o 16 B -0.00403458 -0.00207759 -0.00028237 -0.00000602
§ C -0.00336440 -0.00177405 -0.00027569 0.00000320
o A -0.00323766 -0.00157325 -0.00000128 -0.00000124
R 17 B -0.00202155 -0.00097328 0.00000032 0.00000010
© C -0.00227675 -0.00109631 -0.00000006 0.00000007
2 A -0.00818688 -0.00138655 0.00551775 0.00009697
3 18 B -0.00144828 -0.00104883 -0.00077258 -0.00002417
~ C -0.00516566 -0.00387988 0.00000769 0.00137820
o A -0.00421280 -0.00210692 -0.00016578 -0.00000739
= 19 B -0.00401580 -0.00201810 -0.00016392 -0.00000314
2 C -0.00499745 -0.00250315 -0.00016052 0.00000147

Forty-seventh: The linear simultaneous equation (5.7) is solved directly by optimally ordered
triangular factorization and Gaussian elimination. The A§ %) and A|Vi"(k4)| are obtained as shown

Table C.26.
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leoad

(5.69) and (5.70) as shown in Table C.26. AP,

Forty-eighth:

For

load

o (k4) (h0) | o (k4)
(ho) Vi twye Alve ™

6;70(4) + W(ho) . A(Sio‘(k‘})

&7

(5.40) and (5.41) as shown Table C.26.

Table C.26 The calculated values

buses,

po ks

o (ho) )t
i,load

e AV

316

and

879D +wl? - asg ™Y
L

are calculated from equations (5.44), (5.45), (5.55), (5.56),

(h0)

and AQ{fload(ho) are calculated from equations

(ho)

(h0)

(h0)

(h0)

Node A |ViU(k4)| 287 Plioad QFtoaa APfoaa AQ%i0aa
A 0.00158694 0.00288484 -0.00517735 -0.00245058 -0.00001096 -0.00005360
2 B -0.00264013 -0.00009271 -0.00214163 -0.00105353 -0.00001685 0.00000549
C 0.00055530 -0.00223067 -0.00481563 -0.00231029 -0.00004719 -0.00003679
A 0.00164053 0.00286191 -0.00550316 -0.00266909 -0.00000004 -0.00000004
3 B -0.00266389 -0.00008377 -0.00404247 -0.00195884 0.00000000 -0.00000001
C 0.00054117 -0.00221404 -0.00243141 -0.00118058 0.00000000 0.00000001
A 0.00384926 0.00666445 -0.00271873 -0.00113919 -0.00052022 -0.00043530
! B -0.00616004 -0.00006854 -0.00232535 -0.00101148 -0.00003276 -0.00013638
C 0.00118648 -0.00526444 -0.00158159 -0.00086532 -0.00031576 -0.00004821
A 0.05965951 0.11471651 0.00849521 -0.00683422 -0.01173416 0.00525974
5 B -0.10483703 -0.00691654 -0.01561215 -0.01282813 0.01345367 0.01178008
C 0.00566961 -0.06046285 -0.00036946 -0.00100686 -0.00175275 -0.00001911
A 0.00440912 0.00638302 -0.00209561 -0.00101853 -0.00000370 -0.00000114
6 B -0.00581922 0.00065297 -0.00127486 -0.00061903 -0.00001025 -0.00000481
C 0.00089654 -0.00568353 -0.00135766 -0.00065128 -0.00000561 -0.00000927
A 0.00449697 0.00612033 -0.00481327 -0.00235277 -0.00004515 -0.00000146
7 B -0.00594482 0.00078366 -0.00332393 -0.00163353 -0.00004479 -0.00000093
C 0.00061812 -0.00567372 -0.00375044 -0.00184137 -0.00004424 0.00000024
A 0.00494100 0.00611082 -0.00169023 -0.00082377 -0.00000422 -0.00000096
8 B -0.00544253 0.00134164 -0.00224767 -0.00106785 -0.00001062 -0.00000515
C 0.00062245 -0.00609298 -0.00347984 -0.00167770 -0.00000565 -0.00000883
A 0.00545587 0.00583684 -0.00614592 -0.00298416 -0.00000208 0.00000014
9 B -0.00504202 0.00200716 -0.00619413 -0.00300174 -0.00000681 -0.00000516
C 0.00034980 -0.00649794 -0.00622427 -0.00299992 -0.00000182 -0.00000772
A 0.00583527 0.00562344 -0.00168320 -0.00082498 -0.00001125 0.00000025
10 B -0.00472598 0.00249740 -0.00176355 -0.00084972 0.00001681 0.00000130
C 0.00013947 -0.00680136 -0.00119755 -0.00061102 -0.00001113 0.00002074
A 0.00646280 0.00550325 -0.00370362 -0.00179627 -0.00001517 -0.00000315
11 B -0.00431399 0.00294588 -0.00307836 -0.00149587 -0.00001587 -0.00000134
C -0.00005691 -0.00717713 -0.00514184 -0.00250017 -0.00001612 -0.00000151
A 0.00588899 0.00538031 -0.00479959 -0.00236065 -0.00005882 0.00000642
12 B -0.00435795 0.00274453 -0.00228978 -0.00162339 -0.00107895 -0.00001107
C -0.00003196 -0.00699663 -0.00379414 -0.00232899 -0.00000055 0.00048787
A 0.00629035 0.00529728 -0.00207605 -0.00106118 -0.00011323 -0.00000347
13 B -0.00452205 0.00288514 -0.00210784 -0.00107063 -0.00011302 -0.00000237
C -0.00035773 -0.00724485 -0.00292568 -0.00147659 -0.00011007 0.00000088
14 A 0.00711483 0.00544823 -0.00154402 -0.00074822 -0.00000048 -0.00000154
B -0.00385500 0.00339578 -0.00128399 -0.00062198 -0.00000112 -0.00000185
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Node A |Via(k4)| A5f’(k4) Pfload ¢ leoad(h()) APfioaq o AQP10aa o

C -0.00016902 -0.00754158 -0.00189607 -0.00091158 -0.00000128 -0.00000196

A 0.00586891 0.00531444 -0.00213895 -0.00106160 -0.00005034 -0.00000305

15 B -0.00439493 0.00274014 -0.00197097 -0.00097225 -0.00005027 -0.00000094
C -0.00011467 -0.00700200 -0.00321116 -0.00157434 -0.00004946 0.00000024

A 0.00573428 0.00518198 -0.00376964 -0.00188578 -0.00011409 -0.00000360

16 B -0.00457019 0.00269322 -0.00420350 -0.00208123 -0.00011345 -0.00000239
C -0.00032315 -0.00705689 -0.00352933 -0.00177180 -0.00011076 0.00000094

A 0.00713296 0.00543956 -0.00323838 -0.00157393 -0.00000056 -0.00000056

17 B -0.00385499 0.00339826 -0.00202135 -0.00097323 0.00000011 0.00000005
C -0.00017732 -0.00753255 -0.00227676 -0.00109629 -0.00000005 0.00000004

A 0.00776205 0.00539096 -0.00264816 -0.00132831 -0.00002097 0.00003873

18 B -0.00339248 0.00384075 -0.00133486 -0.00105935 -0.00088600 -0.00001365
C -0.00028092 -0.00790776 -0.00516092 -0.00306214 0.00000296 0.00056046

A 0.00585626 0.00528031 -0.00431208 -0.00211094 -0.00006649 -0.00000337

19 B -0.00441720 0.00273693 -0.00411367 -0.00201994 -0.00006605 -0.00000129
C -0.00015878 -0.00700528 -0.00509322 -0.00250207 -0.00006474 0.00000039

Forty-ninth: The elements of the Jacobian matrix (J;, J,, /3 and J,) are calculated from
equations (5.47)-(5.54), (5.57)-(5.68) and (5.71)-(5.78).
Fifty-first: The linear simultaneous equation (5.46) is solved directly by optimally ordered

triangular factorization and Gaussian elimination. The Awyo*® and Awss"® are obtained as shown in

Table C.27.

Fifty-second: The new step-length values

W(ﬁl)

(ho

_ ) (h0)
=Wyo + AWVitT

wib — ,(ro) +AW5{"(hO)

equations (5.79) and (5.80) as shown in Table C.27.

o7

Table C.27 The calculated values

are computed from

(ho)

(h0)

(h1)

(h1)

Node Awyo Awge Wye Wse
A 0.22344426 -0.56017859 0.82344426 0.03982141
2 B 0.06119173 -28.61644775 0.66119173 -28.01644775
C -0.90031302 -0.08186152 -0.30031302 0.51813848
A 0.21559401 -0.55838565 0.81559401 0.04161435
3 B 0.07437706 -31.57384264 0.67437706 -30.97384264
C -0.89281562 -0.07833045 -0.29281562 0.52166955
A 0.19194785 -0.56930030 0.79194785 0.03069970
! B 0.03493590 -90.64244989 0.63493590 -90.04244989
C -0.97289497 -0.08571540 -0.37289497 0.51428460
A -0.04547275 -0.50686723 0.55452725 0.09313277
5 B -0.21238560 -17.26870340 0.38761440 -16.66870340
C -0.92969133 -0.19422698 -0.32969133 0.40577302
A 0.14264262 -0.58124160 0.74264262 0.01875840
6 B 0.06072191 9.32280739 0.66072191 9.92280739
C -1.06369482 -0.04593741 -0.46369482 0.55406259
- A 0.10450652 -0.59272592 0.70450652 0.00727408
B 0.03983943 7.66124992 0.63983943 8.26124992
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Node Awyr (h0) Awgg (ho) Wvg(hl) Ws ‘i,(m)
C -1.58150434 -0.04929495 -0.98150434 0.55070505
A 0.10959151 -0.59406044 0.70959151 0.00593956
8 B 0.09442140 4.45258425 0.69442140 5.05258425
C -1.21803460 -0.01001559 -0.61803460 0.58998441
A 0.08526435 -0.60859323 0.68526435 -0.00859323
9 B 0.13668928 2.92349262 0.73668928 3.52349262
C -1.62219589 0.02274019 -1.02219589 0.62274019
A 0.07030209 -0.62153758 0.67030209 -0.02153758
10 B 0.17356517 2.31999110 0.77356517 2.91999110
= C -3.08416988 0.04533573 -2.48416988 0.64533573
% A 0.05276772 -0.63112126 0.65276772 -0.03112126
] 11 B 0.20637767 1.95684018 0.80637767 2.55684018
= C 6.29846601 0.06323527 6.89846601 0.66323527
= A 0.05197743 -0.63786385 0.65197743 -0.03786385
? 12 B 0.22956346 2.08011877 0.82956346 2.68011877
= C 10.54795625 0.06781111 11.14795625 0.66781111
3 A 0.03382861 -0.65077451 0.63382861 -0.05077451
‘:1 13 B 0.19460996 1.97936644 0.79460996 2.57936644
2 C 1.17896421 0.06492397 1.77896421 0.66492397
5 A 0.04375259 -0.63593489 0.64375259 -0.03593489
§ 14 B 0.25330522 1.69447471 0.85330522 2.29447471
= C 1.61496935 0.07935808 2.21496935 0.67935808
% A 0.04569559 -0.64287141 0.64569559 -0.04287141
E 15 B 0.22396861 2.07742200 0.82396861 2.67742200
§ C 3.06089770 0.06791060 3.66089770 0.66791060
. A 0.03093923 -0.65589235 0.63093923 -0.05589235
i 16 B 0.21798820 2.10044578 0.81798820 2.70044578
= C 1.21488348 0.06944812 1.81488348 0.66944812
§ A 0.04344111 -0.63579185 0.64344111 -0.03579185
;\; 17 B 0.25599839 1.69171532 0.85599839 2.29171532
§ C 1.50399982 0.07968081 2.10399982 0.67968081
P A 0.03633292 -0.64149019 0.63633292 -0.04149019
R 18 B 0.31234982 1.49593488 0.91234982 2.09593488
© C 0.67670670 0.09398857 1.27670670 0.69398857
9 A 0.04236492 -0.64548207 0.64236492 -0.04548207
S 19 B 0.22141842 2.07655904 0.82141842 2.67655904
~ C 2.25557958 0.06801747 2.85557958 0.66801747
o
2
o

o (k4) (h1) | o (k4)
an )0 T W Ayl

Sig(m) n W(gi;n A Sig(m)
15

Fifty-third: For load buses, P?, and

i,load

V_O'(k4) + W[E-Z'l) . A|VLO'(k4’)|
i

Qfi0ad "]
Lloa
s74Y +w - asg ™

L

(5.69) and (5.70) as shown in Table C.28. A iﬂoad(hl) and AQifload(hl) are calculated from equations

(5.40) and (5.41) as shown Table C.28.

are calculated from equations (5.44), (5.45), (5.55), (5.56),
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Table C.28 The calculated values

319

Node P:"load (D Q;”load @D AP?load D AQ?load D

A 000512421 -0.00250763 -0.00006410 0.00000345

5 B -0.00207525 -0.00098915 -0.00008323 -0.00005890
C -0.00485148 -0.00232308 -0.00001134 -0.00002401

A -0.00550319 -0.00266913 -0.00000002 0.00000000

3 B -0.00404247 -0.00195883 0.00000000 -0.00000002
C -0.00243141 -0.00118057 0.00000000 0.00000000

A -0.00245066 -0.00155917 -0.00078828 -0.00001531

! B -0.00089499 0.00001476 -0.00146312 -0.00116262
C -0.00181076 -0.00053208 -0.00008659 -0.00038145

A -0.00487145 -0.00122112 0.00163251 -0.00035337

5 B -0.00030391 -0.02626894 -0.00185456 0.02522089
C 0.00162214 -0.00135184 -0.00374436 0.00032587

A -0.00209893 -0.00101950 -0.00000039 -0.00000017

6 B -0.00128497 -0.00062366 -0.00000013 -0.00000018
C -0.00136272 -0.00066066 -0.00000056 0.00000011

A -0.00485709 -0.00235417 -0.00000132 -0.00000007

7 B -0.00336737 -0.00163458 -0.00000136 0.00000012
C -0.00379350 -0.00184104 -0.00000119 -0.00000009

A -0.00169411 -0.00082459 -0.00000034 -0.00000014

8 B -0.00225814 -0.00107294 -0.00000015 -0.00000006
C -0.00348492 -0.00168666 -0.00000057 0.00000013

A -0.00614761 -0.00298379 -0.00000039 -0.00000023

9 B -0.00620092 -0.00300665 -0.00000003 -0.00000025
C -0.00622559 -0.00300777 -0.00000051 0.00000013

A -0.00169325 -0.00082147 -0.00000120 -0.00000326

10 B -0.00174872 -0.00084588 0.00000197 -0.00000254
C -0.00120920 -0.00058999 0.00000052 -0.00000030

A -0.00371859 -0.00179945 -0.00000020 0.00000003

1 B -0.00309398 -0.00149732 -0.00000026 0.00000011
C -0.00515776 -0.00250167 -0.00000021 -0.00000001

A -0.00484187 -0.00235187 -0.00001655 -0.00000236

12 B -0.00331432 -0.00163263 -0.00005440 -0.00000183
C -0.00379571 -0.00185363 0.00000102 0.00001251

A -0.00218757 -0.00106451 -0.00000172 -0.00000014

13 B -0.00221899 -0.00107327 -0.00000187 0.00000027
C -0.00303430 -0.00147563 -0.00000145 -0.00000008

A -0.00154445 -0.00074972 -0.00000005 -0.00000003

14 B -0.00128509 -0.00062385 -0.00000001 0.00000001
C -0.00189720 -0.00091359 -0.00000014 0.00000006

A -0.00218859 -0.00106464 -0.00000070 -0.00000002

15 B -0.00202042 -0.00097335 -0.00000081 0.00000017
C -0.00326007 -0.00157403 -0.00000055 -0.00000006

A -0.00388155 -0.00188924 -0.00000219 -0.00000015

16 B -0.00431465 -0.00208386 -0.00000231 0.00000024
C -0.00363821 -0.00177077 -0.00000187 -0.00000008

A -0.00323890 -0.00157449 -0.00000004 0.00000000

17 B -0.00202122 -0.00097313 -0.00000001 -0.00000005
C -0.00227681 -0.00109623 0.00000000 -0.00000001

8 A -0.00265569 -0.00128807 -0.00001344 -0.00000151
B -0.00211363 -0.00107169 -0.00010723 -0.00000131
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h1 h1 h1 h1

Node Pfi0aa ™ Q7100a™” APy ™ AQ7100a™

C -0.00515853 -0.00250627 0.00000056 0.00000459

A -0.00437758 -0.00211426 -0.00000099 -0.00000005

19 B -0.00417862 -0.00202139 -0.00000109 0.00000016

C -0.00515719 -0.00250160 -0.00000078 -0.00000008

. . h1 h1
Fifty-fourth: Determine max{|A i“fload( )|, |AQfload( )|} = 0.0252 and
ho ho .

max{|A if',oad( )|, |AQiU,load( )|} =0.0135 . Then, update voltage magnitudes,

Ve ® | = [ve 9| + wye "0 - A|ve*®|, and phase angles, 57> = 575 + weg "0 -As7HY | by
wye " and wye ") at equations (5.42) and (5.43) as shown in Table C.29. After that, renew wy,o"® =

WVia(hO) = 0.5 and go to STEP 3 of the power flow algorithm.

Table C.29 The updated values

Node |V;-’(k5)| Slq(ks)
A 1.04905434 0.01755752
2 B 1.04781051 -2.07650566
C 1.04537007 2.10870145
A 1.02557437 0.02380315
3 B 1.03079909 -2.08042087
C 1.04257957 2.10901232
A 1.04981816 0.04097881
N B 1.04604642 -2.05211578
C 1.03995846 2.12799230
A 1.06551236 0.14149287
5 B 1.01951112 -1.99405771
C 1.06084902 2.17714183
A 1.05151075 0.06096209
6 B 1.04678838 -2.02905168
C 1.03473094 2.14632817
A 1.05999576 0.09014122
7 B 1.05632192 -1.99891199
C 1.03929662 2.17389781
A 1.05290286 0.07727222
8 B 1.04750871 -2.00998010
C 1.03021359 2.16150958
A 1.05385184 0.09184183
9 B 1.04824333 -1.99312049
C 1.02637483 2.17521834
A 1.05521654 0.10276237
10 B 1.04953481 -1.98040009
C 1.02404077 2.18573660
A 1.05789683 0.11170415
11 B 1.05304342 -1.97034735
C 1.02466334 2.19488598
A 1.05928313 0.11477082
12 B 1.05408998 -1.96738464
C 1.02626543 2.19765060
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Node |V;-’(k5)| PHG)
A 1.06541576 0.12560431
13 B 1.05927468 -1.95465409
C 1.02702291 2.20862121
A 1.05792089 0.11507148
14 B 1.05420436 -1.96667519
C 1.02480614 2.19846749
A 1.06189595 0.12035535
15 B 1.05631385 -1.96108326
C 1.02682212 2.20316617
A 1.06532421 0.12938331
16 B 1.05791565 -1.95192169
C 1.02869975 2.21108735
A 1.05447667 0.11553421
17 B 1.05241887 -1.96703177
C 1.02319300 2.19870761
A 1.05894437 0.11834625
18 B 1.05594746 -1.96296510
C 1.02563924 2.20198522
A 1.06300607 0.12317380
19 B 1.05722456 -1.95794357
C 1.02696266 2.20591398
) _ &S) Vizr(k ) k) Via(k5)
Fifty-fifth: For load buses, P44 (ks [ @nd Qf10aa 5709 are calculated from
L L
equations (5.1), (5.2), (5.16), (5.17), (5.30) and (5.31) as shown Table C.30. AP, ™ and AQ7,q ™
are calculated from equations (5.40) and (5.41) as shown Table C.30.
Table C.30 The calculated values
Node PZload™ Cioad AP 00a™ AQ10aa™®
A -0.00517735 -0.00245058 -0.00001096 -0.00005360
5 B -0.00214163 -0.00105353 -0.00001685 0.00000549
C -0.00481563 -0.00231029 -0.00004719 -0.00003679
A -0.00550316 -0.00266909 -0.00000004 -0.00000004
3 B -0.00404247 -0.00195884 0.00000000 -0.00000001
C -0.00243141 -0.00118058 0.00000000 0.00000001
A -0.00271873 -0.00113919 -0.00052022 -0.00043530
! B -0.00232535 -0.00101148 -0.00003276 -0.00013638
C -0.00158159 -0.00086532 -0.00031576 -0.00004821
A 0.00849521 -0.00683422 -0.01173416 0.00525974
5 B 001561215 -0.01282813 0.01345367 0.01178008
C -0.00036946 -0.00100686 -0.00175275 -0.00001911
A -0.00209561 -0.00101853 -0.00000370 -0.00000114
6 B -0.00127486 -0.00061903 -0.00001025 -0.00000481
C -0.00135766 -0.00065128 -0.00000561 -0.00000927
A -0.00481327 -0.00235277 -0.00004515 -0.00000146
7 B -0.00332393 -0.00163353 -0.00004479 -0.00000093
C -0.00375044 -0.00184137 -0.00004424 0.00000024
8 A -0.00169023 -0.00082377 -0.00000422 -0.00000096
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g (k5)

(k5)

(kS)

Node PZloaa™ tload AP{10aa AQ10ad
B -0.00224767 -0.00106785 -0.00001062 -0.00000515
C -0.00347984 -0.00167770 -0.00000565 -0.00000883
A -0.00614592 -0.00298416 -0.00000208 0.00000014
9 B -0.00619413 -0.00300174 -0.00000681 -0.00000516
C -0.00622427 -0.00299992 -0.00000182 -0.00000772
A -0.00168320 -0.00082498 -0.00001125 0.00000025
10 B -0.00176355 -0.00084972 0.00001681 0.00000130
C -0.00119755 -0.00061102 -0.00001113 0.00002074
A -0.00370362 -0.00179627 -0.00001517 -0.00000315
1 B -0.00307836 -0.00149587 -0.00001587 -0.00000134
C -0.00514184 -0.00250017 -0.00001612 -0.00000151
A -0.00479959 -0.00236065 -0.00005882 0.00000642
12 B -0.00228978 -0.00162339 -0.00107895 -0.00001107
C -0.00379414 -0.00232899 -0.00000055 0.00048787
A -0.00207605 -0.00106118 -0.00011323 -0.00000347
13 B -0.00210784 -0.00107063 -0.00011302 -0.00000237
C -0.00292568 -0.00147659 -0.00011007 0.00000088
A -0.00154402 -0.00074822 -0.00000048 -0.00000154
14 B -0.00128399 -0.00062198 -0.00000112 -0.00000185
C -0.00189607 -0.00091158 -0.00000128 -0.00000196
A -0.00213895 -0.00106160 -0.00005034 -0.00000305
15 B -0.00197097 -0.00097225 -0.00005027 -0.00000094
C -0.00321116 -0.00157434 -0.00004946 0.00000024
A -0.00376964 -0.00188578 -0.00011409 -0.00000360
16 B -0.00420350 -0.00208123 -0.00011345 -0.00000239
C -0.00352933 -0.00177180 -0.00011076 0.00000094
A -0.00323838 -0.00157393 -0.00000056 -0.00000056
17 B -0.00202135 -0.00097323 0.00000011 0.00000005
C -0.00227676 -0.00109629 -0.00000005 0.00000004
A -0.00264816 -0.00132831 -0.00002097 0.00003873
18 B -0.00133486 -0.00105935 -0.00088600 -0.00001365
C -0.00516092 -0.00306214 0.00000296 0.00056046
A -0.00431208 -0.00211094 -0.00006649 -0.00000337
19 B -0.00411367 -0.00201994 -0.00006605 -0.00000129
C -0.00509322 -0.00250207 -0.00006474 0.00000039

Fifty-sixth: The linear simultaneous equation (5.7) is solved directly by optimally ordered

triangular factorization and Gaussian elimination. The A8 *5) and A|VL~”(k5)| are obtained as shown

Table C.31.

leoad

Fifty-seventh: For  load

(h0)

14

VeE w0 alve )|
i

574 + w? - a7
13

buses,

[
i,load

yo&s)
(hoy ) 't

+wya - AV

574 + wi? - asg*®

14

and

are calculated from equations (5.44), (5.45), (5.55), (5.56),
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(5.69) and (5.70) as shown in Table C.31. A iﬂoad(ho) and AQifload(hO) are calculated from equations

(5.40) and (5.41) as shown Table C.31.

