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ABSTRACT

Colombo being the commercial hub of Sri Lanka, maintaining high reliability of electricity
supply is critical. Thus, the electricity distribution network of Colombo city comprises of six,
11 kV ring networks formed around five grid substations and five primary substations.
However, the network is currently operated in open-ring topology.

In the present operation, under maintenance periods, at times of load shedding and “self-
generation” schemes, diesel generators are connected to the network. The generators, which
are connected under the self-generation schemes are synchronized with the network. The
generators, which are connected during maintenance and times of load shedding, are not
synchronized. Hence, it is required to split the satellite belts into several sub sections to match
the capacity of the generator to the load, so that the generator would not be tripped due to over
loading. With the government policies to encourage renewable generation, solar PV generation
has also been increasingly connected to the distribution network, which are not dispatched.
With increasing penetration of solar PV, proper planning is required to maintain system
stability and reliability under grid failures.

The substations in Colombo city do not follow the conventional diurnal load pattern of Sri
Lanka; instead, during day time, the load reaches a peak and during night time it drops. This
load pattern follows a curve similar to the diurnal generation curve of solar PV. Thus, by
introducing solar PV to such substations, the installed diesel generation capacity can be
reduced and the rings can be operated as microgrids when the grid fails.

In this research a case study is carried for the ring network based on primary substation-B of
the Colombo city network with the distributed generation of solar PV and diesel generators to
evaluate the ability of forming ring-connected microgrids for a commercial city with peak,
day-time loading. The ring is split into smaller rings to form microgrids with capacity below
10 MVA. The satellites are considered as open looped. Loads of the satellite loop and the
generation (solar PV/ diesel generators) are lumped to the respective radial/ ring substation.

The results indicate that when the network has three, 2 MVA generators fixed to the highest
loaded substations, the system is stable and when the network has 1 MV A generators fixed to
all the substations, the system becomes unstable at N-1 emergency operation. Instability occurs
due to small perturbations to diesel generators at some substations.

Research reveals that with increasing penetration of solar PV, the system can be planned to be

operated in ring-connected microgrids in stable operation to maintain the system reliability
under grid failures.
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CHAPTER 01

BACKGROUND

1.1. Electricity Distribution Network of Colombo City

Colombo city distribution network is comprised of an underground (UG) network. The
primary distribution voltage of the network is 11 kV. Both ring and radial topologies are

used in the network.

There are five primary substations (PS) (33 / 11 kV) and five grid substations (GS) (132
kV / 11 kV) as initial feeding centers of the Colombo city. Six rings are constructed
around the above ten substations as illustrated in Figure 1.1. From the ring and radial
substations, satellites are formed where the substations in the satellites are used to step

down the voltage at 11 kV to 400 V, and for secondary distribution. [1]

Figure 1.1 Ring distributions networks formed in Colombo city [1]



Low Voltage (LV) (400 V) distribution is also comprised of a UG network and a small
amount of overhead (OH) lines where UG is not possible. Feeder pillars and mini feeder

pillars are used in the LV network.
1.2. Emergency Generator Arrangement in Colombo City

Colombo city network is operated according to (N-1) operating criteria. Hence in case of
a failure in a UG cable, it is possible to feed the loads from the backup feeding
arrangement. However, if the backup arrangement is also faulted, it is not possible to
feed the loads till the fault is repaired. The repair times of such faults (cable faults,
equipment failures) are fairly high due to excavation permission issues and technical
procedures. Hence in such situations, an emergency generator is coupled to the selected

satellites to feed the network.

The generator is connected to the LV bus bar at the satellite substation and the MV
network is fed through the transformer. As the load catering is limited by the generator
capacity (1,250 kVA max) and transformer capacity (1,000 kVA max) only a few
substations can be fed from this arrangement. Figure 1.2 depicts emergency generator
connection diagram. These backup generators do not have synchronizing capacity.

Hence, the satellite belt has to be isolated.
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Figure 1.2 Emergency generator connection diagram




1.3. Load Curves of Substations in Colombo City

Unlike the conventional load pattern of Sri Lanka (Figure 1.3), the load pattern of
Colombo city has a day peak and an elephant-shaped curve. The daily load pattern of all
the 10 primary and grid substations are depicted in Figure 1.4.
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Figure 1.3 Load curve of Sri Lanka at 30/05/2019
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Figure 1.4 Daily load curve of all the substations at 21/05/2019 [2]



1.4. Problem Statement

As the peak demand of Colombo city occurs during day time, the required diesel

generation capacity can be reduced by introducing solar PV to such substations.

Figure 1.5 depicts the normalized demand curves of primary substation B, and solar PV
generation. The data recorded as the highest demand in Colombo city upto date on
21/05/2019 was used to plot the load curve. Average bi-hourly solar generation for two
months (16/11/2019 — 14/01/202) was used to plot the average solar power generation in

the selected system. Subtraction of above two gives the load seen by the grid.
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Figure 1.5 Demand of primary substation B and power generation of a solar PV

normalized to their peak values.

Yet, no research has been done on analyzing the effect of high solar PV penetration to
the distribution network in Colombo city or on evaluating the possibility of increasing
solar PV penetration with planned microgrid operation in ring network with radial feeder

arrangement of the Colombo city power distribution. Small signal stability analysis



allows identifying critical parameters for maintaining stability in a system. Therefore,
this research is focused on evaluating critical parameters for system stability in designing
an islanded microgrid in a ring network with radial feeder arrangement for increased

penetration of solar PV.
1.5. Scope

In order to verify the model an actual ring network in Colombo city was used. However,
currently the ring is operated in open loop topology. Therefore, it was redesigned for
closed loop topology. A portion of the ring network based on primary substation B was

used.

Satellites were considered as open loop. Loads of the corresponding satellite loops were
lumped to the corresponding ring/radial substation. Generators were also lumped to the

corresponding ring/radial substation.

Figure 1.6 depicts the ring of PS-B. Figure 1.7 depicts the selected portion of the ring
and the arrangement after lumping the loads. Figure 1.8 depicts the geographical area

electrified by the selected portion of the PS-B ring.

As presented in Figure 1.9, microgrid has two operating topologies named grid connected
mode and islanded (off grid) mode. Islanded mode also can be analyzed in two modes as
hybrid mode and diesel generator only mode. Hybrid mode again can be analyzed in
different levels of irradiance. Hybrid topology in off grid mode was considered in this

study.



Figure 1.7 Selected portion of the primary substation B ring




B T J ) g - 3 o

Figure 1.8 Geographical area electrified by the selected portion of the ring

Microgrid
|
Off grid mode
Solar PV &
Diesel
generators
e
] ]

100% Irradiance 50% Irradiance 20% Irradiance
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1.6. Objectives

The main objective of this research is to design an islanded microgrid in closed-loop ring
architecture with radial distribution for increased penetration of solar PV for maintaining

system stability under small disturbances.
1.7. Thesis Outline

This thesis contains a comprehensive study on developing a methodology to evaluate the
steady-state stability of a microgrid with both ring and radial distribution topology in

islanded mode.

Chapter 02 consists of the literature review done during the research. It contains the
theory on power generation of solar PV, power flow analysis and small signal analysis.
Further, it contains the extracts of publications of researches on the subjects of
distribution network topologies, microgrids, power generation of solar PV, small signal

analysis of parallel connected energy sources.

Chapter 03 elaborates the methodology used throughout the research. The methodology

has three main steps. Hence the chapter contains three main sub chapters.

Chapter 04 presents the method and results of power flow analysis. This includes the

modeling, data input to the software and the results of the software.

Chapter 05 presents the method and results of small signal analysis. It further includes
the modeling, data input to the software, the results of the software and the conclusion

based on the software.

Chapter 06 concludes the research outcomes.



CHAPTER 02

LITERATURE REVIEW

Chapter 2 consists of theoretical collection of related literature used for the research.
2.1. Distribution Network Topologies

Various kinds of network topologies are used in electricity distribution networks and they

are discussed in the following sections [3].
2.1.1.Simple Radial System

A simple radial system is where the distribution transformer is directly connected to one
medium voltage (MV) feeder. The secondary side of the transformer is connected to the
low voltage (LV) bus bar and the LV distribution feeders are connected to the LV bus
bar. Protective devices are used on both sides of the transformers and to all the outgoing

feeders.
2.1.2. Expanded Radial System

This is a modified arrangement to the simple radial system. Instead of one large
transformer in a simple radial system, in an expanded radial system one MV radial feeder
is connected to several small transformers. The secondary sides of the transformers are
connected to independent bus bars. Protective devices are used on both sides of the
transformers and to all the outgoing feeders. In some systems, a common protective

device is used for the primary side of the transformers.
2.1.3.Secondary Selective System

This is an improved arrangement to the expanded radial System. Pairs of substations are
connected through a normally open secondary tie circuit breaker. In normal operation,

the tie-breaker is open, and in fault operation, the tie-breaker is closed.



2.1.4.Primary Selective System

Two primary feeders are extended to each transformer. Interlocked selector switches are

provided to each transformer to select the connected feeder.
2.1.5.Looped Primary

The primary sides of the transformers are connected to an MV loop.
2.1.6.Secondary Network System

This is an improved arrangement to the secondary selective system. Instead of two
transformers, several transformers are connected through interlocked selector switches
and each transformer is provided with “Network Protector” switches on the LV side to

avoid reverse power flow.
2.1.7.Ring Distribution System

All the substations are connected in a loop, forming an MV ring topology. These ring

distribution systems are operated in both closed and open-loop arrangements [4] [5] [6].
Advantages in closed-loop topology

¢ Increases the reliability and supply security [4]
Since the feeding arrangement can be shifted to the backup mode in case of a
failure, the repair time is less irrespective of failure and, it reduces the “Energy

Not Served”.

e Achieves the availability of power on demand [4]
As there are multiple feeding arrangements supplying maximum power on

demand is possible at any time.

e The network losses and the voltage drop are low [4]
The current is fed through several feeding points sharing the maximum required
load current. Hence, the voltage drop (current X resistance) and the losses

(current® x resistance) are reduced.

10



e Facilitates increased penetration of distributed generation [4]
As there are multiple feeding paths, the generation in lower levels can also flow

through the same paths without a requirement of system re-designing.
Challenges in closed-loop topology

e Complex power flow [5]

As there are multiple feeding paths, power flow analysis is difficult.

e Complex protection schemes [5] [6]
It requires complex protection schemes as there can be several paths feeding the
fault. Wrong selection and coordination could result in tripping off of several
lines. Hence, bi-directional protection schemes with fast-acting protection relays
with advanced processors and communication are required in order to ensure

proper isolation and selectivity.

e Increased current ratings
In case of a fault, the closed-loop distribution systems are designed to operate as
an open-loop distribution network. Hence, the network has to be designed to
operate in high current ratings, which would increase the cross-sections of bus

bars, screens, and conductors in the infrastructure.
2.2. Microgrids

A microgrid at the distribution level, is a small-scale distribution network in the capacity
of 1~10 MW containing a set of distributed energy resources such as wind, hydro, solar,
thermal, and energy storage supplying a load in an identified area. A microgrid can
operate in both modes: as grid connected or as a controllable power island. A microgrid

maximizes the reliability, availability, efficiency, economic performance, and security.