Table C.31 The calculated values

Node A |ViU(k5)| 287" Plioad" Qoaa™” APfioaa"” AQf10aa™”

A 0.00035459 -0.00161603 -0.00516680 -0.00247823 -0.00002151 -0.00002595

2 B -0.00016155 0.00265313 -0.00212924 -0.00103606 -0.00002924 -0.00001199
C -0.00049995 0.00018261 -0.00483640 -0.00232269 -0.00002642 -0.00002440

A 0.00035369 -0.00159805 -0.00550318 -0.00266911 -0.00000003 -0.00000002

3 B -0.00019813 0.00264483 -0.00404247 -0.00195884 0.00000000 -0.00000001
C -0.00048317 0.00017343 -0.00243141 -0.00118057 0.00000000 0.00000000

A 0.00073886 -0.00379407 -0.00278111 -0.00135102 -0.00045783 -0.00022347

! B -0.00021521 0.00621283 -0.00198200 -0.00078264 -0.00037610 -0.00036522
C -0.00115432 0.00045124 -0.00172025 -0.00079469 -0.00017709 -0.00011885

A -0.00271288 -0.05814604 0.00219793 -0.00412288 -0.00543688 0.00254839

5 B 0.02226588 0.11943974 -0.00842928 -0.01409207 0.00627080 0.01304403
C -0.00527098 0.01174352 -0.00036385 -0.00109715 -0.00175836 0.00007118

A 0.00062893 -0.00371008 -0.00209737 -0.00101906 -0.00000195 -0.00000061

6 B -0.00035335 0.00608754 -0.00127995 -0.00062139 -0.00000516 -0.00000245
C -0.00095365 0.00026109 -0.00136033 -0.00065595 -0.00000295 -0.00000461

A 0.00046996 -0.00362768 -0.00483551 -0.00235349 -0.00002291 -0.00000075

7 B -0.00023684 0.00600383 -0.00334598 -0.00163402 -0.00002274 -0.00000043
C -0.00097756 0.00027969 -0.00377226 -0.00184122 -0.00002242 0.00000010

A 0.00054149 -0.00363019 -0.00169225 -0.00082422 -0.00000219 -0.00000051

8 B -0.00051389 0.00597376 -0.00225294 -0.00107041 -0.00000535 -0.00000259
C -0.00075817 0.00006102 -0.00348252 -0.00168214 -0.00000297 -0.00000438

A 0.00046519 -0.00355226 -0.00614686 -0.00298404 -0.00000114 0.00000001

9 B -0.00068919 0.00586791 -0.00619753 -0.00300425 -0.00000341 -0.00000264
C -0.00056744 -0.00014776 -0.00622506 -0.00300381 -0.00000104 -0.00000383

A 0.00041023 -0.00349518 -0.00168853 -0.00082404 -0.00000592 -0.00000069

10 B -0.00082027 0.00579394 -0.00175564 -0.00084844 0.00000889 0.00000002
C -0.00043014 -0.00030834 -0.00120324 -0.00060058 -0.00000544 0.00001030

A 0.00034103 -0.00347322 -0.00371115 -0.00179785 -0.00000764 -0.00000157

11 B -0.00089031 0.00576463 -0.00308623 -0.00149657 -0.00000800 -0.00000064
C -0.00035844 -0.00045385 -0.00514985 -0.00250093 -0.00000811 -0.00000076

A 0.00030609 -0.00343190 -0.00482485 -0.00235685 -0.00003357 0.00000262

12 B -0.00100043 0.00570895 -0.00281489 -0.00162846 -0.00055383 -0.00000599
C -0.00033707 -0.00047445 -0.00379467 -0.00208815 -0.00000002 0.00024702

A 0.00021279 -0.00344733 -0.00213223 -0.00106288 -0.00005706 -0.00000177

13 B -0.00088004 0.00571074 -0.00216388 -0.00107188 -0.00005699 -0.00000112
C -0.00042176 -0.00047036 -0.00298034 -0.00147613 -0.00005541 0.00000042

A 0.00031129 -0.00346472 -0.00154425 -0.00074898 -0.00000025 -0.00000078

14 B -0.00097649 0.00575406 -0.00128454 -0.00062291 -0.00000056 -0.00000092
C -0.00027296 -0.00059849 -0.00189667 -0.00091257 -0.00000068 -0.00000097

A 0.00026818 -0.00341650 -0.00216394 -0.00106312 -0.00002535 -0.00000153

15 B -0.00098433 0.00569242 -0.00199589 -0.00097276 -0.00002534 -0.00000043
C -0.00035098 -0.00047551 -0.00323575 -0.00157420 -0.00002487 0.00000011

A 0.00017741 -0.00339882 -0.00382613 -0.00188755 -0.00005761 -0.00000184

16 B -0.00099625 0.00565696 -0.00425964 -0.00208248 -0.00005732 -0.00000113
C -0.00039258 -0.00049009 -0.00358423 -0.00177130 -0.00005586 0.00000045
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Node A |Via(k5)| Afsf’(ks) Pfload ¢ leoad(m)) APfioaq o AQP10aa o

A 0.00030986 -0.00345843 -0.00323865 -0.00157421 -0.00000029 -0.00000028

17 B -0.00098687 0.00574890 -0.00202129 -0.00097320 0.00000005 0.00000001
C -0.00026668 -0.00060020 -0.00227679 -0.00109626 -0.00000003 0.00000002

A 0.00028202 -0.00345825 -0.00265528 -0.00130857 -0.00001385 0.00001899

18 B -0.00105964 0.00574550 -0.00174973 -0.00106585 -0.00047113 -0.00000715
C -0.00019010 -0.00074324 -0.00515958 -0.00278305 0.00000162 0.00028137

A 0.00024810 -0.00340834 -0.00434508 -0.00211261 -0.00003350 -0.00000170

19 B -0.00097805 0.00568340 -0.00414641 -0.00202063 -0.00003330 -0.00000061
C -0.00035814 -0.00047648 -0.00512539 -0.00250186 -0.00003257 0.00000018

Fifty-eighth: The elements of the Jacobian matrix (J;, J5, J3

and J,) are calculated from

equations (5.47)-(5.54), (5.57)-(5.68) and (5.71)-(5.78).
Fifty-ninth: The linear simultaneous equation (5.46) is solved directly by optimally ordered

triangular factorization and Gaussian elimination. The Awyo (h0) and Awsir(ho) are obtained as shown in

Table C.32.

W(zl)

Sixtieth: The new step-length values

w

equations (5.79) and (5.80) as shown in Table C.32.

57 W

(h0)
Wy
(h0)

o7

Table C.32 The calculated values

+ Awyo (h0)
1

are computed from

+ AW(gl{T (h0)

Node Awys O Aw o0 wys "D wer M)
A 059131977 0.17120279 -0.09131977 0.67120279
5 B 633626015 -0.12851383 -5.83626015 0.37148617
C 0.19351912 2.40081064 0.69351912 2.90081064
A -0.61758153 0.17448312 -0.11758153 0.67448312
3 B -5.26829447 -0.12827269 -4.76829447 0.37172731
C 0.20585231 2.52923745 0.70585231 3.02923745
A -0.67724610 0.16777613 -0.17724610 0.66777613
! B -11.00755766 -0.13769494 -10.50755766 0.36230506
C 0.17540553 2.28936325 0.67540553 2.78936325
A 1.53503610 0.22381874 2.03503610 0.72381874
5 B 2.02981817 -0.19193282 2.52981817 0.30806718
C 0.41719279 1.36842025 0.91719279 1.86842025
A -0.69389479 0.13884707 -0.19389479 0.63884707
6 B -5.88616753 -0.17088956 -5.38616753 0.32911044
C 0.10736916 3.46706358 0.60736916 3.96706358
A -1.19435848 0.14950466 -0.69435848 0.64950466
7 B -8.26603760 -0.19020569 -7.76603760 0.30979431
C 0.16206989 3.00539289 0.66206989 3.50539289
A -0.66407932 0.10831241 -0.16407932 0.60831241
8 B -3.48941826 -0.20091347 -2.98941826 0.29908653
C 0.00846819 12.75637934 0.50846819 13.25637934
A 059765127 0.07693083 -0.09765127 0.57693083
9 B -2.18219487 -0.22938144 -1.68219487 0.27061856
C -0.14952517 -4.39083723 0.35047483 -3.89083723




LLE8GEBSET

(ho)

(h0)

(h1)

(h1)

Node Awye Awge Wye Wi
A -0.52257634 0.05275623 -0.02257634 0.55275623
10 B -1.56440436 -0.25018335 -1.06440436 0.24981665
C -0.35261256 -1.78124201 0.14738744 -1.28124201
A -0.52222427 0.03759520 -0.02222427 0.53759520
11 B -1.20796913 -0.26407609 -0.70796913 0.23592391
C -0.52848268 -1.07309513 -0.02848268 -0.57309513
A -0.51448291 0.03547605 -0.01448291 0.53547605
12 B -1.04844908 -0.26674916 -0.54844908 0.23325084
C -0.55199697 -0.96406578 -0.05199697 -0.46406578
= A -1.11296269 0.04404694 -0.61296269 0.54404694
= 13 B -1.13226561 -0.27273157 -0.63226561 022726843
= C -0.36262632 -0.95532014 0.13737368 -0.45532014
= A -0.41091107 0.02061832 0.08908893 0.52061832
=8 14 B -0.90939259 -0.27492913 -0.40939259 0.22507087
< C -0.85393792 -0.72721006 -0.35393792 -0.22721006
= A -0.63253793 0.03732303 -0.13253793 0.53732303
()
) 15 B -1.04539584 -0.26918021 -0.54539584 0.23081979
w
o C -0.51292038 -0.94025563 -0.01292038 -0.44025563
9 A -1.22152426 0.04255555 -0.72152426 0.54255555
N
P 16 B -0.97624279 -0.27534993 -0.47624279 0.22465007
9
N C -0.37596939 -0.85639084 0.12403061 -0.35639084
= A -0.41337904 0.02087923 0.08662096 0.52087923
o
o 17 B -0.90262655 -0.27499350 -0.40262655 0.22500650
w
@ C -0.87248995 -0.72429916 -0.37248995 -0.22429916
o A -0.27407630 0.00360910 0.22592370 0.50360910
. 18 B -0.66012219 -0.28554504 -0.16012219 0.21445496
S
_ C -1.45558735 -0.51567985 -0.95558735 -0.01567985
= A -0.71171987 0.03834379 -0.21171987 0.53834379
D
e 19 B -1.04133736 -0.27046880 -0.54133736 0.22953120
o C -0.49206511 -0.92680134 0.00793489 -0.42680134
D
o
N
o1
k5 h1 ks
o - Vio'( )+WIE.”) _Alvia( )l
- Sixty-first: For load buses, Ploaa ' and
© 5005) L, (M) | p s (ks)
w i Y4 i
:l 1
8 V'O'(ks) + W(};—l) . Alvo‘(ks)|
- n1y )t Vi l .
ngload( ) : are calculated from equations (5.44), (5.45), (5.55), (5.56),
(%] § aa(ks) + (h1) | A(Sa(ks)
D i Wso- i
2 i
()]

(5.69) and (5.70) as shown in Table C.33. A if’load(hl) and AQ{fload(hl) are calculated from equations
(5.40) and (5.41) as shown Table C.33.

Table C.33 The calculated values

h1 h1 h1 h1

Node P‘i’,load( ) Zload( ) Aleaad( ) Aleoad( )

A -0.00518863 -0.00250504 0.00000032 0.00000086

2 B -0.00215154 -0.00105593 -0.00000694 0.00000789
C -0.00485691 -0.00234515 -0.00000591 -0.00000194

3 A -0.00550321 -0.00266913 0.00000000 0.00000000
B -0.00404246 -0.00195885 0.00000000 0.00000000
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Node P?laad "D Q:”luad D Apglaud "0 AQ‘i’load D

C -0.00243141 -0.00118057 0.00000000 0.00000000

A -0.00324456 -0.00161157 0.00000561 0.00003708

! B -0.00223100 -0.00137300 -0.00012710 0.00022514
C -0.00180279 -0.00091545 -0.00009456 0.00000192

A -0.00417708 -0.00157301 0.00093813 -0.00000148

5 B 0.01898891 -0.00677553 -0.02114739 0.00572749
C -0.00152947 -0.00102064 -0.00059275 -0.00000533

A -0.00209886 -0.00101911 -0.00000046 -0.00000056

6 B -0.00128542 -0.00062292 0.00000031 -0.00000091
C -0.00136308 -0.00066061 -0.00000020 0.00000005

A -0.00485483 -0.00235423 -0.00000359 0.00000000

7 B -0.00336520 -0.00163436 -0.00000353 -0.00000009
C -0.00379117 -0.00184114 -0.00000352 0.00000001

A -0.00169412 -0.00082424 -0.00000032 -0.00000049

8 B -0.00225859 -0.00107226 0.00000030 -0.00000074
C -0.00348535 -0.00168656 -0.00000014 0.00000003

A -0.00614787 -0.00298360 -0.00000013 -0.00000043

9 B -0.00620128 -0.00300630 0.00000034 -0.00000059
C -0.00622610 -0.00300763 0.00000000 -0.00000001

A -0.00169448 -0.00082445 0.00000003 -0.00000028

10 B -0.00174677 -0.00084819 0.00000003 -0.00000023
C -0.00120821 -0.00059022 -0.00000047 -0.00000006

A -0.00371856 -0.00179936 -0.00000023 -0.00000006

11 B -0.00309409 -0.00149707 -0.00000014 -0.00000014
C -0.00515778 -0.00250169 -0.00000019 0.00000000

A -0.00485483 -0.00235427 -0.00000359 0.00000004

12 B -0.00330667 -0.00163439 -0.00006206 -0.00000006
C -0.00379429 -0.00184502 -0.00000040 0.00000390

A -0.00218815 -0.00106466 -0.00000114 0.00000001

13 B -0.00221977 -0.00107297 -0.00000109 -0.00000003
C -0.00303463 -0.00147573 -0.00000112 0.00000002

A -0.00154447 -0.00074970 -0.00000003 -0.00000006

14 B -0.00128514 -0.00062372 0.00000003 -0.00000011
C -0.00189734 -0.00091353 0.00000000 0.00000000

A -0.00218867 -0.00106466 -0.00000062 0.00000000

15 B -0.00202064 -0.00097317 -0.00000060 -0.00000001
C -0.00326001 -0.00157410 -0.00000061 0.00000001

A -0.00388259 -0.00188939 -0.00000114 0.00000000

16 B -0.00431586 -0.00208358 -0.00000109 -0.00000003
C -0.00363897 -0.00177087 -0.00000112 0.00000001

A -0.00323894 -0.00157449 0.00000000 0.00000000

17 B -0.00202123 -0.00097319 0.00000000 0.00000000
C -0.00227681 -0.00109624 0.00000000 0.00000000

A -0.00266846 -0.00128973 -0.00000067 0.00000015

18 B -0.00217390 -0.00107302 -0.00004696 0.00000002
C -0.00515761 -0.00251112 -0.00000035 0.00000944

A -0.00437778 -0.00211431 -0.00000079 0.00000000

19 B -0.00417895 -0.00202122 -0.00000077 -0.00000002
C -0.00515719 -0.00250169 -0.00000078 0.00000001
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Sixty-second: Determine max{|aPZoaa "], |A070ea ™[} = 0.0211 and
max{|AP{fwad(h0)|, |AQ{fload(h0)|} =0.0130 . Then, update voltage magnitudes,

|Vf(k6)| = |Vl-"(k5)| + WVia(hO) -AlVi"(ks)L and phase angles, 5{7(’{6) = 6{’(k5) + ng(ho) . Adi"(ks), by
wyo (h0) and WVia(hO) at equations (5.42) and (5.43) as shown in Table C.34. After that, renew wyo (r0) —

ina(ho) = 0.4 and go to STEP 3 of the power flow algorithm.

Table C.34 The updated values

Node |Vg<k6)| 59k
A 1.04923163 0.01674951
2 B 1.04772974 207517909
C 1.04512009 2.10879275
A 1.02575121 0.02300412
3 B 1.03070002 -2.07909846
C 1.04233799 2.10909903
A 1.05018759 0.03908177
! B 1.04593882 -2.04900936
C 1.03938130 2.12821793
A 1.06415592 0.11241985
5 B 1.03064406 -1.93433784
C 1.05821352 2.18301359
A 1.05182522 0.05910705
6 B 1.04661170 -2.02600791
C 1.03425411 2.14645871
A 1.06023075 0.08832738
7 B 1.05620350 -1.99591007
C 1.03880784 2.17403765
A 1.05317360 0.07545713
8 B 1.04725177 -2.00699321
C 1.02983451 2.16154010
A 1.05408444 0.09006570
9 B 1.04789874 -1.99018653
C 1.02609111 2.17514446
A 1.05542166 0.10101478
10 B 1.04912468 -1.97750312
C 1.02382570 2.18558243
A 1.05806734 0.10996754
11 B 1.05259826 -1.96746504
C 1.02448412 2.19465906
A 1.05943618 0.11305487
12 B 1.05358976 -1.96453016
C 1.02609690 2.19741337
A 1.06552215 0.12388065
13 B 1.05883466 -1.95179872
C 1.02681203 2.20838602
A 1.05807654 0.11333912
14 B 1.05371611 -1.96379816
C 1.02466966 2.19816825
15 A 1.06203004 0.11864710
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Node |V;.’("6) | 5900
B 1.05582168 -1.95823704
C 1.02664663 2.20292842
A 1.06541292 0.12768390
16 B 1.05741752 -1.94909321
C 1.02850346 2.21084230
A 1.05463160 0.11380500
17 B 1.05192543 -1.96415732
C 1.02305966 2.19840751
A 1.05908538 0.11661713
18 B 1.05541764 -1.96009235
C 1.02554418 2.20161360
A 1.06313012 0.12146963
19 B 1.05673554 -1.95510187
C 1.02678359 2.20567574

328

yo k) yo k)
Sixty-third: For load buses, i"load(kﬁ){ " ke } and Q{’load(kﬁ){ y } are calculated from
’ é‘ig( ) ’ 610' (k6)
equations (5.1), (5.2), (5.16), (5.17), (5.30) and (5.31) as shown Table C.35. AP, “® and AQf 0™
are calculated from equations (5.40) and (5.41) as shown Table C.35.
Table C.35 The calculated values

Node quload(ks) ;rluud(k6) Apgload(ks) AQE’!GQd“‘G)
A 20.00516680 -0.00247823 -0.00002151 -0.00002595
) B 20.00212924 ~0.00103606 -0.00002924 -0.00001199
c -0.00483640 -0.00232269 -0.00002642 -0.00002440
A -0.00550318 -0.00266911 -0.00000003 -0.00000002
3 B -0.00404247 -0.00195884 0.00000000 -0.00000001
c -0.00243141 -0.00118057 0.00000000 0.00000000
A -0.00278111 -0.00135102 -0.00045783 -0.00022347
! B -0.00198200 -0.00078264 -0.00037610 -0.00036522
c -0.00172025 -0.00079469 -0.00017709 -0.00011885
A 0.00219793 -0.00412288 -0.00543688 0.00254839
5 B -0.00842928 -0.01409207 0.00627080 0.01304403
c -0.00036385 -0.00109715 -0.00175836 0.00007118
A -0.00209737 -0.00101906 -0.00000195 -0.00000061
6 B -0.00127995 -0.00062139 -0.00000516 -0.00000245
c -0.00136033 -0.00065595 -0.00000295 -0.00000461
A -0.00483551 -0.00235349 -0.00002291 -0.00000075
7 B -0.00334598 -0.00163402 -0.00002274 -0.00000043
c -0.00377226 -0.00184122 -0.00002242 0.00000010
A -0.00169225 -0.00082422 -0.00000219 -0.00000051
8 B -0.00225294 -0.00107041 -0.00000535 -0.00000259
c -0.00348252 -0.00168214 -0.00000297 -0.00000438
A -0.00614686 -0.00298404 -0.00000114 0.00000001
9 B -0.00619753 -0.00300425 -0.00000341 -0.00000264
c -0.00622506 -0.00300381 -0.00000104 -0.00000383
10 A -0.00168853 -0.00082404 -0.00000592 -0.00000069
B -0.00175564 -0.00084844 0.00000889 0.00000002
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(k6)

g (k6)

(k6)

(k6)

Node Plloaa tload AP{10aa AQ10ad
C -0.00120324 -0.00060058 -0.00000544 0.00001030
A -0.00371115 -0.00179785 -0.00000764 -0.00000157
11 B -0.00308623 -0.00149657 -0.00000800 -0.00000064
C -0.00514985 -0.00250093 -0.00000811 -0.00000076
A -0.00482485 -0.00235685 -0.00003357 0.00000262
12 B -0.00281489 -0.00162846 -0.00055383 -0.00000599
C -0.00379467 -0.00208815 -0.00000002 0.00024702
A -0.00213223 -0.00106288 -0.00005706 -0.00000177
13 B -0.00216388 -0.00107188 -0.00005699 -0.00000112
C -0.00298034 -0.00147613 -0.00005541 0.00000042
A -0.00154425 -0.00074898 -0.00000025 -0.00000078
14 B -0.00128454 -0.00062291 -0.00000056 -0.00000092
C -0.00189667 -0.00091257 -0.00000068 -0.00000097
A -0.00216394 -0.00106312 -0.00002535 -0.00000153
15 B -0.00199589 -0.00097276 -0.00002534 -0.00000043
C -0.00323575 -0.00157420 -0.00002487 0.00000011
A -0.00382613 -0.00188755 -0.00005761 -0.00000184
16 B -0.00425964 -0.00208248 -0.00005732 -0.00000113
C -0.00358423 -0.00177130 -0.00005586 0.00000045
A -0.00323865 -0.00157421 -0.00000029 -0.00000028
17 B -0.00202129 -0.00097320 0.00000005 0.00000001
C -0.00227679 -0.00109626 -0.00000003 0.00000002
A -0.00265528 -0.00130857 -0.00001385 0.00001899
18 B -0.00174973 -0.00106585 -0.00047113 -0.00000715
C -0.00515958 -0.00278305 0.00000162 0.00028137
A -0.00434508 -0.00211261 -0.00003350 -0.00000170
19 B -0.00414641 -0.00202063 -0.00003330 -0.00000061
C -0.00512539 -0.00250186 -0.00003257 0.00000018

Sixty-fourth: The linear simultaneous equation (5.7) is solved directly by optimally ordered
triangular factorization and Gaussian elimination. The A§ (*6) and A|Vi"(k6)| are obtained as shown

Table C.36.

o) ViO'(kG) + W[E-,I;'O) . Alvzg(ké)|
i
if‘load

Sixty-fifth: For load buses, ” o e and
6icr( )+W§g) .A(gia( )

(k6) (h0) | (k6)
ooy )V W Alve]

57% 0 + wie” - a7 "
3

(5.69) and (5.70) as shown in Table C.36. A iﬂoad(ho) and AQ{fload(ho) are calculated from equations
(5.40) and (5.41) as shown Table C.36.