[7118]

In the grid-connected operation, the microgrid is connected to the grid and operates as a
part of the grid. The controlling mode of the microgrid is based on master-slave

technology, where the grid is the master, which handles the load frequency control (LFC)

11



and the microgrid is the slave, which handles the voltage control (VC). In the islanded
operation microgrid takes over both LFC and VC. [7]

Therefore, the stability analysis of the microgrid in islanded operation is a critical factor

in designing a microgrid.
2.2.1.0peration mode of the inverters

Inverters are used to integrate renewable energy sources like solar panels, wind turbine
driven generators and also, energy storages. Even though the main application of an
inverter is to harness the maximum possible power from its source and deliver it to the
load, in a microgrid they are expected to perform as controllers as well to maintain the
reliable operation. The main control modes of inverters are grid forming mode, grid

feeding mode, and grid following mode [9] [10].
Grid forming mode

In grid forming mode, the inverter is used to form the grid by maintaining the frequency
and voltage constant within respective standard limits. This mode is used only in the

islanded operation of the microgrid.
Grid feeding model

Grid feeding mode is the conventional and most common mode of inverter operation, in
which the inverter extracts the maximum possible power from the connected source and
supplies it to the grid in unit power factor. Thus, the maximum power from the distributed

generator can be obtained in this mode.
Grid following mode

Grid following mode is called as the grid-supporting mode as well. In grid following
mode, the inverter operates in droop control for both LFC and VC. Other than that,
inverters are used to provide ancillary services such as negative-sequence compensation,
harmonic compensation, and voltage support during low voltage ride through conditions

to the grid as well.

12



2.3. Power Generation of Solar PV

Solar PV system comprises of two main components namely the PV array and the
inverter. There are several parameters related to both these components that determines

the power output of the solar PV system as discussed in the following sections.
2.3.1.Parameters related to the Photovoltaic (PV) array

Output power of a solar PV array can be given as in 2.3.1 [11].
Ppy = n.S.®.[1—-0.005(T, + 25)]
(2.3.1)
where,
Ppy — Power generation by PV array
S - Area of the PV panel
@ - Irradiance level
1 - Efficiency of the PV panel

T, - Ambient temperature

When considering installed PV arrays, ambient temperature, measured area and
conversion efficiency do not change in very short periods that would be considered in
small signal stability studies.

Hence, 2.3.1 can be simplified to 2.3.2.

Ppy = Kpy @ (2.3.2)

Hence, power output of PV array can be considered as proportionate to the irradiance.

13
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Figure 2.1 Daily power generation curves of solar for two months

Figure 2.1 depicts the daily power generation of a solar net metering connection, recorded
at a particular customer for a period of two months. The bold line depicts the average
power generation curve for the two-month period, where it indicates daily peak of nearly
275 kW at 12 noon.

2.4. Power Flow Analysis of Microgrids

The commonly used methods for power flow analysis are Newton-Raphson method,

Gauss-Siedel method and Fast-Decoupled method. [5]

Power flow analysis of microgrids is quite complex compared to that of normal

distribution networks due to the bi-directional (two way) power flow in microgrids with

14



the integrated distributed generation [8]. Also, in considering ring networks with radial
feeders, there are multiple branches, which makes power flow analysis a complex
problem. For microgrids, power flow analysis has to be carried out for both islanded and
grid connected operation modes, if full system analysis is considered [12]. Further, the
behavior of the network for different levels of installed diesel generators and solar PV
has to be evaluated too. Therefore, performing power flow analysis manually for a
microgrid in ring configuration would be complicated. Software tools such as PSS/E
designed for power flow analysis in balance complex networks, which use the prevailing

power flow analysis methods can be used for microgrid applications as well.

Modeling the network for power flow analysis is also critical. Most of the distributed
generators as well as loads are connected to low voltage network. Hence, each load bus

and generator bus have to be connected via a transformer to the network.
2.5. Small Signal Analysis

Section 2.5 describes the theoretical background of the small signal analysis applied in

the research. [13] [14]

When evaluating small-signal of a microgrid the islanded mode is more crucial than the
grid connected mode. The contribution of distributed generation is influencive in the
islanded mode compared to the grid connected mode as the distributed generation is
connected at the low voltage lines furthest from the grid [5] [8]. In islanded mode, three
types of inverter operation modes are to be evaluated as grid forming inverter for
frequency control (either a diesel generator or an energy storage), grid following inverters

and grid feeding inverters.

The state-space representation of the network has to be obtained to perform the small-
signal analysis. Two methods were found to obtain the state-space representation of a
closed-loop network with distributed solar PV and diesel generators. In both cases, the

network has to be converted to a global d-q frame. [15] [16].
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In the first method, small-signal models of individual inverter are found separately. Then
multi-inverter model is obtained by Kirchhoff’s current law. However, this method is

quite cumbersome when there are more than two energy sources. [15]

In the second method, the multi-inverter model is obtained directly by writing the

equations for time-average model. Bus admittance matrix is used in this method. [16]
2.5.1. State Space Representation

The behavior of the power system, which is an autonomous dynamic system can be
characterized by a set of n number of first order differential equations given by 2.5.1.
X1 = 1, X2, X0 5 Uy, Up, - Uy 5 E)
Xo = fi(X1, X2, ., Xp 5 Ug, Upy ey Uy s ) (2.5.1)
Xp = fi(X1, X, Xy 5 Up, Upy. .y Uy 5 T)
Where
x; - i state variable
r - Number of inputs
n - Order of the system

This can be also represented by 2.5.2,

X=flx,u,t) (2.5.2)
where
X1 Uq fi
X = x.z u= u.Z f= f2
Xn Uy fa
x - State vector u - Input vector

Let the derivative of state variable with respect to time denoted by x. As the system is
autonomous (2.5.2) can be written as;

x = f(x,u) (2.5.3)
The output of the system can be represented by 2.5.4.

y = g(x,u) (2.5.4)

V1 g1
1Yy 192
y=1. g=1.
Ym Im
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This is called the State Space Representation of the system.
2.5.2. Linearization of Non-linear Systems

The equations (2.5.3) and (2.5.4) are non-linear equations. In order to analyze the

stability, it is required to make them linear. Therefore, small signal perturbation is used.
Consider an equilibrium point where state vector is xq and input vector is 1.

xo = f(xo,up) =0 (2.5.5)
Consider a small perturbation;

When (x = x¢ + Ax) and (u = uy + Au), then (x = xo + Ax)

From 2.5.3,
x = f(x,u)
Xo + Ax = f[(xo + Ax), (up + Au)] (2.5.6)

As the perturbations are very small, f{x,u) can be represented in Taylor's series.

X, = X0+ AX, = fil(xo + Ax), (uo + Au)]

X, = X+ A%, = fi(xeup) + Z—QAx1+..+ %Axn + Z_QA”1+"+ ZZiAur
As X9 = f; (X0, Uo)

A%, = Z—QAx1+..+ ZTJZAxn + j—jZAu1+..+ :—IJZAur (2.5.7)
Similarly, from equation 2.5.4;

8y, = 32 Mvi++ 3 Ay + S dut + 52 A, (2.5.8)

By arranging the equations (2.5.7) and (2.5.8), the linearized equations for (2.5.9) and
(2.5.10) can be obtained,
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A% = AAx + B Au (2.5.9)

Ay =CAx+ D Au (2.5.10)
[0f1 9 oh of
ax, 7 0xp ou; 7 duy
A= |- - | State/plant matrix B= | -~ - - |; Control/input matrix
_ax1 axn au1 aur
ax, T 0xq ou; 7 duy
C= ]+« |; Output matrix D=| .- .« .. [;Proportion of input in o/p
ogm  Ogm m  gm
| 0x, 77 0xp ou,  ouy

2.5.3. Local Stability of a Dynamic System

The system can be considered as “Locally Stable” around an equilibrium point, if the
resultant movement due to the small perturbation, stays within a small region around the
said equilibrium point.
By applying the Laplace transformation of (2.5.9) and (2.5.10);

sAX(s) — AX(0) = AAX(s) + BAU(s) (2.5.11)

AY(s) = C AX(s) + D AU(s) (2.5.12)

From (2.5.11);

(s —A)AX(s) = AX(0) + B AU(s)

AX(s) = (sl — A)"AX(0) + B AU(s)]

__adj(sI-4)

= wetsi—a 2% (0) + B AU(s)] (2.5.13)

Similarly, from 2.5.12;

adj(sI-A)

AY(S) =C det(sI-A)

[AX(0) + BAU(s)]+ D AU(s) (2.5.14)
The poles of AX(s) and AY (s) can be obtained at;
det(sl —A) =0 (2.5.15)

Equation (2.5.15) is called as the characteristic equation of matrix A;,x;,.
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The values for the s, which satisfy the above equation (roots of the characteristic

equation) are called the Eigenvalues of the matrix A, xq,.

Stability of the system can be predicted by examining the Eigenvalues.

i.  If the real parts of all the Eigenvalues are negative, then the system is
asymptotically stable, which means the system returns to its original state
when t increases.

ii.  If the real parts of the Eigenvalues are zero, behavior of the system is not
possible based on first approximation.

iii.  Ifthe set of Eigenvalues have at least one positive real part, the original system
is unstable.

iv.  Ifthe Eigenvalues are complex, the system response is oscillatory.

When observing the set of complex Eigenvalues, conjugate Eigenvalues can be found. It
is required to find the oscillation frequency and the damping ratio as these Eigenvalues
can move to the positive part of the real axis under a disturbance due to the behavior of
the oscillation. These Eigenvalues are the ones, which can cause instabilities in the

system. They are called “dominant Eigenvalues”.
2.5.4. Analysis of Eigen matrix and modal matrices

For any state matrix (4,x,) Eigen matrix, left modal matrix and right modal matrix can

be defined as follows:

Let,

A; - i"Eigen value of A for which a non-trivial value is existing

Anxn Pnx1 = Ai Pnxa ; Pnx1 - vector where ¢py; 0 (2.5.16)
Equation (2.5.16) can be arranged as,

A-4Dp=0 (2.5.17)
For a non-trivial solution of (2.5.17):

det(A—A,1)= 0 (2.5.18)
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Since there are » number of solutions for A;, » number of ¢,; column matrix exists,

which could be represented as (2.5.19).