Q7 10aa are calculated from equations (5.44), (5.45), (5.55), (5.56),

Table C.36 The calculated values

«6) ho 1o ho ho
Node A |Vig | 257 Pﬁoad( ) leaud( ) Apﬁaad( ) AQiU,load( )
A -0.00020968 -0.00027667 -0.00517546 -0.00248875 -0.00001285 -0.00001543
2 B 0.00102365 -0.00034096 -0.00213983 -0.00104212 -0.00001865 -0.00000593
C -0.00009675 0.00043840 -0.00484602 -0.00233214 -0.00001680 -0.00001495
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Node A |Via(k6)| Afsf’(ka) Pfload ¢ leoad(h()) APfioaq o AQP10aa o

A -0.00021843 -0.00027883 -0.00550319 -0.00266912 -0.00000002 -0.00000001

3 B 0.00104382 -0.00033926 -0.00404247 -0.00195884 0.00000000 -0.00000001
C -0.00009946 0.00043864 -0.00243141 -0.00118057 0.00000000 0.00000000

A -0.00050039 -0.00063656 -0.00296520 -0.00144631 -0.00027374 -0.00012817

! B 0.00236890 -0.00085548 -0.00211237 -0.00096481 -0.00024573 -0.00018305
C -0.00020247 0.00103306 -0.00177597 -0.00084259 -0.00012138 -0.00007094

A -0.00416437 -0.01301417 -0.00029099 -0.00310328 -0.00294795 0.00152879

5 B 0.04519568 -0.02292441 -0.00577422 -0.01104699 0.00361574 0.00999894
C -0.00219902 0.01607007 -0.00096499 -0.00106761 -0.00115723 0.00004164

A -0.00043641 -0.00051513 -0.00209808 -0.00101921 -0.00000124 -0.00000046

6 B 0.00207990 -0.00104030 -0.00128206 -0.00062222 -0.00000304 -0.00000161
C -0.00010239 0.00090520 -0.00136148 -0.00065780 -0.00000180 -0.00000276

A -0.00056130 -0.00054235 -0.00484411 -0.00235378 -0.00001430 -0.00000045

7 B 0.00195771 -0.00114196 -0.00335453 -0.00163418 -0.00001419 -0.00000027
C -0.00015843 0.00084057 -0.00378069 -0.00184119 -0.00001400 0.00000006

A -0.00035959 -0.00039320 -0.00169308 -0.00082434 -0.00000137 -0.00000039

8 B 0.00179318 -0.00120021 -0.00225513 -0.00107133 -0.00000316 -0.00000167
C -0.00000642 0.00077846 -0.00348369 -0.00168390 -0.00000180 -0.00000262

A -0.00027802 -0.00027328 -0.00614729 -0.00298397 -0.00000070 -0.00000006

9 B 0.00150395 -0.00134599 -0.00619895 -0.00300522 -0.00000199 -0.00000168
C 0.00008485 0.00064881 -0.00622547 -0.00300534 -0.00000062 -0.00000230

A -0.00021438 -0.00018439 -0.00169090 -0.00082427 -0.00000355 -0.00000046

10 B 0.00128323 -0.00144955 -0.00175209 -0.00084839 0.00000534 -0.00000003
C 0.00015167 0.00054924 -0.00120534 -0.00059645 -0.00000334 0.00000617

A -0.00017809 -0.00013058 -0.00371417 -0.00179847 -0.00000462 -0.00000095

1 B 0.00107547 -0.00152230 -0.00308941 -0.00149680 -0.00000482 -0.00000041
C 0.00018943 0.00048702 -0.00515307 -0.00250123 -0.00000490 -0.00000045

A -0.00015748 -0.00012175 -0.00483770 -0.00235581 -0.00002071 0.00000158

12 B 0.00104890 -0.00152286 -0.00302721 -0.00163085 -0.00034151 -0.00000360
C 0.00018606 0.00045740 -0.00379461 -0.00198997 -0.00000007 0.00014884

A -0.00023683 -0.00015184 -0.00215488 -0.00106359 -0.00003441 -0.00000106

13 B 0.00099643 -0.00155750 -0.00218650 -0.00107233 -0.00003436 -0.00000067
C 0.00015294 0.00044935 -0.00300233 -0.00147597 -0.00003342 0.00000026

A -0.00012791 -0.00007144 -0.00154434 -0.00074928 -0.00000016 -0.00000048

14 B 0.00088801 -0.00158196 -0.00128477 -0.00062326 -0.00000033 -0.00000057
C 0.00023309 0.00043522 -0.00189694 -0.00091296 -0.00000041 -0.00000058

A -0.00016964 -0.00012751 -0.00217398 -0.00106374 -0.00001531 -0.00000092

15 B 0.00102901 -0.00153229 -0.00200594 -0.00097293 -0.00001530 -0.00000026
C 0.00018003 0.00044710 -0.00324560 -0.00157416 -0.00001502 0.00000006

A -0.00021672 -0.00014464 -0.00384899 -0.00188828 -0.00003474 -0.00000110

16 B 0.00097258 -0.00155764 -0.00428240 -0.00208293 -0.00003456 -0.00000069
C 0.00014760 0.00041971 -0.00360640 -0.00177113 -0.00003369 0.00000027

A -0.00012809 -0.00007221 -0.00323877 -0.00157432 -0.00000017 -0.00000017

17 B 0.00089078 -0.00158091 -0.00202127 -0.00097319 0.00000003 0.00000001
C 0.00023268 0.00043472 -0.00227680 -0.00109625 -0.00000002 0.00000001

A -0.00007729 -0.00001248 -0.00266071 -0.00130099 -0.00000842 0.00001141

18 B 0.00069949 -0.00164060 -0.00193097 -0.00106871 -0.00028990 -0.00000429
C 0.00027671 0.00038327 -0.00515888 -0.00267203 0.00000091 0.00017035

19 A -0.00017658 -0.00013069 -0.00435835 -0.00211329 -0.00002022 -0.00000102
B 0.00101848 -0.00153718 -0.00415961 -0.00202087 -0.00002010 -0.00000037
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k
| c 0.00017623 0.00044160 -0.00513830 | -0.00250179 -0.00001966 0.00000011

Sixty-sixth: The elements of the Jacobian matrix (J;, J,, /5 and J,) are calculated from equations
(5.47)-(5.54), (5.57)-(5.68) and (5.71)-(5.78).
Sixty-seventh: The linear simultaneous equation (5.46) is solved directly by optimally ordered

triangular factorization and Gaussian elimination. The Awyo (h0) and Awsir(ho) are obtained as shown in

Table C.37.
W(zﬂ — W&ﬁo) + AWVi‘T(hO)
Sixty-eighth: The new step-length values ' ' are computed from
(1) _  (hO) (ho
W' = Wgg~ + Awso
A L

equations (5.79) and (5.80) as shown in Table C.37.

Table C.37 The calculated values

(ho)

(h0)

h1)

(h1)

Node Awys Awgs wys( Wer
A 1.08016010 -0.12326045 1.48016010 0.27673955
5 B 0.85998305 2.32261674 1.25998305 2.72261674
C -0.16667299 0.78152508 0.23332701 1.18152508
A 1.06710694 -0.10389684 1.46710694 0.29610316
3 B 0.86560295 2.32520310 1.26560295 2.72520310
C -0.10875902 0.78433928 0.29124098 1.18433928
A 1.04722878 -0.14133086 1.44722878 0.25866914
! B 0.84617464 2.22118428 1.24617464 2.62118428
C 027571541 0.77750742 0.12428459 1.17750742
A 0.67824225 0.14496067 1.07824225 0.54496067
5 B 0.71379122 1.73755914 1.11379122 2.13755914
C 0.24496279 0.72589723 0.64496279 1.12589723
A 1.04142905 -0.34743335 1.44142905 0.05256665
6 B 0.85174557 1.96254943 1.25174557 2.36254943
C -1.06947121 0.80089193 -0.66947121 1.20089193
A 0.95989646 025575121 1.35989646 0.14424879
7 B 0.83688501 1.85049996 1.23688501 2.25049996
C 039071528 0.78794047 0.00928472 1.18794047
A 1.05020517 -0.68556051 1.45020517 -0.28556051
8 B 0.86152205 1.80268855 1.26152205 2.20268855
C -25.02256221 0.83456853 24.62256221 1.23456853
A 1.07437630 -1.31332951 1.47437630 -0.91332951
9 B 0.87677143 1.69007501 127677143 2.09007501
C 2.45775895 0.88373870 2.85775895 1.28373870
A 1.10936960 -2.30654856 1.50936960 -1.90654856
10 B 0.89274561 1.62402201 1.29274561 2.02402201
C 1.60898552 0.93731927 2.00898552 1.33731927
A 1.11033466 -3.56981310 1.51033466 -3.16981310
11 B 0.90951154 1.58367754 1.30951154 1.98367754
C 1.39242894 0.99869288 1.79242894 1.39869288
. A 1.11571639 -3.85462267 1.51571639 -3.45462267
B 0.91808738 1.57998588 1.31808738 1.97998588
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Node vag(ho) Aws;’(ho) Wvg(hl) wa‘i,(hl)
C 1.39415436 1.01381344 1.79415436 1.41381344
A 0.96615221 -2.91275123 136615221 251275123
13 B 0.90711695 1.56068046 1.30711695 1.96068046
C 1.57728120 1.01187577 1.97728120 1.41187577
A 1.18871844 -7.19741132 1.58871844 -6.79741132
14 B 0.93719131 155516117 133719131 1.95516117
C 1.22934535 1.07393091 1.62934535 1.47393091
A 1.06119783 -3.61889502 1.46119783 -3.21889502
15 B 0.91527183 1.57320291 1.31527183 197320291
C 1.42374560 1.01639621 1.82374560 1.41639621
A 0.95358430 -3.06235408 1.35358430 -2.66235408
16 B 0.91717754 1.55723681 1.31717754 1.95723681
C 1.58555821 1.02895828 1.98555821 1.42895828
A 1.18528472 -7.09672965 1.58528472 -6.69672965
17 B 0.93871924 1.55503982 1.33871924 1.95503982
C 1.22569908 1.07455564 1.62569908 1.47455564
A 1.37285492 -45.05747691 1.77285492 -44.65747691
18 B 0.97925216 1.52937505 1.37925216 192937505
C 1.11934411 1.16975788 1.51934411 1.56975788
A 1.03497960 -3.49838681 1.43497960 -3.09838681
19 B 0.91408291 1.56967934 1.31408291 1.96967934
C 1.44186677 1.01795924 1.84186677 1.41795924
Via(ké) + W(i;l) -A|Vi"(k6)|
Sixty-ninth: For load  buses, i‘ﬁoad(hl) i and

leoad

574 +wip - asg*®
L

" I/io'(k(’) +Wl£};'1) Al]/LO'(k6)|
(h1) : are calculated from equations (5.44), (5.45), (5.55), (5.56),

7

(5.69) and (5.70) as shown in Table C.38. AP7,

i,load

6{’(](6) + W(hl) _A5icr(k6)

(5.40) and (5.41) as shown Table C.38.

"1 and AQ{fload(hl) are calculated from equations

Table C.38 The calculated values

Node Plioad o QF1oaa o AP 1oaq o A v

A -0.00518728 -0.00251046 -0.00000103 0.00000628

2 B -0.00214067 -0.00105863 -0.00001781 0.00001058
C -0.00485630 -0.00234298 -0.00000652 -0.00000410

A -0.00550321 -0.00266913 0.00000000 0.00000000

3 B -0.00404246 -0.00195885 0.00000000 0.00000000
C -0.00243141 -0.00118057 0.00000000 0.00000000

A -0.00324368 -0.00165710 0.00000473 0.00008261

! B -0.00208881 -0.00138743 -0.00026930 0.00023957
C -0.00180274 -0.00088977 -0.00009460 -0.00002376

A -0.00297238 -0.00149163 -0.00026656 -0.00008286

5 B 0.01754928 -0.00058182 -0.01970775 -0.00046622
C -0.00218490 -0.00107207 0.00006269 0.00004610

6 A -0.00209899 -0.00101933 -0.00000033 -0.00000033
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Node P?laad(hl) Q:”luad(hl) Apglaud(hl) AQ‘i’load(hl)

B -0.00128525 -0.00062327 0.00000014 -0.00000057

C -0.00136314 -0.00066058 -0.00000014 0.00000002

A -0.00485509 -0.00235422 -0.00000333 -0.00000001

7 B -0.00336542 -0.00163445 -0.00000331 -0.00000001

C -0.00379140 -0.00184113 -0.00000329 0.00000000

A -0.00169423 -0.00082445 -0.00000022 -0.00000029

8 B -0.00225844 -0.00107256 0.00000014 -0.00000044

C -0.00348542 -0.00168653 -0.00000007 0.00000000

A -0.00614793 -0.00298377 -0.00000007 -0.00000026

9 B -0.00620116 -0.00300651 0.00000021 -0.00000039

C -0.00622616 -0.00300761 0.00000006 -0.00000003

A -0.00169457 -0.00082494 0.00000012 0.00000021

10 B -0.00174644 -0.00084844 -0.00000030 0.00000002

C -0.00120826 -0.00059026 -0.00000042 -0.00000002

A -0.00371859 -0.00179938 -0.00000020 -0.00000003

1 B -0.00309407 -0.00149714 -0.00000016 -0.00000007

C -0.00515779 -0.00250167 -0.00000017 -0.00000001

A -0.00485403 -0.00235449 -0.00000438 0.00000025

12 B -0.00330885 -0.00163452 -0.00005987 0.00000007

C -0.00379432 -0.00184858 -0.00000037 0.00000746

A -0.00218809 -0.00106466 -0.00000120 0.00000001

13 B -0.00221968 -0.00107301 -0.00000118 0.00000001

C -0.00303456 -0.00147571 -0.00000119 0.00000000

A -0.00154448 -0.00074972 -0.00000002 -0.00000004

14 B -0.00128513 -0.00062376 0.00000002 -0.00000008

C -0.00189735 -0.00091353 0.00000001 -0.00000001

A -0.00218867 -0.00106466 -0.00000062 0.00000001

15 B -0.00202061 -0.00097320 -0.00000062 0.00000002

C -0.00326000 -0.00157409 -0.00000062 0.00000000

A -0.00388250 -0.00188939 -0.00000123 0.00000001

16 B -0.00431574 -0.00208362 -0.00000122 0.00000000

C -0.00363887 -0.00177085 -0.00000122 0.00000000

A -0.00323894 -0.00157449 0.00000000 0.00000000

17 B -0.00202123 -0.00097318 0.00000000 0.00000000

C -0.00227681 -0.00109624 0.00000000 0.00000000

A -0.00266779 -0.00128988 -0.00000134 0.00000030

18 B -0.00217218 -0.00107308 -0.00004868 0.00000008

C -0.00515759 -0.00251337 -0.00000037 0.00001169

A -0.00437777 -0.00211432 -0.00000080 0.00000001

19 B -0.00417891 -0.00202125 -0.00000080 0.00000001

C -0.00515717 -0.00250168 -0.00000080 0.00000000
Seventieth: Determine max{|A i‘fload(hl)L |Aleoad(h1)|} = 0.0197 and
max{|APi’,’,oad(h0)|, |AQ{fload(h0)|} =0.0100 . Then, update voltage magnitudes,

[vetD| = |ve®®| + wyo ") - A|vE¥®), and phase angles, 577 = 57 + weg "0 - 057%9) by
WVia(hO) and WVia(hO) at equations (5.42) and (5.43) as shown in Table C.39. After that, renew wy,o*®) =

WViJ(hO) = 0.3 and go to STEP 3 of the power flow algorithm.
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Table C.39 The updated values

Node |V§’(k7) | 8;’“‘7)
A 1.04914776 0.01663884
) B 1.04813920 2.07531548
C 1.04508139 2.10896811
A 1.02566384 0.02289259
3 B 1.03111755 207923416
C 1.04229820 2.10927449
A 1.04998743 0.03882715
! B 1.04688637 -2.04935155
C 1.03930031 2.12863115
A 1.06249017 0.10721418
5 B 1.04872233 -1.94350760
C 1.05733392 2.18944161
A 1.05165066 0.05890099
6 B 1.04744367 -2.02642403
C 1.03421316 2.14682079
A 1.06000622 0.08811044
7 B 1.05698659 -1.99636686
C 1.03874447 2.17437388
A 1.05302977 0.07529985
8 B 1.04796904 -2.00747330
C 1.02983194 2.16185148
A 1.05397323 0.08995639
9 B 1.04850032 -1.99072493
C 1.02612505 2.17540398
A 1.05533591 0.10094103
10 B 1.04963797 -1.97808294
C 1.02388637 2.18580212
A 1.05799611 0.10991531
11 B 1.05302845 -1.96807396
C 1.02455989 2.19485387
A 1.05937318 0.11300617
12 B 1.05400932 -1.96513930
C 1.02617132 2.19759633
A 1.06542742 0.12381991
13 B 1.05923324 -1.95242172
C 1.02687321 2.20856576
A 1.05802537 0.11331055
14 B 1.05407132 -1.96443094
C 1.02476290 2.19834234
A 1.06196218 0.11859609
15 B 1.05623329 -1.95884996
C 1.02671864 2.20310726
A 1.06532623 0.12762604
16 B 1.05780655 -1.94971626
C 1.02856250 2.21101019
A 1.05458036 0.11377611
17 B 1.05228174 -1.96478968
C 1.02315273 2.19858140
18 A 1.05905447 0.11661213
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Node |V;-’(k7)| 59N
B 105569744 -1.96074859
¢ 1.02565487 220176691
A 1.06305949 0.12141735
19 B 1.05714293 -1.95571674
¢ 1.02685408 220585238
) &) Vicr(k7) &) Via(k7)
Seventy-First: For load buses, P44 500 and Q71544 500 are calculated from
i i

equations (5.1), (5.2), (5.16), (5.17), (5.30) and (5.31) as shown Table C.35. AP, *” and AQ7q*”

are calculated from equations (5.40) and (5.41) as shown Table C.40.

? Table C.40 The calculated values
= Node Plload™” Cioad AP 00a™” AQ10aa™”
3 A -0.00517546 -0.00248875 -0.00001285 -0.00001543
" 5 B -0.00213983 -0.00104212 -0.00001865 -0.00000593
oy C -0.00484602 -0.00233214 -0.00001680 -0.00001495
N A -0.00550319 -0.00266912 -0.00000002 -0.00000001
§ 3 B -0.00404247 -0.00195884 0.00000000 -0.00000001
§ C -0.00243141 -0.00118057 0.00000000 0.00000000
o A -0.00296520 -0.00144631 -0.00027374 -0.00012817
@ ! B -0.00211237 -0.00096481 -0.00024573 -0.00018305
% C -0.00177597 -0.00084259 -0.00012138 -0.00007094
2 A -0.00029099 -0.00310328 -0.00294795 0.00152879
S 5 B -0.00577422 -0.01104699 0.00361574 0.00999894
~ C -0.00096499 -0.00106761 -0.00115723 0.00004164
§ A -0.00209808 -0.00101921 -0.00000124 -0.00000046
< 6 B -0.00128206 -0.00062222 -0.00000304 -0.00000161
N C -0.00136148 -0.00065780 -0.00000180 -0.00000276
g A -0.00484411 -0.00235378 -0.00001430 -0.00000045
b 7 B -0.00335453 -0.00163418 -0.00001419 -0.00000027
E C -0.00378069 -0.00184119 -0.00001400 0.00000006
i A -0.00169308 -0.00082434 -0.00000137 -0.00000039
iy 8 B -0.00225513 -0.00107133 -0.00000316 -0.00000167
3 C -0.00348369 -0.00168390 -0.00000180 -0.00000262
; A -0.00614729 -0.00298397 -0.00000070 -0.00000006
2 9 B -0.00619895 -0.00300522 -0.00000199 -0.00000168
. C -0.00622547 -0.00300534 -0.00000062 -0.00000230
A -0.00169090 -0.00082427 -0.00000355 -0.00000046
10 B -0.00175209 -0.00084839 0.00000534 -0.00000003
C -0.00120534 -0.00059645 -0.00000334 0.00000617
A -0.00371417 -0.00179847 -0.00000462 -0.00000095
11 B -0.00308941 -0.00149680 -0.00000482 -0.00000041
C -0.00515307 -0.00250123 -0.00000490 -0.00000045
A -0.00483770 -0.00235581 -0.00002071 0.00000158
12 B -0.00302721 -0.00163085 -0.00034151 -0.00000360
C -0.00379461 -0.00198997 -0.00000007 0.00014884
1 A -0.00215488 -0.00106359 -0.00003441 -0.00000106
B -0.00218650 -0.00107233 -0.00003436 -0.00000067
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(k7)

Node Plloaa™” P AP 00a™” AQ10ad
C -0.00300233 -0.00147597 -0.00003342 0.00000026
A -0.00154434 -0.00074928 -0.00000016 -0.00000048
14 B -0.00128477 -0.00062326 -0.00000033 -0.00000057
C -0.00189694 -0.00091296 -0.00000041 -0.00000058
A -0.00217398 -0.00106374 -0.00001531 -0.00000092
15 B -0.00200594 -0.00097293 -0.00001530 -0.00000026
C -0.00324560 -0.00157416 -0.00001502 0.00000006
A -0.00384899 -0.00188828 -0.00003474 -0.00000110
16 B -0.00428240 -0.00208293 -0.00003456 -0.00000069
C -0.00360640 -0.00177113 -0.00003369 0.00000027
A -0.00323877 -0.00157432 -0.00000017 -0.00000017
17 B -0.00202127 -0.00097319 0.00000003 0.00000001
C -0.00227680 -0.00109625 -0.00000002 0.00000001
A -0.00266071 -0.00130099 -0.00000842 0.00001141
18 B -0.00193097 -0.00106871 -0.00028990 -0.00000429
C -0.00515888 -0.00267203 0.00000091 0.00017035
A -0.00435835 -0.00211329 -0.00002022 -0.00000102
19 B -0.00415961 -0.00202087 -0.00002010 -0.00000037
C -0.00513830 -0.00250179 -0.00001966 0.00000011

Seventy-second: The linear simultaneous equation (5.7) is solved directly by optimally ordered

triangular factorization and Gaussian elimination. The A8 *7) and A|Vf(k7)| are obtained as shown

Table C.41.

a(k7) (h0) | a (k7)
o (hO) Vi twye Alve ™|

Seventy-third: For  load  buses, Cload and

6{’(k7) n WE(;lo) _A5ia(k7)
1

I/io'(k7) + ng_};'O) . Al]/LO'(k7)|
@ l(ho) @ are calculated from equations (5.44), (5.45), (5.55), (5.56),
&7+ Wso - AS7

(5.69) and (5.70) as shown in Table C.41. A if’load(ho) and AQ{fload(hO) are calculated from equations
(5.40) and (5.41) as shown Table C.41.