e
¢:I ) I (2.5.19)
l(pb'niJ
Equation (2.5.19) can be expanded as in (2.5.20).
‘P Do v Py v Pin
¢;1 ¢;2 ¢.2i ¢gn
¢ = ‘;b:il ¢:iz (.b:ii qb:in (2.5.20)
6 buz < bu b
Equation (2.5.20) is called the right modal matrix.
Similarly,
Yax1lnxn = Ai Ynxa (2.5.21)
Vi = Wi Yiz Yiz o Yind (2.5.22)
Y= [Y] ¥ ¥ .. ¥nl (2.5.23)
Wi Yiz o W o Yan]
1/{21 1/{22 1/).21' lpgn
V= l/’:u 1!’:1'2 l/’:u' lp:in (25.24)
Vs Ynz Y Yl
Equation (2.5.24) is called the left modal matrix.
Let the diagonal matrix of Eigenvalues as given by (2.5.25):
[/11 0 0 0
|0 A, 0 - 0]
0| (2.5.25)

A=I0 0 A |
lo 0o 0 -~

From (2.5.20), (2.5.24) and (2.5.25),
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P =

Ap = PA (2.5.26)

Yo =1 (2.5.27)
Y= ¢! (2.5.28)
PAP = A (2.5.29)

2.5.5. Participation Matrix

Equation (2.5.29) shows that the Eigenvalues (A) of the 4 matrix are linked with the left
and right Eigen matrices. Also, the Eigenvalues are dependent on the values of state
variables. Hence, in order to find the relationship of state variables to Eigenvalues,
Participation Matrix (P) can be used. Participation matrix combines both left and right
Eigen matrices. Consider the participation matrix P with the elements Py, as shown in

equation (2.5.30).

[P11 Py o Py o Pln]
| P21 Pz o+ Par  Pop|
R
2.5.30
I Py Pp - Py o Py I ( )
anl Py o P o PnnJ
The elements of the participation matrix can be given as equation (2.5.31).
T P11P11 P12P21 v PuPri v PiaPna]
$219012  P22P22 0 P2Pr2 v D2nPnz
P=1, ° : ) ’ ’ : 2.5.31
bi1P1i Pi2P2i v PuPri v PinPni ( )
-d)nl(pln d)nz Pon ¢nk(pkn ¢nn(pnn-
Pk = (D Pri) ; Participation factor of k' state for i Eigen value (2.5.32)
As the Eigen matrix is normalized:
Yt Py =1
(2.5.33)
Yk=1Px =1

Equation (2.5.33) gives that addition of elements along any raw or a column in

participation matrix is unity.
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Pix% can be considered as the contribution of &™ state for the stability of i Eigen value.
Therefore, the states with highest participation factors contributes highest for the stability

of the Eigen value. These states are called the “effective states™.

Hence, by evaluating the effective states of the dominant Eigenvalues, the states which

can cause instabilities in the system can be predicted.
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CHAPTER 03

METHODOLOGY

3.1. Step 01 - Identifying and modeling the network

The following items were identified and modeled:
a. Models of generators, solar PV, cables and loads for power flow analysis and
small signal stability analysis.
b. Substations, feeders and interconnectors of the selected network.
c. Loads connected to each substation.

d. Diesel generators and solar PV connected to each substation.
3.2. Step 02 - Power flow analysis

Power flow analysis was performed under the following conditions:
a. Different percentages in solar PV generation as per irradiance
b. Different loading conditions

e. Rapid dispatch and fast load removing scenarios
3.3. Step 03 - Stability analysis

Small signal stability model was initialized using the results of power flow analysis. Then
the state matrix, right Eigen matrix and left Eigen matrix were derived.
Stability analysis was carried under the following conditions:

a. Different scenarios

b. Perturbations of different states
3.4. Identifying different operating scenarios

Depending on characteristics of the microgrid, several operating scenarios were
proposed. Three main criteria were developed based on the following conditions:

a. Availability of diesel generators in the substations

b. Amount of solar PV connected to each substation

c. Operating mode of the network
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3.4.1.Availability of diesel generators in the substations

Availability of diesel generators in the substation depends on many parameters like

capacity of the substation, location, surrounding, accessibility, space of the substation,

existing network arrangement, load of the substations and the capital expenditure

incurring to introduce the diesel generator.

However, two modes of generator connections were considered in this thesis. Figure 3.1

depicts the two diesel generation connection modes.

2 MVA generators connected to primary substation B, substation 1174 and

substation 5.
Substation 1174 and substation 5 are the two highest loaded ring/radial

substations in the selected network.

1 MVA generators connected to all substations

DG Mode 01 DG Mode 02

Generators fixed at selected subs Generators fixed in all the subs
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Figure 3.1 DG connection modes
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3.4.2.Amount of solar PV connected to each substation

Amount of installed solar PV capacity was considered as a percentage, in three levels as

100%, 50% and 20% of maximum demand. Figure 3.2 depicts the load to be met by the

grid or diesel generators for the different levels of installed solar PV capacity.

L
=
=

400

3.00

00

1.00

Demand to the grid / DG (MVA)
(2%

000 Z00 400 600 B:00 1G:00 12:00 14:00 16:00 18:00 20:00
Time of day

e Solar PV @ 2000  ==lemSolar PV @ 5096 2 ==lesSolar PV @ 100%

22:00

0:00

Figure 3.2 Demand to the grid/DG for different levels of solar PV

3.4.3.0perating mode of the network

Microgrid was operated in closed ring topology, which was labeled as the normal

operating mode. All the circuit breakers in 11 kV network were considered as closed. To

evaluate the stability under emergency state, N-1 operating mode was introduced. At the

N-1 emergency operation state, the radial feeder B-5 is considered as out of operation.

Radial B-5 is the highest loaded cable in the selected network. Hence, the worst-case

scenario is considered in N-1 emergency operation. Figure 3.3 depicts the operating

modes considered.
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Figure 3.3 Operating modes

Based on the three criteria, 12 scenarios were derived. Each scenario has scenario has 24
operating points as one operating point for each hour. Figure 3.4 depicts all the 12
scenarios. Hence, to evaluate the network for all the scenarios, both power flow and

small-signal analysis were performed for 288 operating points.

Normal operation H sScol |
20% PV
N-1 Emergency H SC 02 |
Normal operation H SC 03 ‘
- DG mode 01 H -50% PV
N-1 Emergency H SC 04 ‘
Normal operation H SC 05 ‘
100% PV
N-1 Emergency H SC 06 ‘
Analysis |—
Normal operation H SC 07
20% PV
N-1 Emergency H SC 08
Normal operation H SC 09 ‘
L DG mode 02 H -50% PV
N-1Emergency | SC10 |
Normal operation H SC11 ‘
100% PV
N-1Emergency | SC12 |

Figure 3.4 Derived scenarios
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CHAPTER 04

POWER FLOW ANALYSIS OF THE SELECTED NETWORK

4.1. Modeling the selected network

Figure 4.1 depicts the selected portion from the ring network of Primary Substation B.

The diagram consists of substations and the feeders in 11 kV network.
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Figure 4.1 Selected ring portion of the primary substation B ring [1]

4.1.1. Substations

The system consists of three radial substations, three ring substations and 63 satellite
substations in seven satellites. However, in this research, the system is modeled
considering the satellites to be operated in open loop topology and the loop is denoted by

the first satellite substation connected to the respective ring or radial substation.
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4.1.2. Loads

Actual load data was considered in modeling. Data was obtained from the database at
Colombo City SCADA system. As per the recorded data since 2012 to date, the highest
load was recorded on 21/05/2019 [2]. Loads of all the satellite substations in a loop were
lumped to the first substation of the loop. Load of each substation is shown in Table 4.1.

Data in Table 1 shows that the total capacity of the selected network is 5.75 MV A, which

can be configured to operate as a microgrid [7].

Table 4.1 Load of each substation at peak

Substation Load / KW Load /kKVar

625 483.93 234.38
364 376.95 182.56
1174 1,354.61 656.07
182 240.80 116.62

5 2,205.47 1,068.16

465 514.32 249.10
Total 5,176.08 2,506.89

Load / kVA

0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00
Time of day

Figure 4.2 Daily load curve of each ring and radial substation on 21/05/2019 [2]

Figure 4.2 depicts the daily load curve on 21/05/2019 of each substation in the selected
ring portion. All the six substations follow the typical load pattern on Colombo city

described in 1.3. The highest load was recorded at the substation 5 and the second highest

load was recorded at the substation 1174.
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4.1.3. Cables

The selected system is utilizing two types of cables.

For the radial feeders 11kV/Cu/XLPE/240sqmm/3core/SWA cables are used. For the
ring feeders 11kV/Cu/ XLPE/95sqmm/3core/SWA cables are used.

Cables were modeled using the actual cable parameters: length, resistance, impedance

and capacitance of the Colombo city network. Table 4.2 depicts the per kilometer

parameters of each cable type used in the selected network and, Table 4.3 depicts the

length and actual parameters of each feeder.

Table 4.2 Parameters of different cable types used

Cable R (Q/km) | X (Q/km) | B (S/km)
11kV/Cu/XLPE/240sqmm/3c 0.0984 0.0890 0.00015
11kV/Cu/XLPE/95sqmm/3c 0.2160 0.1020 0.000105

Table 4.3 Parameters of each cable
Branch Type Length/m | Ract(Q) | Xact(Q) | B(S)

B-625 11kV / Cu / 240sqmm / 3¢ 237.50 0.0234 0.0211 | 0.00004

B-5 11kV / Cu/ 240sqmm / 3¢ 1.137.50 0.1119 0.1012 | 0.00017

B-465 11kV / Cu/ 240sqmm / 3¢ 889.30 0.0875 0.0791 | 0.00013

625-364 11kV / Cu/ 95sqgmm / 3¢ 42940 0.0928 0.0438 | 0.00005

364-1174 11kV/ Cu/ 95sqmm / 3¢ 277.70 0.0600 0.0283 | 0.00003

1174-182 11kV / Cu/ 95sqgmm / 3¢ 479.60 0.1036 0.0489 | 0.00005

182-5 11kV / Cu/ 95sqgmm / 3¢ 712.00 0.1538 0.0726 | 0.00007

5-465 11kV / Cu/ 95sqmm / 3¢ 1.765.50 0.3813 0.1801 | 0.00019
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4.1.4. Solar PV Generation

0.14 PV Gen g 100% (MW)

-PV Gen @ 50% (MW)

T / —PV Gen @ 20% (MW)

0.1

0.06

0.04

Power generation /MW

0.02

0
0:00 1:30 3:00 4:30 6:00 7:30 9:00 10:30 12:00 13:30 15:00 16:30 18:00 19:30 21:00 22:30 0:00
Time of day

Figure 4.3 Average daily power generation of a solar PV

Figure 4.3 depicts the equally adjusted average daily solar PV generation curves for
different percentages of installed solar PV capacities for one substation. It can be noted
that the solar power generation starts after 6.00 AM and ends around 6.00 PM. It peaks
at 12.00 noon. Solar generation was considered as negative loads to each ring and radial

substation.
4.1.5. Diesel Generator

Two modes of generator connections were used as shown in Table 4.4. Primary
substation B was used as the slack bus. The capacities and the number of generators were

selected based on the peak load of the selected system.