Table C.41 The calculated values

(h0)

Node A |Via(k7)| A5f'(k7) Pfload o Qgtmm(ho) APfioaa o AQ10aa
A -0.00022648 0.00003410 -0.00517922 -0.00249395 -0.00000909 -0.00001024
2 B 0.00088032 -0.00079193 -0.00214382 -0.00104485 -0.00001466 -0.00000320
C 0.00001613 0.00034262 -0.00485048 -0.00233625 -0.00001235 -0.00001083
A -0.00023309 0.00002897 -0.00550320 -0.00266912 -0.00000001 -0.00000001
3 B 0.00090353 -0.00078885 -0.00404247 -0.00195884 0.00000000 -0.00000001
C 0.00001082 0.00034404 -0.00243141 -0.00118057 0.00000000 0.00000000
A -0.00052402 0.00008996 -0.00304786 -0.00149218 -0.00019108 -0.00008231
! B 0.00200450 -0.00190017 -0.00216220 -0.00104151 -0.00019591 -0.00010635
C 0.00005583 0.00080321 -0.00180386 -0.00086184 -0.00009349 -0.00005169
A -0.00282445 -0.00188654 -0.00118832 -0.00263718 -0.00205063 0.00106270
5 B 0.03226028 -0.03983251 -0.00115830 -0.00800601 -0.00100017 0.00695796
C -0.00053868 0.01166522 -0.00131776 -0.00105909 -0.00080445 0.00003312
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Node A |Via(k7)| Afsf’(kn Pfload ¢ leoad(m)) APfioaq o AQP10aa o

A -0.00045449 0.00017897 -0.00209842 -0.00101932 -0.00000090 -0.00000035

6 B 0.00177155 -0.00204163 -0.00128299 -0.00062266 -0.00000212 -0.00000118

C 0.00010951 0.00072497 -0.00136201 -0.00065863 -0.00000127 -0.00000193

A -0.00053879 0.00013871 -0.00484812 -0.00235392 -0.00001030 -0.00000032

7 B 0.00163838 -0.00211320 -0.00335850 -0.00163426 -0.00001022 -0.00000019

C 0.00006190 0.00066232 -0.00378460 -0.00184117 -0.00001009 0.00000004

A -0.00037765 0.00026956 -0.00169347 -0.00082443 -0.00000098 -0.00000030

8 B 0.00154486 -0.00216360 -0.00225609 -0.00107179 -0.00000220 -0.00000121

C 0.00016065 0.00064967 -0.00348422 -0.00168469 -0.00000127 -0.00000184

E A -0.00029870 0.00035890 -0.00614750 -0.00298396 -0.00000050 -0.00000007
% 9 B 0.00131862 -0.00227482 -0.00619957 -0.00300569 -0.00000138 -0.00000121
E C 0.00020853 0.00057338 -0.00622567 -0.00300603 -0.00000043 -0.00000161
; A -0.00023782 0.00042531 -0.00169198 -0.00082443 -0.00000247 -0.00000030
—8 10 B 0.00114560 -0.00235410 -0.00175046 -0.00084840 0.00000371 -0.00000002
- C 0.00024404 0.00051481 -0.00120631 -0.00059460 -0.00000237 0.00000432
r:_g' A -0.00019774 0.00046613 -0.00371554 -0.00179875 -0.00000325 -0.00000067
2 11 B 0.00097815 -0.00241083 -0.00309085 -0.00149692 -0.00000339 -0.00000029
:)., C 0.00026377 0.00048638 -0.00515452 -0.00250136 -0.00000344 -0.00000032
g A -0.00017570 0.00046930 -0.00484353 -0.00235536 -0.00001489 0.00000113
§ 12 B 0.00096298 -0.00240609 -0.00312467 -0.00163194 -0.00024405 -0.00000252
NS C 0.00025940 0.00046372 -0.00379460 -0.00194600 -0.00000008 0.00010487
:_ A -0.00022882 0.00044229 -0.00216509 -0.00106391 -0.00002419 -0.00000074
é' 13 B 0.00090388 -0.00243076 -0.00219671 -0.00107253 -0.00002416 -0.00000047
% C 0.00024123 0.00045469 -0.00301225 -0.00147589 -0.00002350 0.00000018
=4 A -0.00015205 0.00051416 -0.00154439 -0.00074942 -0.00000011 -0.00000034
é' 14 B 0.00083224 -0.00246020 -0.00128488 -0.00062343 -0.00000023 -0.00000041
- C 0.00028655 0.00046740 -0.00189706 -0.00091313 -0.00000028 -0.00000041
© A -0.00018002 0.00046146 -0.00217852 -0.00106401 -0.00001077 -0.00000064
2 15 B 0.00094182 -0.00241060 -0.00201047 -0.00097301 -0.00001076 -0.00000018
N} C 0.00025631 0.00045443 -0.00325005 -0.00157414 -0.00001057 0.00000005
§ A -0.00020666 0.00044293 -0.00385931 -0.00188861 -0.00002443 -0.00000077
§ 16 B 0.00089203 -0.00242562 -0.00429266 -0.00208314 -0.00002430 -0.00000048
™ C 0.00023403 0.00043186 -0.00361640 -0.00177105 -0.00002369 0.00000019
; A -0.00015182 0.00051245 -0.00323882 -0.00157437 -0.00000012 -0.00000012
g 17 B 0.00083619 -0.00245838 -0.00202126 -0.00097319 0.00000002 0.00000000
& C 0.00028519 0.00046714 -0.00227680 -0.00109625 -0.00000001 0.00000001
= A -0.00010611 0.00056237 -0.00266312 -0.00129760 -0.00000601 0.00000802
_f:'; 18 B 0.00068498 -0.00250909 -0.00201374 -0.00107001 -0.00020712 -0.00000299
; C 0.00030974 0.00044834 -0.00515857 -0.00262199 0.00000061 0.00012031
A -0.00018275 0.00045720 -0.00436435 -0.00211360 -0.00001423 -0.00000071

19 B 0.00093097 -0.00241288 -0.00416557 -0.00202098 -0.00001414 -0.00000026

C 0.00025410 0.00044953 -0.00514413 -0.00250176 -0.00001383 0.00000007

337

Seventy-fourth: The elements of the Jacobian matrix (J,, J,, /5 and J,) are calculated from
equations (5.47)-(5.54), (5.57)-(5.68) and (5.71)-(5.78).
Seventy-fifth: The linear simultaneous equation (5.46) is solved directly by optimally ordered

triangular factorization and Gaussian elimination. The Awyo (h0) and Awsg(ho) are obtained as shown in

Table C.42.
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equations (5.79) and (5.80) as shown in Table C.42.

Seventy-sixth: The new step-length values

W(’;l)

i

(h1)

Ws

g
i

=w

— 1, ("0
Wyo~ + Awyo ")

(ho)

6:)- + AW6'(:T (hO)

Table C.42 The calculated values

338

are computed from

Node

(h0)

(h0)

(1)

(1)

Awye Awse Wye W2
A 0.54440472 4.49306161 0.84440472 4.79306161
5 B 0.22364613 0.94176721 0.52364613 1.24176721
C 6.22916304 0.20973255 6.52916304 0.50973255
A 0.53343490 5.16024837 0.83343490 5.46024837
3 B 0.22925975 0.94264586 0.52925975 1.24264586
C 8.94201905 0.20994611 9.24201905 0.50994611
A 0.53002191 4.03430650 0.83002191 4.33430650
! B 0.20645992 0.92216358 0.50645992 1.22216358
C 4.28259249 0.20436635 4.58259249 0.50436635
A 0.55561884 -1.55542374 0.85561884 -1.25542374
5 B 0.05362723 0.79953804 0.35362723 1.09953804
C -1.51262661 0.18142399 -1.21262661 0.48142399
A 0.52375149 2.16492692 0.82375149 2.46492692
6 B 0.18241854 0.87390908 0.48241854 1.17390908
C 2.21719057 0.19648057 2.51719057 0.49648057
A 0.45807283 2.63222689 0.75807283 2.93222689
7 B 0.15471167 0.84469005 045471167 1.14469005
C 3.73696008 0.17334470 4.03696008 0.47334470
A 0.52607788 1.53109062 0.82607788 1.83109062
8 B 0.15439905 0.83723047 0.45439905 1.13723047
C 1.52850059 0.18882429 1.82850059 0.48882429
A 0.53577654 1.21924752 0.83577654 1.51924752
9 B 0.11864079 0.80713459 0.41864079 1.10713459
C 1.18565779 0.18003016 1.48565779 0.48003016
A 0.55009986 1.07246956 0.85009986 1.37246956
10 B 0.08211192 0.78727319 038211192 1.08727319
C 1.01950597 0.17184606 1.31950597 0.47184606
A 0.55595336 0.99566922 0.85595336 1.29566922
11 B 0.04418252 0.77197312 0.34418252 1.07197312
C 0.93411192 0.17829411 123411192 0.47829411
A 0.55969330 1.00120330 0.85969330 1.30120330
12 B 0.01906101 0.77432710 0.31906101 1.07432710
C 0.95527242 0.16283024 1.25527242 0.46283024
A 0.51443157 1.01760641 0.81443157 1.31760641
13 B -0.00140718 0.76467258 0.29859282 1.06467258
C 0.97978552 0.15484638 1.27978552 0.45484638
A 0.58843823 0.92700765 0.88843823 1.22700765
14 B 0.00777491 0.76041110 030777491 1.06041110
C 0.85572380 0.19264854 1.15572380 0.49264854
A 0.54074229 1.00770476 0.84074229 1.30770476
15 B 0.00489721 0.77167360 0.30489721 1.07167360
C 0.96255296 0.15540025 1.26255296 0.45540025
16 A 0.50783866 1.02584631 0.80783866 1.32584631
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(h0)

(h1)

(h1)

Node Awys 0 Awge wys Wss
B -0.02794281 0.76677693 0.27205719 1.06677693
C 1.00983280 0.13663792 1.30983280 0.43663792
A 0.58670314 0.92798139 0.88670314 1.22798139
17 B 0.00982513 0.76047572 0.30982513 1.06047572
C 0.85669995 0.19229898 1.15669995 0.49229898
A 0.65069712 0.87012103 0.95069712 1.17012103
18 B -0.04480807 0.74952981 0.25519193 1.04952981
C 0.78903182 0.20839213 1.08903182 0.50839213
A 0.53124556 1.01135028 0.83124556 1.31135028
19 B -0.00263285 0.77033026 0.29736715 1.07033026
C 0.96743663 0.15132497 1.26743663 0.45132497
Via(k7) + W(};l;'l) . A|Via(k7)|
Seventy-seventh: buses, (h1) K and
51_0(k7) + 1) _Aévia(k7)
) - Viu(k7) + W[S?Tl) ,Alvia(k7)| .
Q71oad are calculated from equations (5.44), (5.45), (5.55), (5.56),
' Sia(’”) + ngll) -AS{’(”)

13

(5.69) and (5.70) as shown in Table C.43. A iﬂoad(hl) and AQi‘fload(hl) are calculated from equations

(5.40) and (5.41) as shown Table C.43.

Table C.43 The calculated values

Node Plioaa o QZ1oaa o AP 1oaq o AQ710aa v

A -0.00518582 -0.00250612 -0.00000249 0.00000194

2 B -0.00215017 -0.00104655 -0.00000830 -0.00000150
C -0.00486191 -0.00234464 -0.00000092 -0.00000244

A -0.00550321 -0.00266913 0.00000000 0.00000000

3 B -0.00404247 -0.00195885 0.00000000 0.00000000
C -0.00243141 -0.00118057 0.00000000 0.00000000

A -0.00321524 -0.00159443 -0.00002371 0.00001995

! B -0.00223651 -0.00112355 -0.00012159 -0.00002431
C -0.00188600 -0.00088743 -0.00001134 -0.00002610

A -0.00310204 -0.00155127 -0.00013690 -0.00002322

5 B -0.00159229 -0.00098290 -0.00056619 -0.00006514
C -0.00203851 -0.00106019 -0.00008370 0.00003422

A -0.00209931 -0.00101964 -0.00000001 -0.00000003

6 B -0.00128512 -0.00062379 0.00000002 -0.00000004
C -0.00136328 -0.00066055 0.00000000 -0.00000001

A -0.00485828 -0.00235424 -0.00000014 0.00000000

7 B -0.00336858 -0.00163446 -0.00000014 0.00000001
C -0.00379455 -0.00184112 -0.00000014 -0.00000001

A -0.00169444 -0.00082471 -0.00000001 -0.00000002

8 B -0.00225830 -0.00107297 0.00000001 -0.00000003
C -0.00348549 -0.00168652 0.00000000 -0.00000001

A -0.00614799 -0.00298401 -0.00000001 -0.00000002

9 B -0.00620096 -0.00300686 0.00000002 -0.00000004
C -0.00622611 -0.00300763 0.00000001 -0.00000001
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Node P?laad "D Q:”luad D AP?laud D AQ‘i’load D

A -0.00169448 -0.00082485 0.00000003 0.00000012

10 B -0.00174660 -0.00084845 -0.00000015 0.00000003
C -0.00120860 -0.00059026 -0.00000008 -0.00000003

A -0.00371878 -0.00179942 -0.00000001 0.00000000

1 B -0.00309422 -0.00149721 -0.00000001 0.00000000
C -0.00515796 -0.00250167 0.00000000 -0.00000001

A -0.00485703 -0.00235433 -0.00000138 0.00000009

12 B -0.00336862 -0.00163452 -0.00000011 0.00000006
C -0.00379460 -0.00184773 -0.00000009 0.00000660

A -0.00218927 -0.00106466 -0.00000001 0.00000001

13 B -0.00222084 -0.00107300 -0.00000002 0.00000000
C -0.00303573 -0.00147571 -0.00000002 -0.00000001

A -0.00154450 -0.00074975 0.00000000 0.00000000

14 B -0.00128511 -0.00062383 0.00000000 0.00000000
C -0.00189734 -0.00091353 0.00000000 0.00000000

A -0.00218928 -0.00106466 -0.00000001 0.00000001

15 B -0.00202121 -0.00097319 -0.00000002 0.00000000
C -0.00326061 -0.00157409 -0.00000001 -0.00000001

A -0.00388372 -0.00188940 -0.00000001 0.00000001

16 B -0.00431693 -0.00208362 -0.00000002 0.00000000
C -0.00364007 -0.00177085 -0.00000002 -0.00000001

A -0.00323894 -0.00157449 0.00000000 0.00000000

17 B -0.00202123 -0.00097318 0.00000000 0.00000000
C -0.00227681 -0.00109624 0.00000000 0.00000000

A -0.00266846 -0.00128964 -0.00000067 0.00000006

18 B -0.00222071 -0.00107303 -0.00000015 0.00000003
C -0.00515790 -0.00250878 -0.00000006 0.00000709

A -0.00437856 -0.00211432 -0.00000001 0.00000001

19 B -0.00417969 -0.00202123 -0.00000002 0.00000000
C -0.00515795 -0.00250167 -0.00000002 -0.00000001

Seventy-eighth: ~ Determine  max{|AP, (h1)|,|Aleoad(h1)|} =5.6619x 10 and

iload

max{|AP%q "], |AQ7100a"® [} = 0.0070. After that, go to the next calculation.

i,load

Seventy-ninth: The elements of the Jacobian matrix (J;, J,, /3 and J,) are calculated from
equations (5.47)-(5.54), (5.57)-(5.68) and (5.71)-(5.78).

Eightieth: The linear simultaneous equation (5.46) is solved directly by optimally ordered

triangular factorization and Gaussian elimination. The Awy,o (1) and AWS{r(hl) are obtained as shown in

Table C.44.

W(?,Z) — Wﬁl) + AWViU(hl)
Eighty-first: The new step-length values lhz th are computed from
W( ) _ ., (h1) +Aw8g(h1)

&7 8!

equations (5.79) and (5.80) as shown in Table C.44.



LLE8GEBSET

9 thes | £0:1g 16T 2952L0vz A9a1 | uo 1veviess ip tzzevtzos siseutt o I[NNI

Table C.44 The calculated values
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Node AWVE' (h1) AW;g (h1) WV:-’ (h2) wé"f (h2)
A -0.00687095 0.01828699 0.83753377 4.81134861
2 B -0.02085401 -0.00226726 0.50279213 1.23949994
C 0.08964418 -0.02583202 6.61880721 0.48390053
A -0.00710513 0.02376333 0.82632977 5.48401170
3 B -0.02072570 -0.00222554 0.50853404 1.24042032
C 0.13920249 -0.02578639 938122153 0.48415972
A -0.00705917 0.01585939 0.82296274 4.35016590
! B -0.02084281 -0.00293785 048561711 1.21922573
C 0.05280486 -0.02595624 4.63539735 0.47841012
A 0.01771700 -0.02040964 0.87333584 -1.27583339
5 B -0.00917772 -0.00616005 0.34444951 1.09337799
C 0.07608971 -0.02341476 -1.13653690 0.45800923
A -0.00749593 0.00099783 0.81625556 2.46592475
6 B -0.02190420 -0.00416684 0.46051434 1.16974224
C 0.02475130 -0.02878573 2.54194187 0.46769484
A -0.00980945 0.00577625 0.74826338 2.93800314
7 B -0.02257691 -0.00487696 043213476 1.13981309
C 0.05811291 -0.02996606 4.09507299 0.44337865
A -0.00779250 -0.00418717 0.81828538 1.82690345
8 B -0.02320639 -0.00511717 0.43119267 1.13211330
C 0.01538969 -0.03228238 1.84389027 0.45654191
A -0.00810810 -0.00679228 0.82766845 1.51245524
9 B -0.02491136 -0.00591038 0.39372944 1.10122421
C 0.01080513 -0.03677612 1.49646292 0.44325404
A -0.00843455 -0.00804138 0.84166531 1.36442818
10 B -0.02664578 -0.00644283 0.35546614 1.08083035
C 0.00850128 -0.04111980 1.32800725 0.43072626
A -0.00859839 -0.00890724 0.84735497 1.28676198
11 B -0.02834402 -0.00687124 0.31583850 1.06510187
C 0.00733159 -0.04449165 1.24144351 0.43380246
A -0.00830766 -0.00851556 0.85138564 1.29268774
12 B -0.02933529 -0.00677455 0.28972572 1.06755255
C 0.00818480 -0.04634458 1.26345721 0.41648565
A -0.00936577 -0.00886955 0.80506580 1.30873686
13 B -0.02988836 -0.00702535 0.26870445 1.05764723
C 0.00847409 -0.04682388 1.28825961 0.40802250
A -0.00841667 -0.00963749 0.88002157 1.21737015
14 B -0.03018100 -0.00721275 0.27759391 1.05319836
C 0.00625433 -0.04754520 1.16197813 0.44510334
A -0.00866280 -0.00849118 0.83207949 1.29921359
15 B -0.02978619 -0.00683471 0.27511103 1.06483889
C 0.00825822 -0.04704944 1.27081118 0.40835081
A -0.00934494 -0.00842786 0.79849372 1.31741845
16 B -0.03094399 -0.00693805 0.24111320 1.05983888
C 0.00975503 -0.04892958 1.31958783 0.38770834
A -0.00836232 -0.00962355 0.87834082 1.21835785
17 B -0.03011838 -0.00720749 0.27970675 1.05326823
C 0.00637448 -0.04754552 1.16307443 0.44475346
8 A -0.00808420 -0.01024798 0.94261292 1.15987305
B -0.03282184 -0.00753668 0.22237009 1.04199313
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Node AwyehD Aw e (MD) wye (1) wso(12)
C 0.00528630 -0.05087071 1.09431812 0.45752142
A -0.00883586 -0.00847704 0.82240971 1.30287324
19 B -0.03002945 -0.00686463 0.26733770 1.06346563
C 0.00834796 -0.04743352 1.27578459 0.40389145
k7 h2 k7
(hz) I/la'( ) + W]&P' ) . A|[/[0’( )l
Eighty-second: ~ For  load  buses, P/uq 7 L(hz) 7 and
87U + wie? - asg "7
15
V_O'(k7) + W(};—Z) . Alva‘(k7)|
h2 i V! i .
leoad( ) : are calculated from equations (5.44), (5.45), (5.55), (5.56),

(5.69) and (5.70) as shown in Table C.45. AP,

i,load

5747 +wl? - asg"?

L

(5.40) and (5.41) as shown Table C.45.

(h2)

Table C.45 The calculated values

and AQ{fload(hz) are calculated from equations

Node Pglaad ") Q;”load ") AP?laad h2) AQ?laad ")

A -0.00518831 -0.00250418 0.00000000 0.00000000

5 B -0.00215848 -0.00104805 0.00000000 0.00000000
C -0.00486282 -0.00234708 0.00000000 0.00000000

A -0.00550321 -0.00266913 0.00000000 0.00000000

3 B -0.00404247 -0.00195885 0.00000000 0.00000000
C -0.00243141 -0.00118057 0.00000000 0.00000000

A -0.00323895 -0.00157449 0.00000000 0.00000000

! B -0.00235809 -0.00114788 -0.00000002 0.00000001
C -0.00189733 -0.00091353 -0.00000001 -0.00000001

A -0.00323861 -0.00157448 -0.00000034 0.00000000

5 B -0.00214665 -0.00104802 -0.00001183 -0.00000003
C -0.00212195 -0.00102597 -0.00000026 0.00000000

A -0.00209932 -0.00101967 0.00000000 0.00000000

6 B -0.00128511 -0.00062384 0.00000000 0.00000000
C -0.00136328 -0.00066056 0.00000000 0.00000000

A -0.00485842 -0.00235423 0.00000000 0.00000000

7 B -0.00336872 -0.00163445 0.00000000 0.00000000
C -0.00379469 -0.00184113 0.00000000 0.00000000

A -0.00169445 -0.00082473 0.00000000 0.00000000

8 B -0.00225829 -0.00107300 0.00000000 0.00000000
C -0.00348549 -0.00168653 0.00000000 0.00000000

A -0.00614800 -0.00298403 0.00000000 0.00000000

9 B -0.00620095 -0.00300690 0.00000000 0.00000000
C -0.00622610 -0.00300764 0.00000000 0.00000000

A -0.00169445 -0.00082473 0.00000000 0.00000000

10 B -0.00174675 -0.00084842 0.00000000 0.00000000
C -0.00120868 -0.00059028 0.00000000 0.00000000

A -0.00371879 -0.00179941 0.00000000 0.00000000

11 B -0.00309423 -0.00149721 0.00000000 0.00000000
C -0.00515796 -0.00250168 0.00000000 0.00000000

12 A -0.00485842 -0.00235423 0.00000000 0.00000000
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Node P?laad(}a) Q:”luad(hZ) AP?luud(hZ) AQ‘i’load(hZ)

B -0.00336867 -0.00163445 -0.00000005 0.00000000

C -0.00379469 -0.00184113 0.00000000 0.00000000

A -0.00218929 -0.00106465 0.00000000 0.00000000

13 B -0.00222086 -0.00107300 0.00000000 0.00000000

C -0.00303575 -0.00147571 0.00000000 0.00000000

A -0.00154450 -0.00074976 0.00000000 0.00000000

14 B -0.00128511 -0.00062384 0.00000000 0.00000000

C -0.00189734 -0.00091354 0.00000000 0.00000000

A -0.00218929 -0.00106465 0.00000000 0.00000000

15 B -0.00202123 -0.00097319 0.00000000 0.00000000

C -0.00326062 -0.00157409 0.00000000 0.00000000

A -0.00388373 -0.00188938 0.00000000 0.00000000

16 B -0.00431696 -0.00208362 0.00000000 0.00000000

C -0.00364009 -0.00177085 0.00000000 0.00000000

A -0.00323895 -0.00157449 0.00000000 0.00000000

17 B -0.00202123 -0.00097319 0.00000000 0.00000000

C -0.00227681 -0.00109624 0.00000000 0.00000000

A -0.00266913 -0.00128958 0.00000000 0.00000000

18 B -0.00222081 -0.00107300 -0.00000005 0.00000000

C -0.00515796 -0.00250168 0.00000000 0.00000000

A -0.00437857 -0.00211431 0.00000000 0.00000000

19 B -0.00417971 -0.00202123 0.00000000 0.00000000

C -0.00515796 -0.00250168 0.00000000 0.00000000
Eighty-third: ~ Determine  max{|APgoeq"? ], |A010aa"?|} = 11827 x 1075 and
max{|aPZaq "] 1807 0ea ™|} = 5.6619 x 107 . It is noticed that

max{|A if’load(hz)|, |AQ{fload(h2)|} < €. Then, the power flow algorithm is terminated and the new
voltage magnitudes, |Vl-"(k8)| = |Vl."(k7)| + WVia(hz) -All/'i”(k7)| , and phase angles, S{T(ks) = Sf’(m) +
ng(hz) 787 %7 are computed from equations (5.42) and (5.43) by ina(hz) and ng(hz) as shown in

Table C.46.