Table 4.4 Generator modes

Mode 01 Mode 02
Generator capacity 2MVA 1 MVA
No. of generators 3 7
Substations with Primary Substation B All substations
generators substation 1174 substation 5
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4.2. Analysis

Power flow analysis was done for all the 288 operating points (discussed in section 3.4.3)

using PSS/E University 33 software. Figure 4.4 depicts the PSSE model of the network

for mode 01 operation of the diesel generator.
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4.2.1. Bus bar data

Figure 4.4 PSS/E model of the selected network

Generator buses were introduced to each substation. Bus bar of primary substation B was

used as the slack bus. Figure 4.5 depicts the network data of the buses used to configure

the PSS/E model for mode 01 operation of the diesel generator.

Bus Bus Zone Owne Normal Normal | Er
Number Name | BasekV Name Cote Angle (980) yimax (ou) | vimin (pu) | Vmex (pu) | Vimin (pu)
1B 11.0 1 1 3 0.00 1.1000 0.5000 0.5000
2625 11.0 1 1 1 0.00 1.1000 0.5000 0.5000
3364 11.0 1 1 1 0.00 1.1000 0.5000 0.5000
4 1174 11.0 1 1 1 0.00 1.1000 0.5000 0.5000
5182 1.0 1 1 1 0.00 1.1000 0.8000 0.8000
65 11.0 1 1 1 0.00 1.1000 0.5000 0.5000
7 | 465 11.0 1 1 1 0.00 1.1000 0.5000 0.5000
3 | G625 11.0 1 1 2 0.00 1.1000 0.5000 0.5000
9G4 11.0 1 1 2 0.00 1.1000 0.8000 0.5000
10 G174 11.0 1 1 2 0.00 1.1000 0.5000 0.5000
11 G182 11.0 1 1 2 0.00 1.1000 0.8000 0.5000
12 G5 11.0 1 1 2 0.00 1.1000 0.5000 0.5000
13 G485 11.0 1 1 2 0.00 1.1000 0.5000 0.5000
*

Figure 4.5 Sample network data of buses




4.2.2. Generator data

Figure 4.6 depicts the PSS/E network data of the generators in the network for mode 01

operation of diesel generator. In mode 01, diesel generators in the capacity of 2 MVA

were connected to substations B, 1174 and 5 only.

‘ Bus Bus ‘ Area| Area | Zone| Zone ‘m‘ Vsched ‘ Remote | In PGen PMax PMin QGen QMax
Number Name Hum Name Hum Name {pu) Bus | Service| (MW) {MW) {MW) {Mvar) {Mvar)
18 1100 D6 T T T 0 M 44141 1.8000 0.0000 24208 05718
T 1111 1117 11 11
o i 210000 0] 000000  0.0000 0.0000 0.0000 0.0000
e 0 N7 1" R vt E R 7
it T 2 10000} 0] 1.0000 0.0000 0.0000 0.0000 0.0000
e e 16000 a0 oow] Uamie]  0s7s
: R 2 10000 1 ] 00000 00000 0.0000 0.0000 0.0000

R

Figure 4.6 Network data of generators

4.2.3. Load data

Loads were introduced to all the substations. Figure 4.7 depicts the PSS/E network data

of the loads in the network at 1200h. The solar PV installed capacity is at 100% of

maximum demand, which is 5.18 MW. It was lumped to each substation as a negative

load equally distributed among all the ring/radial substations.
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Figure 4.7 Network data of loads

Bus Bus Area Zone Zone Owne Owner In . Pload load
‘ Number Name Name Num Name ‘ Iz Name ‘ Service BERe Bl tupinE (MW} {(:Ivar}
7 625 11.000 L ] | 1 [ Aves []ves 04839 . 0.2344
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Table 4.5 Load data (kVA) corresponding to all the substations

Time | Sub 625 | Sub364| Sub 1174 | Sub 182 Sub 5 Sub 465 Total
0:00{ 34338 | 109.96 404.24 | 235.52 1,179.31 27.09 | 2.299.49
1:00| 31443 | 108.36 320.15 | 226.11 1,144.92 23.50 | 2,146.48
2:00{ 301.82 | 109.96 318.14 | 217.70 1,153.95 22.88 | 2.124.46
3:00{ 29291 | 113.06 312.33 211.02 1,074.04 21.52 | 2.024.89
4:00] 29291 | 108.11 318.76 | 205.21 1,051.90 25.73 | 2.002.62
5:000 316.66 | 106.63 374.30 | 241.33 1,095.20 1274 | 2,146.85
6:00{ 29798 99.33 366.14 237.62 1,071.45 3538 | 2.107.89
7:000 29365 | 225.37 443.57 | 220.05 1,039.90 4762 | 2,270.17
8:00| 351.79 | 276.46 620.58 | 230.32 1,268.49 65546 | 3.403.10
9:00{ 45693 | 363.17 1,180.70 | 219.19 1,762.16 544 .63 | 4,526.87