Table C.46 The updated values

Node | ye® | 509
A 1.04895808 0.01680295
2 B 1.04858169 -2.07629713
C 1.04518815 2.10913386
A 1.02547124 0.02305150
3 B 1.03157691 -2.08021272
C 1.04239970 2.10944101
A 1.04955620 0.03921859
! B 1.04785951 205166842
C 1.03955913 2.12901530
A 1.06002344 0.10962223
5 B 1.05982842 -1.98706107
C 1.05794625 2.19478265
6 A 1.05127969 0.05934241
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Node | ye® | 59®
B 1.04825921 -2.02881233
C 1.03449155 2.14715974
A 1.05960310 0.08851804
7 B 1.05769432 -1.99877561
C 1.03899801 2.17466743
A 1.05272076 0.07579238
8 B 1.04863491 -2.00992284
C 1.03012820 2.16214798
A 1.05372602 0.09049928
9 B 1.04901925 -1.99323010
C 1.02643714 2.17565804
A 1.05513575 0.10152139
10 B 1.05004496 -1.98062740
C 1.02421048 2.18602378
A 1.05782856 0.11051516
11 B 1.05333717 -1.97064181
C 1.02488736 2.19506478
A 1.05922360 0.11361288
12 B 1.05428810 -1.96770801
C 1.02649908 2.19778938
A 1.06524322 0.12439880
13 B 1.05947590 -1.95499267
C 1.02718400 2.20875120
A 1.05789157 0.11393652
14 B 1.05430214 -1.96702209
C 1.02509588 2.19855030
A 1.06181240 0.11919568
15 B 1.05649217 -1.96141693
C 1.02704438 2.20329274
A 1.06516123 0.12820963
16 B 1.05802141 -1.95228710
C 1.02887134 221117754
A 1.05444701 0.11440051
17 B 1.05251542 -1.96737908
C 1.02348445 2.19878908
A 1.05895444 0.11726445
18 B 1.05584957 -1.96336311
C 1.02599383 2.20197196
A 1.06290920 0.12201308
19 B 1.05739159 -1.95828283
C 1.02717828 2.20603387
(k8)

Eighty-fourth: For cross check, P44

o
and Q71pa4q

from equations (5.1), (5.2), (5.16), (5.17), (5.30) and (5.31) as shown Table C.47. A

344

are calculated

and

Aleoad(ks) are calculated from equations (5.38) and (5.39) as shown Table C.47.

max{|APi"(k8)|, |AQ{’ (k8)|} = 1.1827 X 1075, Then, the power flow algorithm is convergent.
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Table C.47 The calculated values
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Node P;"load(kS) ;‘Tload ® APiﬂload(ka) AQ:"load ®

A 000517546 -0.00248875 -0.00001285 -0.00001543

5 B -0.00213983 -0.00104212 -0.00001865 -0.00000593
C -0.00484602 -0.00233214 -0.00001680 -0.00001495

A -0.00550319 -0.00266912 -0.00000002 -0.00000001

3 B -0.00404247 -0.00195884 0.00000000 -0.00000001
C -0.00243141 -0.00118057 0.00000000 0.00000000

A -0.00296520 -0.00144631 -0.00027374 -0.00012817

! B -0.00211237 -0.00096481 -0.00024573 -0.00018305
C -0.00177597 -0.00084259 -0.00012138 -0.00007094

A -0.00029099 -0.00310328 -0.00294795 0.00152879

5 B -0.00577422 -0.01104699 0.00361574 0.00999894
C -0.00096499 -0.00106761 -0.00115723 0.00004164

A -0.00209808 -0.00101921 -0.00000124 -0.00000046

6 B -0.00128206 -0.00062222 -0.00000304 -0.00000161
C -0.00136148 -0.00065780 -0.00000180 -0.00000276

A -0.00484411 -0.00235378 -0.00001430 -0.00000045

7 B -0.00335453 -0.00163418 -0.00001419 -0.00000027
C -0.00378069 -0.00184119 -0.00001400 0.00000006

A -0.00169308 -0.00082434 -0.00000137 -0.00000039

8 B -0.00225513 -0.00107133 -0.00000316 -0.00000167
C -0.00348369 -0.00168390 -0.00000180 -0.00000262

A -0.00614729 -0.00298397 -0.00000070 -0.00000006

9 B -0.00619895 -0.00300522 -0.00000199 -0.00000168
C -0.00622547 -0.00300534 -0.00000062 -0.00000230

A -0.00169090 -0.00082427 -0.00000355 -0.00000046

10 B -0.00175209 -0.00084839 0.00000534 -0.00000003
C -0.00120534 -0.00059645 -0.00000334 0.00000617

A -0.00371417 -0.00179847 -0.00000462 -0.00000095

1 B -0.00308941 -0.00149680 -0.00000482 -0.00000041
C -0.00515307 -0.00250123 -0.00000490 -0.00000045

A -0.00483770 -0.00235581 -0.00002071 0.00000158

12 B -0.00302721 -0.00163085 -0.00034151 -0.00000360
C -0.00379461 -0.00198997 -0.00000007 0.00014884

A -0.00215488 -0.00106359 -0.00003441 -0.00000106

13 B -0.00218650 -0.00107233 -0.00003436 -0.00000067
C -0.00300233 -0.00147597 -0.00003342 0.00000026

A -0.00154434 -0.00074928 -0.00000016 -0.00000048

14 B -0.00128477 -0.00062326 -0.00000033 -0.00000057
C -0.00189694 -0.00091296 -0.00000041 -0.00000058

A -0.00217398 -0.00106374 -0.00001531 -0.00000092

15 B -0.00200594 -0.00097293 -0.00001530 -0.00000026
C -0.00324560 -0.00157416 -0.00001502 0.00000006

A -0.00384899 -0.00188828 -0.00003474 -0.00000110

16 B -0.00428240 -0.00208293 -0.00003456 -0.00000069
C -0.00360640 -0.00177113 -0.00003369 0.00000027

A -0.00323877 -0.00157432 -0.00000017 -0.00000017

17 B -0.00202127 -0.00097319 0.00000003 0.00000001
C -0.00227680 -0.00109625 -0.00000002 0.00000001

8 A -0.00266071 -0.00130099 -0.00000842 0.00001141
B -0.00193097 -0.00106871 -0.00028990 -0.00000429
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Node E‘laud(kS) gload *® AP?load(kS) Aleoad *®)

C -0.00515888 -0.00267203 0.00000091 0.00017035

A -0.00435835 -0.00211329 -0.00002022 -0.00000102

19 B -0.00415961 -0.00202087 -0.00002010 -0.00000037
C -0.00513830 -0.00250179 -0.00001966 0.00000011
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APPENDIX D

The Optimization Problem Based On Only Severe Case

Consideration Under The Uncertainty

Following the optimization problem based on only severe case consideration
under the uncertainty, the optimization problem from equations (5.81)-(5.86) can be

transformed to the following:

n
maximize [z z Pl-‘_’p,,'ﬂé] (D.1)

i o€{AB,C}
Subject to:
7$1in =< Vifrzlé. = Vn({ax (D.2)
|Ii0—j,zl6| =< Iio-—j,max (D'?’)
[s21” ] < Smax ™ (D4)
14

VUF; 16 < 3%; VUF; = 7 X 100% (D.5)

i
PIOSS.Zl6 = Lossmax load, no PV (D-6)

The optimization problem (D.1) and also the constraints (D.2)-(D.6) determine
only severe case or case z16. This case z16 is determined on the minimum load and
maximum solar irradiance condition. To test this optimization problem (D.1), the
configuration is defined as follows:

- Test on the modified 19 node distribution system,;

- Determine the set of uncertainty at the week 3-9 November 2014;

- The continuous local control function is selected to operate.

When the 2-stage PSO is applied, the optimal parameters setting can be shown in Table
D.1. The objective value from equation (D.1) is 88,412.86 W.
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Table D.1 Parameter setting of each connected PV system
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Parameter Setting

PV Name Vcri 617 Kl KZ Vq 6‘1
PV1 1.1 0.01 0.836 1.512 1.034 0.078
PV2 1.1 0.01 0.868 1.55 1.024 0.095
PV3 1.101 0.01 0.819 1.492 1.025 0.096
PV4 1.09 0.01 0.613 0.668 1.017 0.094
PV5 1.096 0.01 0.843 1.499 1.026 0.096
PV6 1.098 0.01 0.926 1.504 1.029 0.091
PV7 1.107 0.01 0.875 1.606 1.022 0.092
PV8 1.11 0.01 0.883 1.528 1.016 0.098
PV9 1.091 0.01 0.785 1.488 1.024 0.092
PV10 1.092 0.01 0.827 1.501 1.027 0.099
PV11 1.098 0.01 0.842 1.517 1.035 0.097
PV12 1.093 0.01 0.866 1.528 1.033 0.096
PV13 1.106 0.01 0.816 1.492 1.023 0.095
PV14 1.095 0.01 0.811 1.512 1.024 0.096
PV15 1.098 0.01 0.835 1.529 1.024 0.1
PV16 1.1 0.01 0.793 1.497 1.024 0.095
PV17 1.106 0.01 0.789 1.488 1.024 0.095
PV18 1.095 0.01 0.878 1.505 1.025 0.092

Apply the parameters setting in Table D.1, the power flow results of total 17

cases of the set of uncertainty can be shown in Figure D.1.

—O— Max Volt 4

280

—*%— Min Volt

10
Case

(b) Maximum VUF

15

220
200 ] 0 -
5 10 15 5
Case
(a) Minimum and maximum phase
voltage
x10* 100
é ________________
!CT,) 10 i E
:
S 5t iy
[
o
=0 - - - 0
5 10 15
Case

(c) MV/LV transformer utilization

10
Case

15

(d) Maximum line capacity
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5 10 15
Case

(e) System loss
Figure D.1 The results of the set of uncertainty

From Figure D.1, it can notice that:
- Voltage and loss at the case z16 is within the limit. Surely, it is because only
case z16 is determined on optimization problem under the constraint;
- Cases on the minimum solar irradiance condition are within the limit. They
are consisted of z3, z5, z7, z9, z11, z13, z15 and z17;
- Case zIl on the mean load and mean solar irradiance condition is luckily
within the limit;
- Case 72 on the maximum load and maximum solar irradiance condition is
luckily within the voltage limit but out of the maximum loss limit;
- Other cases (z4, z6, z8, z10, z12 and z14) with the maximum solar irradiance
condition are out of the voltage and loss limit.
Therefore, it can conclude that the optimization problem based on only severe case
consideration under the uncertainty cannot hold on the power flow results within limit

under the uncertainty.
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APPENDIX E

The Contrast Optimization Problems

In the past proposal, the optimization problem is presented as shown in equation
(D.1) to solve the maximization of total real power output from overall PV systems as
shown in equation (D.2) and minimization of system loss as shown in equation (D.3)
simultaneously. The equation (D.3) can transform to the maximization problem as
shown in equation (D.4). When the equations (D.2) and (D.4) are sum together, the
equation (D.1) is obtained.

n
maximize [Z z Pi(,;pv,z1]—P loss,z1 (E.1)
T oelAB,C)
n
maXiTTuZe |:z Z Pl?.pvjzll (E‘z)
i o€{4,B,C}
minimize|Pjyss 11| (E.3)
maximize[—Pjyss 11| (E.4)

According to the formulation of optimization problem in equation (D.1), it is
incorrect because the equation (D.2) contrasts with the equation (D.3). To express this
problem clearly, Multi-Objective Particle Swarm Optimization (MOPSO) [47] will be
applied to solve the optimization problems (D.5) and (D.6). For the equation (D.5), it
is obtained from the transformed equation (D.2) by changing into the minimization
problem. The constraints of equations (D.5) and (D.6) are the system limit as shown in

equations (D.7)-(D.10).

n
fob1l = minimize [— Z z Pi"’pvm] (E.5)

i o€{AB,C}
fob2 = minimize [Ploss,zl] (E.6)
Vimin = Vi, < Vinax (E.7)
] <17 jmax (E.8)
5272 < it (E.9)
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[vie|
PO
|Vi |

VUF;, <3%; VUF; = X 100% (E.10)

where z € {z1, 22, ...,2z17}.

The results from MOPSO can be shown in Figure D.1. It can notice that:

- At the point A of Figure D.1 (fobl = —49,969.87, fob2 = 5,943.88), it
indicates that when fob1 is obtained at minimum value but the value of
fob2 is obtained at non-minimum. Similarly, when the parameter is set to
inject more real power output, more loss is occurred.

- At the point B of Figure D.1 (fobl = —10,581.05, fob2 = 501.70), it
indicates that when fob2 is obtained at minimum value but the value of
fob1 is obtained at non-minimum. Similarly, when the parameter is set to
inject less real power output, loss is occurred at the small value.

Then, it can be noticed that the equations (D.2) and (D.3) are conflict together and
cannot sum directly, as shown in equation (D.1), to solve both the objectives (D.2) and
(D.3).

A

7

/

Figure E.1 The results from MOPSO

The results of MOPSO in Figure D.1 is determined on the same parameter

setting of continuous local control function of each connected PV system. At the point
A, {Vi,m, 6 Ki1, Ki2, Vig, Si,q} is {1.062, 0.01, 0.06, 1.06, 1.021, 0.01}. At the point
B, {Vl-,m-, 8ip K1, Ki2, Vig, 5i,q} is {1.039, 0.01, 0.295, 0.949, 1.053, 0.01}.
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APPENDIX F

The Study Of The Maximum High PV Penetration Under No Local

Control

In this Appendix, the study is based on the modified 19 and 29 node distribution
system. The study will determine only sever case or minimum load condition.
According to the set of uncertainty of the week 3-9 November 2014, the minimum load
of phase A, B and C are 0.1135, 0.1007 and 0.1815 respectively. Every connected 1-

phase PV system is defined to have the same size.

F.1 The Modified 19 Node Distribution System

The study determines in 3 parts as follows.

- Firstly, every load point of each phase has a 1-phase PV system. Increasing
size of 1-phase PV systems until the simulation results nearly exceed the
limit, the high PV penetration result is 52% of transformer capacity. The
size of each 1-phase PV system is around 1.2 kW. The voltage profile of
52% high PV penetration can be shown in Figure F.1.

280 T T T T T T T T T
—~ 260 i
2/ o D g 52 =B g S8 & <)
% 240%
o
S | —O—Phase A | |
220 —¥%— Phase B
——————————————————————————— —A—Phase C
200 1 1 I | 1 1 | T T
2 4 6 8 10 12 14 16 18

Node

Figure F.1 The voltage profile result

- Secondly, only downstream node 18 and 19 of each phase has 1-phase PV
system. Node 18 and 19 are the downstream node of each branch of the
modified 19 node distribution system. Increasing size of 1-phase PV

systems until the simulation results nearly exceed the limit, the high PV
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penetration result is 34% of transformer capacity. The size of each 1-phase
PV system is around 7 kW. The voltage profile of 34% high PV penetration

can be shown in Figure F.2.

280 T T T T T T T T T
—O—Phase A
220 —*%— Phase B ||
___________________________ —A—Phase C L
200 | 1 | | | 1 | | |
2 4 6 8 10 12 14 16 18
Node
Figure F.2 The voltage profile result
- Finally, only one downstream node 19 of each phase has 1-phase PV system.
Increasing size of 1-phase PV systems until the simulation results nearly
exceed the limit, the high PV penetration result is 25% of transformer
capacity. The size of each 1-phase PV system is around 10 kW. The voltage
profile of 25% high PV penetration can be shown in Figure F.3.
280 T T T T T T T T T
—O—Phase A
220 —*— Phase B | |
——————————————————————————— —A— Phase C
200 | 1 | | | 1 | T T
2 4 6 8 10 12 14 16 18

Node

Figure F.3 The voltage profile result

F.2 The Modified 29 Node Distribution System

The study determines in 3 parts as follows.
- Firstly, every load point of each phase has a 1-phase PV system.
Increasing size of 1-phase PV systems until the simulation results nearly

exceed the limit, the high PV penetration result is 53% of transformer
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capacity. The size of each 1-phase PV system is around 1.1 kW. The
voltage profile of 53% high PV penetration can be shown in Figure F.1.

—O©— Phase A

—¥%— Phase B

—A— Phase C

Node

Figure F.4 The voltage profile result

Secondly, only downstream node 10, 16 and 29 of each phase has 1-phase
PV system. There are 3 branches of the modified 29 node distribution
system and node 10, 16 and 29 are the downstream node of each branch.
Increasing size of 1-phase PV systems until the simulation results nearly
exceed the limit, the high PV penetration result is 44% of transformer
capacity. The size of each 1-phase PV system is around 6.1 kW. The voltage
profile of 44% high PV penetration can be shown in Figure F.5.

—*%— Phase B
| | —A—PhaseC |- - - — — — —  _ _ _ _ _ _ _ _ _ _ _ _______
I

5 10 15 20 25
Node

Figure F.5 The voltage profile result

Finally, only downstream node 29 of each phase has 1-phase PV system.
Note that node 29 is the farthest node of the modified 29 node distribution
system. Increasing size of 1-phase PV systems until the simulation results

nearly exceed the limit, the high PV penetration result is 22% of transformer
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capacity. The size of each 1-phase PV system is around 9.1 kW. The voltage
profile of 22% high PV penetration can be shown in Figure F.6.

T T T T T
—O— Phase A
L | —%— Phase B _

5 10 15 20 25
Node

Figure F.6 The voltage profile result

From the high PV penetration results of both Subsection F.1 and F.2 according

to no embed local control, it can conclude that:

Each LV distribution system has a different level of high PV penetration;
Distributed PV system connection has higher level of high PV penetration

than clustered PV system connection.



APPENDIX G

Load, Solar Irradiance and Ambient Temperature Data

The collected data in 3-9 November 2014 between 6.00-18.00 O’clock can be

shown in Table 1.

Table G.1 The collected data in 3-9 November 2014 between 6.00-18.00 O clock

Load (pu.) Sol Ambient Load (pu.) Sol Ambient
Date Time n (k\:’ /1:2) Temp. Date Time (k\;/;:::z) Temp.
ase Phase Phase (o) Phase Phase Phase (o)
A B C A B C

8 3 6:00 0.2696 | 0.3360 | 0.4087 0.0000 25.83 7 6:00 0.1932 0.4186 0.3548 0.0000 27.44
_. Nov 6:05 0.1829 | 0.3520 | 0.3612 0.0000 26.04 Nov 6:05 0.2322 0.2689 0.2820 0.0000 27.52
4 2014 6:10 0.1801 0.2662 | 0.2915 0.0000 26.22 2014 6:10 0.2400 | 0.1664 0.2906 0.0000 27.83
> 6:15 0.2229 | 0.2576 | 0.2595 0.0000 25.90 6:15 0.3252 0.2562 0.2689 0.0000 27.38
8 6:20 0.1867 | 0.3417 | 03311 0.0006 25.93 6:20 0.2771 0.2044 0.2819 0.0000 27.33
- 6:25 0.2367 | 0.2795 | 0.3252 0.0054 25.68 6:25 0.2280 | 0.3091 0.3645 0.0010 27.35
« 6:30 0.2101 0.2650 | 0.2751 0.0122 25.63 6:30 0.2504 | 0.2743 0.1752 0.0059 27.79
o 6:35 0.1683 0.2209 | 0.2742 0.0210 25.64 6:35 0.4054 | 0.3345 0.2289 0.0136 28.18
[} 6:40 0.2082 | 0.3252 | 0.2407 0.0306 25.92 6:40 0.3269 | 0.2154 0.2978 0.0247 27.63
,j 6:45 0.3633 0.3209 | 0.2546 0.0317 25.72 6:45 0.2748 0.3514 0.2387 0.0354 27.80
P 6:50 0.3235 0.2333 | 0.2495 0.0319 25.99 6:50 0.3471 0.3824 0.1976 0.0507 28.16
‘-\*" 6:55 0.1895 0.1671 0.2477 0.0374 25.94 6:55 0.3232 0.3797 0.2386 0.0714 29.06
N 7:00 0.3007 | 0.2747 | 0.2351 0.0461 25.76 7:00 0.3467 0.2356 0.2165 0.0785 28.94
B 7:05 0.2613 0.1998 | 0.3115 0.0524 25.84 7:05 0.2968 0.2215 0.2456 0.0794 28.58
7:10 0.2419 | 0.2828 | 0.2010 0.0605 25.82 7:10 0.3544 | 0.4850 0.2834 0.0717 28.37

Q 7:15 0.2854 | 0.3529 | 0.2395 0.0715 25.77 7:15 0.2916 | 0.2132 0.2055 0.0853 28.47
) 7:20 0.3278 | 0.2111 0.2535 0.0818 26.30 7:20 0.2904 | 0.2710 0.2078 0.1008 28.60
" 7:25 0.2164 | 0.2726 | 0.3096 0.0945 25.90 7:25 0.2020 | 0.1890 0.2677 0.1301 28.78
® 7:30 0.3771 0.3175 | 0.2574 0.1052 26.01 7:30 0.2640 | 0.1416 0.3549 0.1185 28.77
nd 7:35 02782 | 0.2572 | 0.2796 0.1142 26.13 7:35 0.2571 0.2543 0.1950 0.1681 28.95
L 7:40 0.2871 0.2086 | 0.3070 0.1206 25.92 7:40 0.3268 0.1427 0.1844 0.2116 29.25
- 7:45 0.2476 | 0.2733 | 0.2278 0.1257 26.10 7:45 0.3207 0.1132 0.2043 0.2328 29.46
g 7:50 0.3163 0.2093 | 0.2425 0.1357 25.95 7:50 0.3164 | 0.1361 0.2177 0.2658 29.65
7:55 0.2068 | 0.3239 | 0.2987 0.1518 26.02 7:55 03146 | 0.1384 0.2531 0.2722 29.66

=~ 8:00 0.2927 | 0.2411 0.2551 0.1750 26.19 8:00 0.3759 | 0.1045 0.2589 0.2952 29.87
- 8:05 0.3680 | 0.2793 | 0.2761 0.2169 26.25 8:05 0.5493 0.1502 0.1758 0.2819 30.12
(13 8:10 03166 | 0.2724 | 0.2355 0.2608 26.48 8:10 0.2570 | 0.2445 0.2969 0.2636 30.01
2 8:15 0.3653 0.2188 | 0.2546 0.2889 26.76 8:15 0.3657 0.1245 0.2126 0.2936 29.90
i 8:20 0.2131 0.1918 | 0.3024 0.3211 26.69 8:20 0.3751 0.1359 0.1937 0.3413 30.26
N 8:25 0.2369 | 0.2414 | 0.3837 0.3440 27.27 8:25 0.2867 0.1241 0.2074 0.3698 30.57
~ 8:30 0.2480 | 0.2082 | 0.3396 0.4390 28.26 8:30 0.2052 0.1314 0.2126 0.3563 31.13
o 8:35 0.2480 | 0.1499 | 0.2794 0.5934 28.20 8:35 0.4171 0.1932 0.1965 0.4480 31.33
s 8:40 0.2775 0.1844 | 0.2737 0.7183 28.77 8:40 0.2761 0.1843 0.2297 0.4201 31.19
a1 8:45 0.2467 | 0.1486 | 0.2775 0.7428 29.54 8:45 0.2936 | 0.1421 0.2197 0.2713 30.91
% 8:50 0.1922 | 0.1877 | 0.2431 0.7714 29.51 8:50 0.1618 0.1811 0.2292 0.3492 30.81
8:55 0.3338 | 0.2204 | 0.2660 0.7725 29.50 8:55 0.2227 0.1757 0.2311 0.1810 30.40

g 9:00 0.1953 0.2254 | 0.3434 0.7390 29.76 9:00 0.3468 0.1466 0.2624 0.2110 30.24
o 9:05 0.3458 | 0.2047 | 0.3448 0.7789 29.63 9:05 0.2347 0.1675 0.2992 0.1898 30.35
3 9:10 0.2542 | 0.2634 | 0.3211 0.8225 30.02 9:10 0.2637 0.1716 0.4343 0.2107 30.11
. 9:15 0.3446 | 0.2025 | 0.3046 0.8435 30.12 9:15 0.2216 | 0.1664 0.3633 0.2762 30.47
o 9:20 0.2295 0.2250 | 0.2234 0.8491 30.36 9:20 0.2029 | 0.1536 0.2686 0.3560 30.42
w 9:25 0.2392 | 0.2455 | 0.2911 0.7681 30.45 9:25 0.2004 | 0.1763 0.3729 0.3092 30.84
-~ 9:30 0.2382 | 0.2475 | 0.3255 0.5364 30.53 9:30 0.2474 | 0.2362 0.3205 0.3640 30.98
» 9:35 02178 | 0.1907 | 0.3183 0.4190 29.21 9:35 0.2368 0.1986 0.3035 0.3809 30.71
o 9:40 0.3219 | 0.1555 | 0.2861 0.5230 29.62 9:40 0.3370 | 0.1622 0.2391 0.5219 31.00
Q 9:45 0.2331 0.2459 | 0.2739 0.5722 29.66 9:45 0.2517 0.1303 0.2908 0.5177 31.24
9:50 0.2201 0.2211 0.3425 0.4978 30.00 9:50 0.3080 | 0.1315 0.2315 0.3854 31.44

()] 9:55 02106 | 0.2550 | 0.3547 0.5947 30.52 9:55 0.2183 0.1693 0.2151 0.4888 31.48
10:00 0.2008 | 0.2453 | 0.2895 0.5930 30.31 10:00 0.1940 | 0.1576 0.2366 0.6347 31.23

10:05 0.1887 | 0.1950 | 0.2735 0.4601 29.65 10:05 0.2146 | 0.1803 0.2369 0.5799 31.33

10:10 0.1839 | 0.2068 | 0.2805 0.3752 29.67 10:10 0.2168 0.1538 0.2118 0.5511 30.59

10:15 0.2089 | 0.1649 | 0.3053 0.4234 30.23 10:15 0.3408 0.1550 0.1952 1.0363 31.92

10:20 0.3013 0.1938 | 0.2925 0.5871 30.40 10:20 0.2468 0.1679 0.1982 0.4746 32.08

10:25 0.1987 | 0.1466 | 0.3412 0.6576 30.99 10:25 0.2571 0.1608 0.1825 0.6146 32.13

10:30 0.1886 | 0.2121 0.2851 0.7757 30.03 10:30 0.3924 | 0.1892 0.2213 0.4290 31.90

10:35 0.2881 02243 | 0.3244 0.8628 31.77 10:35 0.3919 | 0.1770 0.1925 0.6883 31.57

10:40 0.1946 | 0.2316 | 0.3666 0.9780 31.98 10:40 0.2872 0.1781 0.1983 1.0522 32.70

10:45 0.3782 | 0.1963 | 0.2822 1.0743 31.96 10:45 0.2887 0.1501 0.1802 0.5525 31.86

10:50 0.2313 0.2139 | 0.2592 1.0918 3229 10:50 0.3820 | 0.1506 0.2532 0.6231 32.36

10:55 0.2355 0.2294 | 0.2726 1.0784 32.21 10:55 0.2690 | 0.1444 0.2421 0.4307 31.77

11:00 0.3681 0.2395 | 0.2869 1.0606 31.50 11:00 0.3091 0.1581 0.1973 0.5751 31.92

11:05 0.3872 | 0.2693 | 0.2632 1.0814 3322 11:05 0.4496 | 0.1937 0.2213 0.3583 31.65

11:10 0.2503 0.2366 | 0.2873 1.0927 31.94 11:10 0.2825 0.1871 0.2003 0.2444 31.16

11:15 0.2294 | 0.2325 | 0.2803 1.0837 32.02 11:15 0.2945 0.1444 0.2229 0.2926 30.50

11:20 0.3567 | 0.2694 | 0.2386 1.1174 33.21 11:20 0.2842 0.1210 0.1903 0.3350 31.07

11:25 0.2241 0.2289 | 0.2686 1.1219 32.63 11:25 0.2940 | 0.1992 0.2010 0.3873 31.24

11:30 0.3650 | 0.2255 | 0.2411 1.1050 3238 11:30 0.3980 | 0.1613 0.2563 0.4104 31.32

11:35 0.4493 0.2759 | 0.2470 1.1054 33.83 11:35 0.4147 0.1353 0.1818 0.5164 31.00
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Load (pu.) Ambient Load (pu.) Ambient
Date Time o (kSWol/a:'rlz) Temp. Date Time (ks‘:\)/l;;z) Temp.
ase Phase Phase (o) Phase Phase Phase (o)
A B C A B C

11:40 0.2786 | 0.2194 | 0.2223 1.0823 3222 11:40 0.3924 | 0.1169 0.2101 0.8778 32.52
11:45 0.3657 | 0.1841 0.2422 1.1139 32.77 11:45 0.2925 0.1330 0.2007 0.8778 32.52
11:50 0.3821 0.2338 | 0.2470 1.0765 34.54 11:50 0.3015 0.2789 0.2298 1.0690 33.08
11:55 0.2647 | 0.1295 | 0.2503 1.0523 3332 11:55 0.3055 0.1229 0.2343 0.5844 31.82
12:00 0.3867 | 0.2044 | 03145 1.1307 33.01 12:00 0.4020 | 0.1628 0.2436 0.3583 31.02
12:05 03167 | 0.1983 | 0.2767 1.1281 32.83 12:05 0.4594 | 0.1448 0.2170 0.2183 31.22
12:10 0.3378 | 0.1572 | 0.2823 1.0900 34.66 12:10 0.3623 0.1294 0.2246 0.2212 31.66
12:15 0.4276 | 0.1663 | 0.2674 1.0934 34.49 12:15 0.2473 0.1079 0.2911 0.1854 31.83
12:20 0.4363 0.1231 03178 1.0882 34.23 12:20 0.3052 0.1395 0.2813 0.2349 31.13
12:25 03106 | 0.2525 | 0.2463 1.1472 33.11 12:25 0.2697 0.1418 0.2841 0.4539 31.01
12:30 0.2984 | 0.2593 | 0.2069 1.1445 34.85 12:30 0.4593 0.1204 0.2332 0.4423 31.12
12:35 0.2936 | 0.2672 | 0.2361 1.0923 33.21 12:35 0.3580 | 0.1303 0.2349 0.3706 31.24
12:40 0.2888 | 0.1854 | 0.3280 1.0420 33.36 12:40 0.4011 0.1581 0.2780 0.4184 30.68
12:45 0.2990 | 0.2277 | 0.2222 1.0629 32.73 12:45 0.2995 0.1792 0.2271 0.4561 30.78
12:50 0.2998 | 0.2305 | 0.2189 1.0879 32.98 12:50 0.2825 0.1629 0.2331 0.5407 30.85
12:55 0.2988 | 0.2687 | 0.3076 1.0102 34.98 12:55 0.2200 | 0.1660 0.2692 0.5245 31.01
13:00 0.2852 | 0.2170 | 0.2167 1.0876 33.91 13:00 0.2667 0.1432 0.2458 0.6501 31.40
13:05 0.2849 | 0.2246 | 0.2474 1.0216 33.51 13:05 0.6079 | 0.1512 0.2505 0.7040 30.79
13:10 0.2805 0.1801 0.2411 1.0100 34.78 13:10 0.3907 | 0.1540 0.2533 0.8141 31.53
13:15 0.2971 0.2799 | 0.2763 0.7984 35.24 13:15 0.2381 0.1626 0.2681 0.7732 31.86
13:20 0.2961 0.2505 | 0.2452 0.3668 33.29 13:20 0.2709 | 0.1276 0.2659 0.7276 32.40
13:25 0.2818 | 0.1842 | 0.2746 0.9844 34.07 13:25 0.2764 | 0.3215 0.2529 0.6839 32.11
13:30 0.2805 0.2174 | 0.2591 0.9562 34.64 13:30 0.3290 | 0.1465 0.2597 0.7901 32.40
13:35 0.2500 | 0.1773 | 0.1966 0.4836 33.58 13:35 0.3623 0.1212 0.1920 0.7222 33.09
13:40 0.2394 | 0.1910 | 0.2547 0.5676 3231 13:40 0.3344 | 0.1325 0.2096 0.2153 31.39
13:45 0.2342 | 0.1591 0.2151 0.2681 3239 13:45 0.2384 | 0.1602 0.3028 0.2250 31.27
13:50 0.2118 [ 0.2758 | 0.2620 0.3300 32.79 13:50 0.1916 | 0.1772 0.2288 0.4273 31.61
13:55 0.2137 | 0.1589 | 0.3181 0.7865 34.26 13:55 0.2249 | 0.1461 0.2646 0.5096 31.58
14:00 0.2171 0.1986 | 0.2685 0.5061 33.07 14:00 0.1897 0.1270 0.2369 0.5590 31.95
14:05 0.2177 | 0.1647 | 0.2592 0.4798 3242 14:05 0.2306 | 0.1219 0.2272 0.4988 31.92
14:10 0.2324 | 0.2891 0.2339 0.6505 33.01 14:10 0.1999 | 0.3212 0.2017 0.8447 32.24
14:15 0.2901 0.3071 0.2414 0.4021 32.69 14:15 0.2365 0.1608 0.1852 0.9742 33.34
14:20 0.2901 0.3071 0.2414 0.3540 32.58 14:20 0.2030 | 0.1668 0.1993 0.9062 33.98
14:25 0.1782 | 0.2423 | 0.2434 0.5413 32.05 14:25 0.2457 0.1470 0.2236 0.7782 33.46
14:30 0.2017 | 0.2855 | 0.2572 0.8934 33.93 14:30 0.2367 | 0.1987 0.2079 0.5021 33.17
14:35 0.1711 0.2916 | 0.2929 0.5837 33.44 14:35 0.2440 | 0.1866 0.1978 0.2583 32.67
14:40 0.1802 | 0.2638 | 0.2921 0.2738 32.63 14:40 0.2040 | 0.1839 0.1995 0.2262 31.90
14:45 0.3000 | 0.2627 | 0.2616 0.2665 33.24 14:45 0.1789 | 0.2110 0.2002 0.1307 32.19
14:50 0.2720 | 0.2593 | 0.2524 0.2571 32.98 14:50 0.1853 0.2418 0.1660 0.1203 32.59
14:55 0.3318 | 0.3417 | 0.2633 0.3088 32.65 14:55 0.1390 | 0.2104 0.2180 0.1050 32.92
15:00 0.3462 | 0.2884 | 0.3000 0.6884 3428 15:00 0.1885 0.1745 0.1921 0.0982 3232
15:05 0.5309 | 0.3340 | 0.3015 0.6720 34.20 15:05 0.1384 | 0.1707 0.2040 0.0938 32.13
15:10 0.4034 | 0.2587 | 0.2588 0.6839 3343 15:10 0.1615 0.2091 0.2391 0.1020 30.62
15:15 0.3382 [ 0.2909 | 0.2724 0.6809 34.67 15:15 0.1175 0.1845 0.2158 0.1244 30.42
15:20 0.3590 | 0.1666 | 0.2249 0.6407 34.02 15:20 0.2141 0.1701 0.2409 0.1370 30.59
15:25 0.3840 | 0.2382 | 0.2305 0.4508 34.58 15:25 0.1292 0.2572 0.1989 0.1241 31.23
15:30 0.3753 0.1962 | 0.3024 0.4629 3422 15:30 0.2304 | 0.2173 0.1847 0.1091 31.39
15:35 03127 | 0.2109 | 0.2153 0.3720 33.61 15:35 0.2136 | 0.2728 0.2030 0.0707 31.36
15:40 03624 | 0.1952 | 0.2566 0.3268 3335 15:40 0.1575 0.2232 0.2644 0.0537 31.16
15:45 0.2805 0.2542 | 0.2234 0.4258 33.63 15:45 0.2886 | 0.2387 0.2309 0.0523 30.84
15:50 0.3996 | 0.2385 | 0.2757 0.3757 33.60 15:50 0.1606 | 0.2901 0.2357 0.0490 31.15
15:55 0.4010 | 0.2042 | 0.2243 0.2921 33.57 15:55 0.2135 0.2813 0.2877 0.0531 31.02
16:00 0.4019 | 0.2203 | 0.2195 0.2555 33.89 16:00 0.1510 | 0.2802 0.3569 0.0635 31.31
16:05 0.3691 0.1718 | 0.2633 0.1686 3337 16:05 0.2954 | 0.2764 0.2271 0.0521 30.94
16:10 0.2555 0.2218 | 0.2385 0.2315 33.13 16:10 0.2573 0.2826 0.2443 0.0473 30.22
16:15 0.4471 0.2033 | 0.2633 0.2297 3333 16:15 0.2629 | 0.2631 0.2952 0.0582 29.99
16:20 02617 | 0.2520 | 0.2732 0.2217 33.03 16:20 0.2168 0.3040 0.3307 0.0568 28.82
16:25 0.3585 0.2616 | 0.2452 0.2121 33.13 16:25 0.2402 0.2666 0.2392 0.0527 28.62
16:30 0.2620 | 0.3043 | 0.3357 0.1345 32.85 16:30 0.2291 0.2028 0.2338 0.0485 28.47
16:35 03136 | 0.3078 | 0.2879 0.1714 32.79 16:35 0.2459 | 0.1998 0.3256 0.0470 28.69
16:40 0.1357 | 0.3532 | 0.3106 0.1650 33.00 16:40 0.3039 [ 0.2468 0.2403 0.0449 28.71
16:45 0.3669 | 0.2391 0.3753 0.1244 32.80 16:45 0.3294 | 0.2446 0.3251 0.0419 28.54
16:50 0.4014 | 0.2790 | 0.3292 0.1317 33.18 16:50 0.2471 0.2188 0.2478 0.0397 28.30
16:55 0.2553 0.2495 | 0.3198 0.1131 32.79 16:55 0.2440 | 0.2663 0.2607 0.0368 28.32
17:00 0.3761 0.3020 | 0.3555 0.0987 32.84 17:00 0.2898 0.2862 0.2911 0.0341 28.46
17:05 0.4046 | 0.3011 0.2088 0.0870 33.01 17:05 0.2870 | 0.2446 0.3426 0.0316 28.86
17:10 0.2559 | 0.2436 | 0.2604 0.0752 32.44 17:10 0.1879 | 0.2691 0.2937 0.0274 28.91
17:15 0.1487 | 0.2442 | 0.2270 0.0594 32.44 17:15 0.1135 0.3036 0.2807 0.0230 28.81
17:20 02727 | 0.2199 | 0.2524 0.0447 32.11 17:20 0.1785 0.3038 0.3126 0.0186 28.82
17:25 0.1623 0.2849 [ 0.2711 0.0328 31.52 17:25 0.1379 | 0.2835 0.2530 0.0120 28.86
17:30 0.2758 | 0.2268 | 0.2972 0.0223 31.39 17:30 0.1319 | 0.2343 0.2740 0.0074 28.72
17:35 0.2756 | 0.2743 | 0.3455 0.0138 31.31 17:35 0.1863 0.2998 0.1667 0.0037 28.48
17:40 0.1810 | 0.1515 | 0.4171 0.0061 31.30 17:40 0.1349 | 0.2895 0.2203 0.0001 28.16
17:45 0.3622 | 0.3041 0.3880 0.0006 30.94 17:45 0.1384 | 0.3743 0.2009 0.0000 27.41
17:50 0.3064 | 0.3057 | 0.4094 0.0000 30.94 17:50 0.1937 0.3887 0.2443 0.0000 27.67
17:55 0.2576 [ 0.3510 | 0.4060 0.0000 30.93 17:55 0.1401 0.3641 0.2757 0.0000 27.79
4 6:00 0.2255 0.4042 | 0.3621 0.0000 26.30 8 6:00 0.2375 0.3861 0.3643 0.0000 25.56
Nov 6:05 0.3033 0.3345 | 0.4144 0.0000 26.49 Nov 6:05 0.2370 | 0.2492 0.4129 0.0000 25.67
2014 6:10 0.1860 | 0.2218 | 0.3386 0.0000 26.25 2014 6:10 0.2488 0.2665 0.3874 0.0000 25.65
6:15 0.2891 0.2899 | 0.3859 0.0000 26.25 6:15 0.2866 | 0.2056 0.3202 0.0000 25.53
6:20 0.1479 | 0.3002 | 0.2426 0.0025 26.19 6:20 0.2861 0.2855 0.1841 0.0003 25.41
6:25 0.3401 0.4006 | 0.2516 0.0088 26.26 6:25 0.2346 | 0.3368 0.3423 0.0043 25.60
6:30 0.4161 0.3433 | 0.3498 0.0144 26.22 6:30 0.2879 | 0.2796 0.1878 0.0091 25.80
6:35 0.2717 | 0.2726 | 0.3294 0.0216 26.30 6:35 0.3435 0.3463 0.3181 0.0159 25.84
6:40 0.2563 0.3067 | 0.2543 0.0325 26.38 6:40 0.3502 0.2061 0.2253 0.0247 25.87
6:45 0.2685 0.3916 | 0.2549 0.0487 26.54 6:45 0.2804 | 0.2432 0.2289 0.0380 26.12
6:50 0.2870 | 0.4798 | 0.2895 0.0644 26.71 6:50 0.2264 | 0.2615 0.1991 0.0509 26.27
6:55 0.2456 | 0.2480 | 0.2434 0.0794 26.99 6:55 0.2316 | 0.4289 0.2062 0.0653 26.45
7:00 0.3849 | 0.3799 | 0.2834 0.0984 27.10 7:00 0.2976 | 0.2654 0.2346 0.0912 27.02
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Load (pu.) Ambient Load (pu.) Ambient
Date Time o (kSWol/a:'rlz) Temp. Date Time (ks‘:\)/l;;z) Temp.
ase Phase Phase (o) Phase Phase Phase (o)
A B C A B C
7:05 0.2343 0.2659 | 0.2999 0.1153 27.08 7:05 0.2035 0.2626 0.2149 0.1066 27.19
7:10 0.4852 [ 0.2094 | 0.1810 0.1315 27.34 7:10 0.2278 0.3008 0.1782 0.1206 26.91
7:15 0.3183 0.1970 | 0.3431 0.1509 27.33 7:15 0.2821 0.3382 0.2817 0.1332 27.19
7:20 0.2726 | 0.1953 | 0.2931 0.1684 27.66 7:20 0.4705 0.2535 0.3404 0.1526 27.27
7:25 0.3437 | 0.2219 | 0.2968 0.1791 28.22 7:25 0.2887 0.3731 0.2012 0.1723 27.29
7:30 0.2376 | 0.2553 | 0.2999 0.2026 28.63 7:30 0.2729 | 0.3851 0.1779 0.1993 27.24
7:35 0.2783 0.3019 | 0.3051 0.2286 28.61 7:35 0.2936 | 0.2835 0.2283 0.2297 27.42
7:40 0.2474 [ 0.2089 | 0.2804 0.2515 28.76 7:40 0.2511 0.2077 0.2637 0.2297 27.42
7:45 03368 | 0.2532 | 0.2620 0.2737 28.60 7:45 0.3923 0.3926 0.2981 0.2624 27.17
7:50 0.2863 0.2435 | 0.2129 0.2961 28.84 7:50 0.4031 0.2807 0.3389 0.2899 27.75
7:55 0.3046 | 0.2121 0.2443 0.3161 29.38 7:55 0.3971 0.2245 0.3109 0.3060 27.78
8:00 0.3321 0.1628 | 0.2559 0.3343 29.23 8:00 0.3029 | 0.4756 0.3249 0.3254 27.99
8:05 0.2630 | 0.1877 | 0.2531 0.3613 29.17 8:05 0.3173 0.3639 0.2610 0.3431 28.27
8:10 0.2647 | 0.2869 | 0.1849 0.3887 30.43 8:10 0.4542 0.3165 0.3275 0.3788 27.95
8:15 0.3249 | 0.2496 | 0.2226 0.4143 30.27 8:15 0.2740 | 03173 0.3855 0.4214 28.32
8:20 0.2369 | 0.2724 | 0.2790 0.4389 29.62 8:20 0.3059 | 0.2420 0.4356 0.4417 28.58
8:25 0.5079 | 0.3156 | 0.2855 0.4569 30.04 8:25 0.2313 0.2317 0.3562 0.4803 28.32
8:30 0.2706 | 0.3084 | 0.2947 0.4682 30.45 8:30 0.2582 0.2611 0.3595 0.5092 28.89
8:35 0.2115 0.3403 | 0.2727 0.4539 30.72 8:35 0.2447 | 0.3045 0.3013 0.5284 29.25
8:40 0.2997 | 0.2285 | 0.2161 0.4793 30.16 8:40 0.2640 | 0.3270 0.2994 0.5446 29.28
8:45 0.2549 | 0.1871 0.3818 0.5256 30.58 8:45 0.2887 0.3969 0.3367 0.5746 29.27
8:50 0.1955 0.2119 | 0.2786 0.5691 30.34 8:50 0.3741 0.2470 0.3520 0.5953 29.42
8:55 0.2325 0.2315 | 0.3468 0.5764 30.82 8:55 0.2511 0.3388 0.3016 0.6155 29.14
9:00 0.1979 | 0.2108 | 0.2991 0.5766 31.78 9:00 0.3169 | 0.3258 0.3434 0.6400 29.48
9:05 0.2565 0.2124 | 0.2816 0.5886 31.87 9:05 0.2883 0.3661 0.4022 0.6532 29.04
9:10 0.2542 | 0.1549 | 0.2572 0.5479 30.93 9:10 0.2780 | 0.3426 0.3822 0.6897 29.58
9:15 0.2665 0.2222 | 0.2582 0.5374 31.74 9:15 0.3183 0.3757 0.3799 0.7088 30.27
9:20 0.2323 0.1694 | 0.2525 0.5860 32.62 9:20 0.3311 0.3472 0.2607 0.7238 30.05
9:25 0.2487 | 0.2049 | 03012 0.5327 32.10 9:25 0.4760 | 0.3950 0.3821 0.7558 29.43
9:30 0.2532 | 0.1647 | 0.2752 0.5755 31.86 9:30 0.3223 0.3278 0.3662 0.7767 29.90
9:35 0.2360 | 0.1841 0.2761 0.4758 31.54 9:35 0.4536 | 0.4257 0.3629 0.7947 30.31
9:40 0.2438 | 0.1741 0.2498 0.6282 31.76 9:40 0.3229 | 0.4236 0.3862 0.8181 30.52
9:45 0.2382 | 0.1579 | 0.2414 0.7188 3229 9:45 0.4807 0.2903 0.3018 0.8323 31.26
9:50 0.1964 | 0.1354 | 0.2634 0.5250 31.37 9:50 0.3334 | 0.3878 0.3137 0.8259 31.14
9:55 0.3342 | 0.2105 | 0.2605 0.7504 31.91 9:55 0.4353 0.4132 0.3163 0.8110 31.14
10:00 0.1988 | 0.2066 | 0.2359 0.8500 33.06 10:00 0.3771 0.4278 0.3358 0.8607 3045
10:05 0.2003 0.1220 | 0.2688 0.8674 3332 10:05 0.3785 0.4156 0.2657 0.8149 30.51
10:10 0.1936 | 0.1472 | 0.2484 0.8714 33.79 10:10 0.4083 0.3352 0.2097 0.8560 29.94
10:15 0.1975 0.1865 | 0.2390 0.8637 3425 10:15 0.3558 0.3702 0.1914 0.9180 30.16
10:20 0.3033 0.1732 | 0.2692 0.8652 34.49 10:20 0.3125 0.3794 0.1988 0.9019 31.22
10:25 0.1916 | 0.1887 | 0.2296 0.9109 3437 10:25 0.4041 0.3615 0.1964 0.8942 31.85
10:30 0.1544 | 0.1695 | 0.2858 0.9166 35.05 10:30 0.2914 | 0.2583 0.1950 0.8532 31.82
10:35 0.2641 0.2065 | 0.2170 0.9318 33.57 10:35 0.3693 0.3617 0.1892 0.8615 31.81
10:40 0.1529 | 0.1464 | 0.2519 0.9936 34.61 10:40 0.5127 0.3637 0.1915 0.9327 31.82
10:45 0.1468 | 0.1891 0.2758 1.0077 3524 10:45 0.4191 0.3176 0.1851 1.1025 30.97
10:50 0.2626 | 0.2171 0.2593 0.9159 34.68 10:50 0.4343 0.4068 0.2034 1.1025 30.97
10:55 0.1960 | 0.1911 0.2702 0.8683 33.31 10:55 0.3839 | 0.3321 0.2061 0.9746 30.84
11:00 0.1496 | 0.1525 | 0.3044 0.6772 32.87 11:00 0.4735 0.2978 0.2169 0.9059 31.80
11:05 0.2659 | 0.1433 | 0.3051 0.6318 33.20 11:05 0.5185 0.2924 0.2086 1.0373 32.14
11:10 0.1268 | 0.1908 | 0.2637 0.5293 33.74 11:10 0.3878 0.2740 0.1912 1.0563 32.05
11:15 0.1309 [ 0.1799 | 0.2410 0.6536 33.05 11:15 0.3558 0.2944 0.2020 0.9941 31.96
11:20 0.2477 | 0.1413 | 0.2365 1.0976 34.47 11:20 0.4237 0.2399 0.2106 1.0292 3241
11:25 0.1304 | 0.1443 | 0.2426 0.6521 34.56 11:25 0.3522 0.2599 0.2146 1.0116 31.82
11:30 0.1504 | 0.1898 | 0.2365 0.7004 34.75 11:30 0.3134 | 0.3096 0.2302 1.0303 31.98
11:35 0.2837 | 0.1639 | 0.2184 0.8423 35.26 11:35 0.4863 0.3231 0.2487 1.0619 31.74
11:40 0.1340 [ 0.1367 | 0.2040 0.8669 35.28 11:40 0.3213 0.3258 0.2970 1.0792 32.49
11:45 0.1311 0.1310 | 0.2277 0.9875 35.93 11:45 0.3259 | 0.3480 0.1937 1.1992 31.41
11:50 0.2568 | 0.2283 | 03179 1.0628 35.58 11:50 0.3418 0.3688 0.1661 1.1973 31.76
11:55 0.3181 0.2312 | 0.2662 0.7065 35.82 11:55 0.4217 0.2799 0.2145 0.8743 32.38
12:00 0.1944 | 0.2286 | 0.2707 0.5929 34.76 12:00 0.4360 | 0.2948 0.2502 0.4644 31.77
12:05 0.1929 | 0.1328 | 0.2770 0.3611 34.75 12:05 0.4364 | 0.2278 0.2453 0.3980 31.92
12:10 0.3013 0.1205 | 0.3211 0.3099 33.77 12:10 0.2779 | 0.2286 0.2450 0.7902 31.70
12:15 03722 | 0.1424 | 0.2653 0.3559 33.96 12:15 0.3667 0.2018 0.2786 0.3994 31.19
12:20 0.2302 | 0.1588 | 0.2362 0.6026 33.54 12:20 0.4078 0.2738 0.2334 0.6807 31.60
12:25 02309 | 0.1313 | 0.2614 0.9417 3533 12:25 0.4253 0.2900 0.2398 0.5076 32.58
12:30 0.2399 | 0.1694 | 0.2484 0.8818 34.20 12:30 0.4412 0.2734 0.2688 0.3785 3242
12:35 0.3717 | 0.1968 | 0.2343 0.9985 34.30 12:35 0.4730 | 0.2780 0.2486 0.5137 3235
12:40 0.3652 | 0.1693 | 0.2688 1.0383 34.16 12:40 0.2378 0.4939 0.2272 0.4641 3241
12:45 0.3823 0.1533 | 0.2131 0.9529 34.90 12:45 0.3202 0.2991 0.2277 0.3893 31.61
12:50 0.2483 0.1953 | 0.2259 0.5105 33.61 12:50 0.2186 | 0.3123 0.2328 0.5206 32.03
12:55 0.2481 0.2289 | 0.2715 0.2476 33.54 12:55 0.2642 0.3285 0.2723 0.7184 32.52
13:00 0.2419 | 0.1811 0.3149 0.2112 33.16 13:00 0.2120 | 03113 0.2605 0.8484 33.40
13:05 0.2478 | 0.1775 | 0.3367 0.1941 33.50 13:05 0.3690 | 0.2806 0.3170 0.8229 32.78
13:10 0.2477 | 0.2072 | 0.3159 0.1970 3338 13:10 0.3650 | 0.2574 0.2301 0.6673 31.56
13:15 0.2487 | 0.2022 | 0.3010 0.2433 3333 13:15 0.4168 0.3889 0.2634 0.5888 32.06
13:20 0.3750 | 0.1749 | 0.2404 0.1700 32.87 13:20 0.4187 0.4258 0.2446 0.4848 31.82
13:25 0.3949 [ 0.1908 | 0.2420 0.1674 3220 13:25 0.3069 | 0.4562 0.1697 0.3541 31.85
13:30 0.3845 0.1827 | 0.2483 0.1658 32.88 13:30 0.2707 0.4663 0.2913 0.5855 31.94
13:35 0.2609 | 0.1400 | 0.2957 0.1792 33.11 13:35 0.2184 | 0.4107 0.3145 0.6347 32.01
13:40 0.2528 | 0.2157 | 0.3017 0.2406 32.84 13:40 0.2324 | 0.4100 0.2720 0.7549 32.03
13:45 0.2558 | 0.1611 0.2955 0.2637 3233 13:45 0.4014 | 0.3739 0.3052 0.4134 31.69
13:50 0.2612 | 0.1700 | 0.2959 0.2721 31.72 13:50 0.3817 | 0.3939 0.3248 0.3927 31.77
13:55 0.3879 | 0.1632 | 0.3196 0.2971 31.60 13:55 0.2967 0.3485 0.2777 0.2587 30.95
14:00 0.3737 | 0.1870 | 0.3414 0.5641 32.65 14:00 0.1912 0.3220 0.2903 0.2509 30.97
14:05 0.3518 | 0.1801 0.3099 0.6741 33.00 14:05 0.2863 0.3815 0.2804 0.2617 31.51
14:10 0.3051 0.1999 | 0.2955 0.6972 33.08 14:10 0.2691 0.3864 0.3039 0.5152 31.65
14:15 0.2968 | 0.2260 | 0.2815 0.7325 32.59 14:15 0.4008 0.3504 0.3527 0.7054 31.68
14:20 0.2777 | 0.1838 | 0.3098 0.5312 33.49 14:20 0.4274 | 0.3593 0.3696 0.2715 32.30
14:25 0.3924 [ 0.2818 | 0.3050 0.5221 33.63 14:25 0.4283 0.3863 0.3237 0.1518 31.23
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Load (pu.) Ambient Load (pu.) Ambient
Date Time (kSWol/a:'rlz) Temp. Date Time (ks‘:\)/l;;z) Temp.
Phase Phase Phase (o) Phase Phase Phase (o)
A B C A B C

14:30 0.3915 0.2250 | 0.2523 0.5649 32.44 14:30 0.4498 0.3844 0.3692 0.1739 31.31
14:35 0.2892 | 0.1964 | 0.2762 0.4872 32.09 14:35 0.5964 | 0.3405 0.3501 0.2560 30.80
14:40 0.2917 | 0.2514 | 0.2760 0.3055 31.96 14:40 0.5129 | 0.4010 0.3560 0.3282 31.16
14:45 0.3040 | 0.2748 | 0.3501 0.2262 32.04 14:45 0.3701 0.4065 0.3070 0.2342 31.74
14:50 03988 | 0.1744 | 0.3413 0.2361 31.89 14:50 0.3325 0.4046 0.3580 0.2973 31.22
14:55 0.4447 | 0.2177 | 03518 0.2887 3224 14:55 0.4647 0.3340 0.3691 0.3011 30.76
15:00 0.4252 | 0.2509 | 0.3120 0.3735 33.01 15:00 0.2779 | 0.4152 0.4128 0.1594 30.98
15:05 0.2655 0.1898 | 0.3526 0.3707 32.72 15:05 0.2464 | 0.4075 0.3733 0.1061 30.72
15:10 0.2614 | 0.2620 | 0.3485 0.4141 33.23 15:10 0.1635 0.3305 0.3686 0.1575 30.30
15:15 0.3781 0.3151 0.3749 0.3032 32.72 15:15 0.1835 0.3953 0.3413 0.1699 30.89
15:20 0.2826 | 0.3263 | 0.3713 0.2702 32.73 15:20 0.1872 0.3868 0.3310 0.3031 31.29
15:25 0.2834 | 0.2913 | 03716 0.2702 32.73 15:25 0.1802 0.3890 0.3319 0.6625 32.09
15:30 03139 | 0.3013 | 0.3355 0.2239 32.80 15:30 0.1777 0.3162 0.3122 0.5741 32.97
15:35 0.4004 | 0.2860 | 0.3247 0.1806 31.82 15:35 0.2558 0.4404 0.2844 0.3205 3234
15:40 0.4501 0.2534 | 0.4061 0.1672 3242 15:40 0.2592 0.4046 0.3550 0.2032 31.59
15:45 0.3683 0.3237 | 0.3708 0.1772 32.95 15:45 0.2518 0.4146 0.3087 0.1930 30.84
15:50 03924 | 0.3151 0.3931 0.2236 33.24 15:50 0.3071 0.4237 0.2936 0.2003 30.60
15:55 0.3201 0.2604 | 0.3976 0.3166 32.96 15:55 0.2926 | 0.3392 0.2800 0.1928 30.84
16:00 0.3409 | 0.3022 | 0.3675 0.2875 3337 16:00 0.2771 0.3508 0.3374 0.2966 30.86
16:05 0.4510 | 0.2970 | 0.4252 0.2162 32.50 16:05 0.3589 | 0.3985 0.2876 0.2717 31.34
16:10 0.4372 [ 0.2990 | 0.3890 0.2274 31.78 16:10 0.2691 0.4255 0.3121 0.1858 31.35
16:15 0.3340 | 0.2942 | 03173 0.2489 32.03 16:15 0.3355 0.3502 0.3122 0.1624 30.99
16:20 0.3332 | 0.3019 | 0.3347 0.2276 32.65 16:20 0.2138 0.3639 0.3017 0.1493 30.99
16:25 0.3330 | 0.2056 | 0.3428 0.2123 31.98 16:25 0.3987 0.4321 0.2915 0.1301 30.78
16:30 0.4441 0.2893 | 0.3168 0.2026 32.67 16:30 0.1958 0.4041 0.2613 0.1682 31.14
16:35 0.6870 | 0.2657 | 0.3054 0.1889 33.01 16:35 0.3805 0.4540 0.3394 0.1325 30.84
16:40 0.3483 0.2467 | 0.2934 0.1856 32.81 16:40 0.2331 0.4007 0.2678 0.1063 30.31
16:45 0.3516 | 0.2836 | 0.3023 0.1635 32.86 16:45 0.3783 0.3569 0.3335 0.0803 30.26
16:50 0.3591 0.2776 | 0.3006 0.1253 3221 16:50 0.1846 | 0.3162 0.2849 0.0466 30.29
16:55 0.3321 0.2395 | 0.2644 0.0875 31.80 16:55 0.2484 | 0.3216 0.3057 0.0242 30.23
17:00 0.3247 | 0.2487 | 0.3108 0.0700 31.70 17:00 0.3222 0.3446 0.2766 0.0107 30.15
17:05 03752 | 0.2778 | 0.2847 0.0546 32.14 17:05 0.3160 | 0.3219 0.2967 0.0131 30.15
17:10 03106 | 0.2916 | 03216 0.0336 31.33 17:10 0.2837 0.3706 0.2902 0.0240 29.85
17:15 0.3062 | 0.2830 | 0.2760 0.0249 31.58 17:15 0.2816 | 0.3959 0.2976 0.0163 30.18
17:20 0.3156 | 0.2867 | 0.3576 0.0204 31.48 17:20 0.3104 | 0.2748 0.2319 0.0098 30.11
17:25 0.4554 | 0.3183 | 0.3045 0.0132 31.76 17:25 0.3070 | 0.3125 0.2805 0.0051 29.87
17:30 0.4462 | 0.3282 | 0.3409 0.0090 31.58 17:30 0.2455 0.3383 0.2641 0.0000 29.95
17:35 0.2762 | 0.2998 | 0.3044 0.0039 31.96 17:35 0.2369 | 0.3142 0.2200 0.0000 29.89
17:40 0.4462 | 0.3084 | 0.3084 0.0005 31.39 17:40 0.1815 0.2741 0.1878 0.0000 29.67
17:45 0.3336 | 0.2751 0.3166 0.0000 31.32 17:45 0.2285 0.3075 0.2217 0.0000 29.62
17:50 0.2493 0.2818 | 0.3440 0.0000 31.35 17:50 0.2953 0.2327 0.2711 0.0000 29.44
17:55 0.3434 [ 0.3275 | 0.2803 0.0000 31.29 17:55 0.2263 0.2405 0.3129 0.0000 29.38
5 6:00 0.2865 0.3352 | 0.3504 0.0000 27.26 9 6:00 0.3819 | 0.1776 0.2562 0.0000 22.99
Nov 6:05 0.2679 | 0.3252 | 0.3162 0.0000 27.22 Nov 6:05 0.4369 | 0.2835 0.2731 0.0000 23.09
2014 6:10 02252 | 02922 | 0.2618 0.0000 27.09 2014 6:10 0.1571 0.3805 0.2603 0.0000 2297
6:15 0.5064 | 0.4558 | 0.3199 0.0000 27.13 6:15 0.2206 | 0.2271 0.3252 0.0000 23.04
6:20 0.4276 | 0.4210 | 0.2419 0.0023 27.58 6:20 0.1882 0.3172 0.2323 0.0000 22.99
6:25 0.3200 | 0.2258 | 0.2844 0.0070 27.32 6:25 0.4049 | 0.3393 0.3047 0.0000 22.92
6:30 0.4756 | 0.2522 | 0.2805 0.0102 27.38 6:30 0.2572 0.2037 0.2451 0.0004 22.92
6:35 0.2604 | 0.2555 | 0.2323 0.0130 27.24 6:35 0.2803 0.2886 0.2920 0.0009 23.01
6:40 0.3310 | 0.1714 | 0.2389 0.0149 27.45 6:40 0.3474 | 0.2310 0.3368 0.0026 23.11
6:45 0.3007 | 0.2062 | 0.2698 0.0191 27.27 6:45 0.2659 | 0.3145 0.2312 0.0083 23.00
6:50 0.4720 | 0.2242 | 0.2512 0.0217 27.40 6:50 0.4212 0.2488 0.2457 0.0143 23.12
6:55 0.2642 | 0.3420 | 0.2667 0.0187 27.47 6:55 0.2989 | 0.1574 0.2670 0.0170 23.19
7:00 0.4774 | 0.3490 | 0.2885 0.0312 27.52 7:00 0.2484 | 0.3185 0.3442 0.0204 23.34
7:05 0.3816 | 0.2271 0.2002 0.0424 27.54 7:05 0.2621 0.2618 0.3374 0.0186 23.47
7:10 0.4295 0.2326 | 0.3403 0.0660 27.53 7:10 0.4008 0.2911 0.2662 0.0214 23.52
7:15 0.3634 | 0.2606 | 0.3062 0.1129 27.63 7:15 0.3151 0.3063 0.2563 0.0359 23.53
7:20 0.2740 | 0.2643 | 0.2375 0.1201 28.21 7:20 0.3310 | 0.3245 0.2931 0.0546 23.63
7:25 0.4466 | 0.3269 | 0.2705 0.1272 2837 7:25 0.4327 0.2261 0.3019 0.0583 23.76
7:30 0.3380 | 0.1825 | 0.2758 0.1504 28.07 7:30 0.3680 | 0.2343 0.2311 0.0483 23.66
7:35 0.3750 | 0.2975 | 0.2502 0.1749 28.26 7:35 0.2458 0.2741 0.2226 0.0403 23.66
7:40 0.3767 | 0.2273 | 0.2535 0.1765 28.44 7:40 0.2268 0.2874 0.3634 0.0595 23.77
7:45 0.2735 0.2540 | 0.2151 0.1432 28.44 7:45 0.2561 0.2514 0.2684 0.0637 23.69
7:50 0.2861 0.3042 | 0.2573 0.1546 28.18 7:50 0.3149 | 0.3297 0.2620 0.0593 23.85
7:55 0.3746 | 0.3327 | 0.2666 0.1535 28.63 7:55 0.2684 | 0.2245 0.3088 0.0669 23.53
8:00 0.3420 | 0.2628 | 0.2296 0.1608 28.76 8:00 0.2800 | 0.2895 0.2567 0.0631 23.53
8:05 0.2577 | 0.3225 | 0.2403 0.1846 28.76 8:05 0.3030 | 0.1482 0.2868 0.0878 23.56
8:10 0.2427 | 03899 | 0.2211 0.2824 28.87 8:10 0.2020 | 0.3432 0.2221 0.1212 23.57
8:15 0.2436 | 0.2388 | 0.2503 0.2581 29.19 8:15 0.3178 0.3144 0.2011 0.1157 23.77
8:20 0.2498 | 0.2673 | 0.2335 0.2716 28.67 8:20 0.5368 0.3725 0.2013 0.0964 23.85
8:25 0.2538 [ 0.2932 | 0.2740 0.3976 29.08 8:25 0.4493 0.3875 0.2010 0.1122 23.73
8:30 0.2699 | 0.3786 | 0.2178 0.4099 29.41 8:30 0.3948 0.2601 0.2679 0.0632 23.88
8:35 0.2850 | 0.2953 | 0.2804 0.4014 30.10 8:35 0.2960 | 0.3053 0.2116 0.0517 23.66
8:40 0.2445 0.3413 | 0.2747 0.4088 30.31 8:40 0.4417 0.3714 0.3022 0.0582 23.26
8:45 0.3724 | 0.1870 | 0.2524 0.5074 29.98 8:45 0.3215 0.1873 0.2280 0.0582 22.81
8:50 0.2460 | 0.2645 | 0.2296 0.5304 30.22 8:50 0.4341 0.1936 0.2221 0.0889 22.53
8:55 03094 | 0.2526 | 0.2544 0.5844 30.65 8:55 0.3102 0.2538 0.2154 0.0998 22.57
9:00 0.2000 | 0.2744 | 0.2540 0.5862 30.60 9:00 0.4499 | 0.2491 0.2612 0.1155 22.84
9:05 0.3207 | 0.3021 0.2295 0.5135 30.76 9:05 0.3862 0.3515 0.2693 0.1086 23.15
9:10 0.2050 | 0.2712 | 0.2599 0.4709 30.89 9:10 0.2741 0.3170 0.2832 0.1140 23.20
9:15 03157 | 0.2288 | 0.2241 0.6159 30.78 9:15 04123 0.2915 0.2575 0.1745 23.04
9:20 0.2020 | 0.1616 | 0.2455 0.6528 31.29 9:20 0.2534 | 0.2805 0.2622 0.2044 23.16
9:25 0.1970 | 0.2491 0.2309 0.4496 31.65 9:25 0.2274 | 0.3202 0.2503 0.2806 23.63
9:30 0.2083 0.2322 | 0.2568 0.3499 31.52 9:30 0.3643 0.2626 0.2012 0.3345 23.96
9:35 0.1986 | 0.2119 | 0.2432 0.4325 31.91 9:35 0.3201 0.3325 0.2406 0.3210 23.67
9:40 0.2578 | 0.1447 | 0.2301 0.4619 31.68 9:40 0.3024 | 0.3101 0.2834 0.2381 23.68
9:45 0.2151 0.2140 | 0.1879 0.3077 31.49 9:45 0.2497 0.2899 0.2731 0.2303 23.92
9:50 0.3126 | 0.1432 | 0.3096 0.4284 31.49 9:50 0.3234 | 0.3405 0.2912 0.2644 23.80
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Load (pu.) Ambient Load (pu.) Ambient
Date Time o (kSWol/a:'rlz) Temp. Date Time (ks‘:\)/l;;z) Temp.
ase Phase Phase (o) Phase Phase Phase (o)
A B C A B C
9:55 0.2431 0.1903 | 0.2122 0.6627 30.65 9:55 0.2264 | 0.2929 0.2605 0.3843 24.10
10:00 0.2539 | 0.1849 | 0.2385 0.4633 29.88 10:00 0.2912 0.2280 0.1995 0.5152 24.51
10:05 0.3224 | 0.2257 | 0.2384 0.3206 30.14 10:05 0.2943 0.2327 0.2216 0.4567 25.03
10:10 0.2150 | 0.1816 | 0.2747 0.7690 30.34 10:10 0.3490 | 0.1994 0.1863 0.4439 24.83
10:15 0.2477 | 0.2012 | 0.2365 0.5669 29.99 10:15 0.3889 | 0.2666 0.2042 0.3661 24.89
10:20 03627 | 0.1760 | 0.2443 0.6844 31.62 10:20 0.3828 0.2642 0.1780 0.3827 25.44
10:25 0.3510 | 0.2171 0.2201 0.9411 32.15 10:25 0.4187 | 0.3498 0.2228 0.4128 25.10
10:30 0.2716 | 0.1303 | 0.2543 0.7384 32.07 10:30 0.3539 | 0.2904 0.2310 0.3861 25.25
10:35 03097 | 0.1811 0.2641 0.6129 32.58 10:35 0.4004 | 0.3390 0.1923 0.4045 24.89
10:40 0.4023 0.1911 0.1986 0.8077 31.98 10:40 0.3451 0.2890 0.3122 0.4984 25.18
10:45 0.3030 | 0.2555 | 0.2431 0.6146 32.71 10:45 0.4011 0.2764 0.2997 0.4316 25.72
10:50 0.3200 | 0.2149 | 0.2889 0.6761 3249 10:50 0.4314 | 0.2362 0.2883 0.4239 26.07
10:55 03159 | 0.1879 | 0.1917 1.0054 33.24 10:55 0.3651 0.2697 0.2447 0.3451 25.61
11:00 0.4033 0.2141 0.2167 0.7873 33.98 11:00 0.4183 0.2863 0.2473 0.4536 26.40
11:05 0.2982 | 0.1869 | 0.2132 0.4686 32.76 11:05 0.4194 | 0.3038 0.2292 0.5797 26.46
11:10 0.2970 | 0.1976 | 0.1833 0.6559 3345 11:10 0.2639 | 03111 0.2971 0.6537 26.96
11:15 0.2819 | 0.1576 | 0.2636 0.4056 32.61 11:15 0.3018 0.2830 0.3979 0.7853 27.73
11:20 0.4209 | 0.2248 | 0.2198 0.5391 32.80 11:20 0.3055 0.1983 0.3712 0.7549 27.88
11:25 0.2826 | 0.2184 | 0.2435 0.5888 34.12 11:25 0.2642 0.2903 0.3952 0.8188 28.66
11:30 0.2169 | 0.2185 | 0.2077 0.2781 33.56 11:30 0.2991 0.2581 0.2853 0.9486 28.61
11:35 0.2574 | 0.1923 | 0.1799 0.2004 32.64 11:35 0.2946 | 0.2014 0.2265 0.9760 28.50
11:40 0.3709 | 0.2237 | 0.2120 0.2070 31.65 11:40 0.2464 | 0.2239 0.3315 0.7994 28.46
11:45 0.3731 0.2185 | 0.2289 0.1879 3224 11:45 0.3601 0.2676 0.2887 0.6160 27.95
11:50 0.5413 0.2120 | 0.1843 0.1955 32.15 11:50 0.3596 | 0.2003 0.2857 1.0055 28.88
11:55 0.2306 | 0.1772 | 0.2017 0.2227 31.94 11:55 0.3651 0.3077 0.2367 0.7433 29.26
12:00 0.3984 | 0.1832 | 0.2198 0.2868 31.46 12:00 0.3584 | 0.3303 0.2670 0.2803 28.30
12:05 0.3983 0.2179 | 0.1941 0.2566 31.26 12:05 0.3398 0.2488 0.2301 0.3184 27.82
12:10 0.4389 [ 0.2115 | 0.1827 0.2534 31.82 12:10 0.4364 | 0.3000 0.2486 0.3119 27.23
12:15 0.2776 | 0.3531 0.2314 0.2720 32.10 12:15 0.3633 0.3356 0.2124 0.2832 27.50
12:20 0.2758 | 0.1537 | 0.2107 0.2059 31.97 12:20 0.4352 0.3974 0.2318 0.3520 27.53
12:25 0.2662 | 0.2583 | 0.1875 0.1745 31.12 12:25 0.4659 | 0.4950 0.2238 0.2827 27.35
12:30 0.3805 0.2675 | 0.2195 0.1968 30.32 12:30 0.4108 0.4087 0.1994 0.2620 27.53
12:35 02117 | 0.2183 | 0.2212 0.2004 30.46 12:35 0.4869 | 0.3836 0.2380 0.2770 27.83
12:40 0.2747 | 0.2018 | 0.2098 0.2113 30.03 12:40 0.3982 0.4084 0.2382 0.2740 27.44
12:45 0.2635 0.2576 | 0.2579 0.1834 30.28 12:45 0.6007 | 0.4213 0.2515 0.3127 27.38
12:50 0.3203 0.2619 | 0.2519 0.1624 30.64 12:50 0.4216 | 0.3949 0.2479 0.3214 27.34
12:55 0.2889 | 0.3745 | 0.2068 0.1441 30.83 12:55 0.4542 0.4898 0.2712 0.2417 27.11
13:00 0.2708 | 0.2225 | 0.2031 0.1411 30.94 13:00 0.4585 0.4772 0.2950 0.2073 27.32
13:05 0.3055 0.2993 | 0.2378 0.1697 31.48 13:05 0.3756 | 0.4752 0.2811 0.2055 27.27
13:10 0.3288 | 0.2170 | 0.1976 0.2033 31.22 13:10 0.4703 0.4044 0.2317 0.2147 27.23
13:15 0.2510 | 0.2100 | 0.2073 0.1872 30.66 13:15 0.5015 0.4506 0.2651 0.1604 27.33
13:20 0.2825 0.2942 | 0.2103 0.1989 31.08 13:20 0.5911 0.4073 0.2290 0.2052 27.29
13:25 0.2906 | 0.2199 | 0.2415 0.2989 31.16 13:25 0.6028 0.4070 0.1930 0.2226 27.24
13:30 0.2450 | 0.2054 | 0.2341 0.6672 31.24 13:30 0.4263 0.4529 0.1958 0.2171 27.57
13:35 0.2879 | 0.2231 0.2334 0.9204 3212 13:35 0.5964 | 0.5108 0.2367 0.1776 27.46
13:40 0.2906 | 0.2780 | 0.2719 0.6933 32.73 13:40 0.5842 0.5451 0.2311 0.2165 27.64
13:45 0.2412 | 0.2609 | 0.2692 0.6688 33.21 13:45 0.5550 | 0.3892 0.2548 0.2779 27.36
13:50 0.2370 | 0.2645 | 0.2353 0.6442 32.69 13:50 0.5229 | 0.3050 0.2440 0.2544 27.47
13:55 0.2826 | 0.2664 | 0.2514 0.2503 31.99 13:55 0.5746 | 0.3653 0.2043 0.2220 27.53
14:00 0.2845 0.3075 | 0.2443 0.2653 3230 14:00 0.5204 | 0.2991 0.2237 0.2605 27.42
14:05 0.2375 0.2783 | 0.2866 0.4730 31.81 14:05 0.5160 | 0.3921 0.1816 0.2390 27.02
14:10 0.2403 0.3111 0.2754 0.5487 31.84 14:10 0.5710 | 0.3949 0.2187 0.2143 27.10
14:15 02914 | 03184 | 02614 0.8024 33.69 14:15 0.6099 | 0.3194 0.2277 0.1501 26.87
14:20 0.3428 | 0.2903 | 0.2747 0.8253 33.47 14:20 0.5099 | 0.3145 0.3116 0.1828 27.33
14:25 0.3487 | 0.3801 0.3409 0.7131 3343 14:25 0.6433 0.3345 0.2233 0.2476 27.49
14:30 0.2943 0.3394 | 0.2565 0.6356 32.46 14:30 0.7008 0.3538 0.2530 0.4003 28.12
14:35 0.2893 0.3270 | 0.2977 0.6282 3242 14:35 0.5963 0.3957 0.2669 0.4428 28.58
14:40 0.2968 | 0.3515 | 0.2915 0.6929 33.84 14:40 0.7453 0.3662 0.2489 0.3252 28.32
14:45 0.2875 0.3448 | 0.2889 0.6798 3335 14:45 0.7105 0.3478 0.2837 0.2767 28.15
14:50 0.2532 | 0.3313 | 0.3027 0.6280 3424 14:50 0.6191 0.3510 0.2351 0.2343 28.31
14:55 0.2919 | 0.3599 | 0.2752 0.5744 33.63 14:55 0.5815 0.3470 0.2637 0.1907 2791
15:00 0.2830 | 0.3446 | 0.3002 0.5292 32.60 15:00 0.5735 0.3376 0.3166 0.1762 27.52
15:05 0.2353 0.3705 | 0.2961 0.5931 32.75 15:05 0.5534 | 0.3621 0.2633 0.1582 27.53
15:10 0.2870 | 0.3286 | 0.3198 0.5292 3235 15:10 0.6161 0.3759 0.2603 0.1568 27.31
15:15 0.2393 0.3417 | 0.3370 0.4915 32.16 15:15 0.6086 | 0.4161 0.2680 0.1201 27.25
15:20 0.2438 | 0.3398 | 0.2770 0.4882 32.92 15:20 0.4778 0.3520 0.2610 0.1163 27.20
15:25 0.3665 0.3452 | 0.3011 0.4686 32.74 15:25 0.5005 0.3798 0.2659 0.1167 27.56
15:30 0.1834 | 0.2305 | 0.2965 0.4189 32.96 15:30 0.4868 0.3458 0.3375 0.1255 27.37
15:35 0.2355 0.2444 | 0.3010 0.3973 3250 15:35 0.5004 | 0.3731 0.2761 0.2266 27.71
15:40 0.2728 | 0.3339 | 03175 0.3973 32.50 15:40 0.4491 0.4643 0.2653 0.1472 27.69
15:45 0.2353 0.2732 | 0.2851 0.3298 3237 15:45 0.4980 | 0.3353 0.2482 0.1499 27.58
15:50 0.2278 | 0.2505 | 0.2966 0.3030 3291 15:50 0.5037 0.2737 0.2695 0.1779 27.53
15:55 0.2204 | 0.2845 | 0.2751 0.3279 33.19 15:55 0.4551 0.3084 0.2160 0.2097 27.66
16:00 0.2809 | 0.2825 | 0.2980 0.2902 32.89 16:00 0.4416 | 0.3101 0.2234 0.1381 27.84
16:05 0.3006 | 0.2554 | 0.3421 0.2893 32.71 16:05 0.5089 | 0.3508 0.2011 0.0866 27.56
16:10 0.3449 | 0.2681 0.3028 0.2676 3235 16:10 0.4661 0.3566 0.1911 0.0904 27.68
16:15 0.2939 | 0.3131 0.3764 0.2583 32.64 16:15 0.5537 0.3083 0.1890 0.0805 27.37
16:20 0.3355 0.3376 | 0.4358 0.2347 3291 16:20 0.4951 0.3544 0.1846 0.0489 27.27
16:25 0.3670 | 0.3052 | 0.3525 0.2041 32.56 16:25 0.5156 | 0.3512 0.1936 0.0410 27.19
16:30 0.2890 | 0.2995 | 0.3746 0.1846 31.75 16:30 0.5103 0.3188 0.2232 0.0527 27.59
16:35 0.2405 0.3757 | 0.4011 0.1660 32.00 16:35 0.4211 0.3230 0.2281 0.0353 27.14
16:40 0.2815 0.3153 | 0.3339 0.1481 32.18 16:40 0.4864 | 0.2738 0.2162 0.0362 26.96
16:45 03192 | 0.3274 | 0.3017 0.1406 31.87 16:45 0.4954 | 0.3183 0.2278 0.0649 27.10
16:50 0.2895 0.3704 | 0.3321 0.1348 31.60 16:50 0.4715 0.3272 0.1896 0.0447 27.09
16:55 0.2496 | 0.3454 | 0.3646 0.0929 31.06 16:55 0.5418 0.3486 0.2320 0.0201 27.03
17:00 0.2855 0.3181 0.3251 0.0537 31.34 17:00 0.5294 | 0.3190 0.2300 0.0139 26.89
17:05 0.2935 0.3730 | 0.3001 0.0425 31.34 17:05 0.4673 0.3586 0.2528 0.0222 26.81
17:10 0.4157 | 0.3087 | 0.3288 0.0384 31.01 17:10 0.4409 | 0.3149 0.2819 0.0209 26.80
17:15 0.2241 0.2768 | 0.3140 0.0301 31.53 17:15 0.3986 | 0.4075 0.3625 0.0120 26.74
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Load (pu.) Ambient Load (pu.) Ambient
Date Time o (kS\VM/?rrnz) Temp. Date Time (ks\:\)/l;;z) Temp.
ase Phase Phase (o) Phase Phase Phase (o)
A B C A B C

17:20 03152 | 0.2605 | 0.3353 0.0260 31.20 17:20 0.4301 0.3797 0.4187 0.0129 26.81

17:25 0.3673 0.3105 | 0.2716 0.0214 31.06 17:25 0.3219 | 0.3050 0.3986 0.0100 26.80

17:30 0.3726 | 0.3129 | 0.3971 0.0153 30.71 17:30 0.2682 0.2703 0.4071 0.0061 26.91

17:35 0.3091 0.3087 | 0.3279 0.0076 31.02 17:35 0.2829 | 0.2949 0.3205 0.0040 26.87

17:40 0.3908 | 0.2879 | 0.3543 0.0025 30.51 17:40 0.2346 | 0.3891 0.3180 0.0002 26.65

17:45 0.3005 0.2270 | 0.3782 0.0000 30.37 17:45 0.2346 | 0.3891 0.3180 0.0000 26.48

17:50 0.2920 | 0.3010 | 0.2868 0.0000 30.38 17:50 0.2346 | 0.3891 0.3180 0.0000 26.50

17:55 0.2920 [ 0.3010 | 0.2868 0.0000 30.10 17:55 0.2346 | 0.3891 0.3180 0.0000 26.42
6 6:00 0.1713 0.3665 | 0.3643 0.0000 27.92
Nov 6:05 0.2116 | 0.3926 | 0.3629 0.0000 27.86
2014 6:10 0.1870 | 0.4020 | 0.3846 0.0000 27.75
6:15 0.4041 0.2627 | 0.3741 0.0000 27.70
6:20 0.2781 0.2953 | 0.2983 0.0006 27.62
6:25 0.2881 0.3728 | 0.4533 0.0046 27.57
6:30 0.2020 | 0.3482 | 0.3815 0.0096 28.09
6:35 03138 | 0.2767 | 0.3248 0.0160 28.69
6:40 0.2974 | 0.4166 | 0.2568 0.0241 28.29
6:45 0.2198 | 0.3139 | 0.4416 0.0320 28.14
6:50 0.3163 0.3085 | 0.2248 0.0398 28.17
6:55 0.3473 0.2077 | 0.3236 0.0517 28.63
7:00 0.3303 0.2420 | 0.2506 0.0639 28.38
7:05 0.2385 0.2234 | 0.2974 0.0735 28.41
7:10 0.2602 | 0.2020 | 0.3730 0.0789 28.78
7:15 0.2911 0.4255 | 0.2633 0.0796 28.44
7:20 0.3547 | 0.2234 | 02734 0.0789 28.30
7:25 0.2516 | 0.2483 | 0.2662 0.0790 28.47
7:30 0.2523 0.3345 | 0.2841 0.0874 28.57
7:35 0.2304 | 0.2930 | 0.2649 0.1041 29.01
7:40 0.2773 0.2649 | 0.3221 0.1281 28.73
7:45 0.2715 0.1623 | 0.2933 0.1336 28.66
7:50 0.2170 | 0.2472 | 0.2637 0.1636 28.57
7:55 0.2714 | 0.2143 | 0.2781 0.1480 28.37
8:00 03950 | 0.1455 | 0.2944 0.1490 28.25
8:05 0.2717 | 0.2085 | 0.3313 0.1553 28.32
8:10 0.2817 | 0.2665 | 0.2367 0.1785 28.84
8:15 0.2257 | 0.2070 | 0.2935 0.1991 28.69
8:20 0.2650 | 0.1390 | 0.3173 0.2070 28.59
8:25 0.4058 | 0.1364 | 0.3500 0.2279 28.72
8:30 0.3394 | 0.1795 | 0.2425 0.2792 28.64
8:35 0.3231 0.2369 | 0.2763 0.2705 29.42
8:40 02957 | 0.2313 | 0.3063 0.2488 29.84
8:45 0.2687 | 0.1944 | 0.2183 0.2759 29.74
8:50 0.2796 | 0.2244 | 0.3059 0.2680 29.71
8:55 0.2585 0.2811 0.3131 0.2455 29.54
9:00 0.3680 | 0.2182 | 0.2796 0.2600 30.28
9:05 0.2647 | 0.1606 | 0.2153 0.3084 29.22
9:10 0.3807 | 0.1632 | 0.2516 0.4007 29.41
9:15 0.2636 | 0.1522 | 0.2591 0.4391 29.91
9:20 0.3808 | 0.1142 | 0.2444 0.3809 31.00
9:25 0.2821 0.1477 | 0.2659 0.4519 31.28
9:30 0.2565 0.1984 | 0.2236 0.4914 30.86
9:35 0.2611 0.1645 | 0.2033 0.4401 30.75
9:40 02638 | 0.1347 | 0.1987 0.4819 31.93
9:45 0.3644 | 0.1680 | 0.1971 0.4865 31.56
9:50 0.2932 | 0.1443 | 0.2301 0.4865 31.56
9:55 0.2737 | 0.1637 | 0.2198 0.5310 32.01
10:00 0.3332 | 0.1618 | 0.2075 0.8526 32.28
10:05 0.2462 | 0.1874 | 02117 0.8943 3247
10:10 0.2463 0.1728 | 0.2177 0.9368 32.09
10:15 0.3299 | 0.1540 | 0.2371 0.7624 33.44
10:20 0.2381 0.1878 | 0.2407 0.7601 33.36
10:25 0.2206 | 0.3403 | 0.1973 0.9340 32.03
10:30 0.2726 | 0.1532 | 0.2097 0.6550 32.52
10:35 0.4419 | 0.1460 | 0.2386 0.6273 33.77
10:40 03618 | 0.1500 | 0.2326 0.7789 34.30
10:45 0.2723 0.1819 | 0.2051 0.8127 33.98
10:50 0.3224 | 0.1663 | 0.2048 0.6821 33.72
10:55 0.4033 0.1511 0.2197 0.4233 34.24
11:00 02714 | 0.1218 | 0.2091 0.7070 34.04
11:05 0.2880 | 0.1934 | 0.1741 0.7998 32.85
11:10 0.3079 | 0.1831 0.2069 0.5443 34.50
11:15 0.4072 | 0.1495 | 0.1868 0.2938 32.46
11:20 0.3458 | 0.1516 | 0.1975 0.2564 31.85
11:25 0.2902 | 0.3489 | 0.1994 0.2637 31.69
11:30 0.6459 | 0.1707 | 0.2323 0.2980 31.57
11:35 0.2867 | 0.1861 0.2275 0.3352 31.46
11:40 03010 | 0.1773 | 02114 0.3087 31.28
11:45 03167 | 0.1610 | 0.1902 0.2977 31.84
11:50 0.4345 0.1533 | 0.2132 0.5605 31.60
11:55 0.3846 | 0.1537 | 0.2296 0.9591 33.56
12:00 0.2126 | 0.1436 | 0.2324 0.9941 3325
12:05 0.2102 | 0.1374 | 0.1832 0.6321 33.37
12:10 0.2714 | 0.1622 | 0.2870 0.3468 3291
12:15 0.2844 | 0.1813 | 0.2009 0.1731 3232
12:20 0.3363 0.1637 | 0.2508 0.1563 31.91
12:25 0.2491 0.1688 | 0.2628 0.1131 31.17
12:30 0.2461 0.1299 | 0.2049 0.0940 31.05
12:35 0.3213 0.1487 | 0.2421 0.0697 30.86
12:40 0.3287 | 0.1578 | 0.2165 0.0643 30.75
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Load (pu.) Ambient Load (pu.) Ambient
Date Time o (kSwol/a:'rlz) Temp. Date Time (ks‘:\)/l;;z) Temp.
ase Phase Phase (o) Phase Phase Phase (o)
A B C A B C
12:45 0.2857 | 0.1413 | 0.2770 0.0619 28.68
12:50 0.3020 | 0.1851 0.2205 0.0714 28.96
12:55 0.2608 | 0.1603 | 0.2687 0.0834 28.93
13:00 0.3386 | 0.1007 | 0.2228 0.1095 29.01
13:05 03146 | 0.1586 | 0.2465 0.1273 28.43
13:10 0.2678 | 0.1385 | 0.2435 0.1227 28.08
13:15 0.2576 | 0.1067 | 0.2355 0.1358 28.36
13:20 0.2928 [ 0.1490 | 0.2054 0.1483 28.95
13:25 0.2967 | 0.1518 | 0.2286 0.1573 28.76
13:30 0.2678 | 0.1054 | 0.2256 0.1501 28.61
13:35 0.2674 | 0.1070 | 0.2451 0.1301 27.95
13:40 0.3479 | 0.1496 | 0.2136 0.1589 28.09
13:45 0.3582 [ 0.1501 0.2173 0.2024 27.87
13:50 0.3103 0.1273 | 0.2243 0.2994 28.30
13:55 0.2805 0.1876 | 0.2275 0.3289 27.65
14:00 0.2959 | 0.2251 0.2189 0.2873 28.18
14:05 03110 | 0.2218 | 0.3189 0.2516 27.82
14:10 03720 | 0.2216 | 0.2409 0.2089 27.60
14:15 0.4005 0.2369 | 0.2177 0.2225 28.18
14:20 03620 | 0.1892 | 0.2516 0.2789 28.32
14:25 0.3657 | 0.2003 | 0.2481 0.3659 28.73
14:30 03620 | 0.2038 | 0.2272 0.4638 29.58
14:35 0.3245 0.1627 | 0.2138 0.5411 30.78
14:40 0.3786 | 0.1518 | 0.2371 0.5788 30.65
14:45 03724 | 0.1660 | 0.2482 0.5010 31.64
14:50 0.3656 | 0.1869 | 0.2362 0.4790 31.99
14:55 0.3912 | 0.1491 0.2345 0.3819 31.82
15:00 0.3964 | 0.1604 | 0.2287 0.3116 31.03
15:05 0.3727 | 0.2601 0.2578 0.3451 31.46
15:10 0.3381 0.2678 | 0.2222 0.4710 31.50
15:15 0.3739 | 0.2779 | 0.2102 0.4747 32.46
15:20 0.3602 | 0.2769 | 0.2323 0.4527 32.10
15:25 03100 | 0.2511 0.2017 0.4055 32.09
15:30 03154 | 0.2511 0.3270 0.3782 31.85
15:35 03120 | 0.2665 | 0.2388 0.3268 32.46
15:40 0.3143 0.3418 | 0.2463 0.2752 31.82
15:45 03516 | 0.3094 | 0.2238 0.2323 32.01
15:50 0.2988 | 0.2508 | 0.2415 0.1301 31.87
15:55 0.3465 0.2817 | 0.2902 0.0897 31.38
16:00 0.2993 0.2742 | 0.2795 0.0744 31.02
16:05 0.2894 | 0.3002 | 0.2472 0.0672 30.40
16:10 0.2957 | 0.2849 | 0.2455 0.0949 30.39
16:15 0.3419 | 0.1887 | 0.2339 0.1501 30.62
16:20 0.3033 0.2980 | 0.2562 0.1683 30.47
16:25 03608 | 0.2159 | 0.2417 0.1546 30.56
16:30 0.2552 | 0.2365 | 0.2587 0.1515 30.48
16:35 0.2885 0.2024 | 0.2958 0.1779 30.68
16:40 0.3279 | 0.2624 | 0.2602 0.1793 30.44
16:45 02772 | 0.2506 | 0.2711 0.1460 30.74
16:50 0.2682 | 0.2398 | 0.2782 0.1253 30.40
16:55 0.2782 | 0.2605 | 0.2142 0.1162 30.34
17:00 0.2407 | 0.2892 | 0.2134 0.1010 30.65
17:05 0.2577 | 0.2335 | 0.1785 0.0927 30.50
17:10 0.2171 0.2702 | 0.2038 0.0773 30.24
17:15 0.2623 0.2508 | 0.1951 0.0627 30.16
17:20 0.3164 | 0.3081 0.2469 0.0468 30.07
17:25 0.3102 | 0.3148 | 0.2036 0.0327 29.77
17:30 03134 | 0.3424 | 02175 0.0212 29.98
17:35 0.2254 | 0.2822 | 0.2195 0.0107 29.99
17:40 0.2811 0.3228 | 0.2416 0.0031 29.73
17:45 0.2940 | 0.2993 | 0.2139 0.0000 29.76
17:50 03182 | 0.3297 | 0.3008 0.0000 29.61
17:55 0.3372 | 0.3161 0.2584 0.0000 29.64
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