10:00| 496.88 | 411.29 1,.441.67 | 245.29 2.287.00 548.59 | 5.430.71
11:00f 526.07 | 412.40 1.435.60 256.30 2.374.94 648.66 | 5.653.97
12:00| 537.70 | 418.83 1,505.12 | 267.55 2.450.52 57147 | 5,751.20
13:00| 56096 | 432.56 1,517.24 | 264.46 2.404.01 563.31 | 5,742.54
14:00| 573.82 | 429.72 1,463.44 | 269.78 2.400.18 547.60 | 5,684.53
15:00| 569.00 | 419.20 1.475.06 | 284.50 2.416.51 530.16 | 5.694.42
16:00f 56393 | 419.94 1.473.33 283 .88 2.431.97 52038 | 5.693.43
17:00 57147 | 177.13 1,451.44 | 268.29 2.379.52 40043 | 5,257.28
18:00( 487.23 | 320.37 1,224.09 258.40 2.151.80 7385 | 4,515.73
19:00| 456.06 | 275.84 1,207.88 | 306.39 1,666.91 43.17 | 3.956.26
20:00| 43924 | 194.32 831.48 | 307.13 1,507.84 34.63 | 3.314.65
21:00] 43343 60.49 6R80.57 281.78 1.461.21 2746 | 2.944.93
22:00[ 400.65 | 121.59 545.87 | 283.63 1,255.38 25.60 | 2.632.72
23:00[ 380.73 | 114.05 503.69 | 289.45 1,229.16 22.88 | 2.539.95

Table 4.5 depicts the loads of each substation throughout the day. It can be clearly seen

that substation 5 and substation 1174 are the two highest loaded substations and all the

loads of substation reaches a peak around 1200 noon. The demand of the selected

network peaks to 5.75 MVA at 1200 h.

Appendix A presents the detailed information on loads connected at the satellites.

4.2.4. Time domain analysis of the selected network for power flow

In order to validate the derived PSS/E power flow model, it was compared against a time

domain simulation. The network was modeled in Matlab Simulink using the existing

models in Simscape Electrical library.
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Model for diesel generator and solar PV

Diesel generator and solar PV were modelled using the three-phase voltage source model
in Matlab Simulink. Constant PV type generator and constant PQ type generator were

used for diesel generator and solar PV respectively.
Model for load

Loads were modelled by properly configuring the three-phase parallel RLC load model.
The active and reactive power components were changed as per the substation loads

given in Table 4.5. Constant PQ type load was used.
Model of a substation

Time domain model for a substation was obtained by connecting the diesel generator,
solar PV and loads in parallel. Figure 4.8 depicts the time domain model of a substation.
A distribution transformer was introduced to link the substation to the primary

distribution level of the network.

2 Sub 625

Ap

[ -
Grid feeding solar 2

Figure 4.8 Time domain power flow model for a substastion
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Model for feeder

Distributed parameters line model was used to represent the 11kV/240sqmm/3 core
cables and 11kV/95sqmm/3 core cables. The resistance, inductance and capacitance were

changed according to the cable parameters given in Table 4.3.
Complete model

The complete model was obtained by linking the substation models with feeders

according to the ring diagram given in Figure 4.1.
4.2.5. Validating the PSS/E power flow model

Steady state phase voltages of all the substations were obtained via powergui module in
Matlab Simscape. The line voltages were calculated accordingly. Then the voltages of
each substation in the Simulink model were compared with the same of PSS/E model. It
was found that the error was below 1%. Table 4.6 depicts the calculation of line bus
voltages from the Simulink model and the comparison of the same with the voltages of
PSS/E model for the scenario 09, where there are all generators at the all the substations
and the solar PV is at 100% of the maximum demand. Thus, the derived model is

validated.
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Table 4.6 Comparison of bus voltages in Simulink model and PSS/E model

Phase voltages in Sinmlink model bao 1‘01t;ges _calculated iy < : 4
the Simulink model Voltage magnitudes | % em. of the
Bus bar E £ :
. | g _ —|in PSSE model /¥ magnitude
Magnitude / 'V P, Magnitude / 'V

A 6,390.60 161.27| A-B 11,068.84 11.000.00 0.626%

B B 6,390.60 41.27| BC 11,068.84 11,000.00 0.626%
C 6,390.60 -78.73| C-A 11,068.84 11,000.00 0.626%,

A 6,382.60 161.49| A-B 11,054.99 11,000.00 0.500%

625 B 6,382.60 41.49| B-C 11,054.99 11.000.00 0.500%
C 6,382.60 -718.51| C-A 11,054.99 11,000.00 0.500%,

A 6,380.20 16149 A-B 11,050.83 11,004.00 0.426%

364 B 6,38020 41.49] B-C 11,050.83 11,004.00 0.426%
C 6,380.20 -78.51| C-A 11,050.83 11.004.00 0.426%,

A 6.362.10 161.43| A-B 11,019.48 11.003.00 0.150%

1174 B 6,362.10 41.49] B-C 11,019.48 11,003.00 0.150%
C 6,362.10 -78.51| C-A 11,019.48 11,003.00 0.150%,

A 6,365.80 161.48| A-B 11,025.89 10,992.00 0244%

182 B 6,365.80 41.48| B-C 11,025.89 10,992.00 0244%
C 6,365.80 -78.52| C-A 11,025.89 10,998.00 0244%

A 6,372.80 161.48| A-B 11,038.01 10.986.00 0.473%

5 B 6.372.80 41.48) B-C 11,038.01 10.986.00 0.473%
C 6,372.80 -78.52| C-A 11,038.01 10.986.00 0.473%,

A 638520 161.48| A-B 11,059.49 11.001.00 0.532%

465 B 6,38520 41.48] B-C 11,059.49 11.001.00 0.532%
C 6,38520 -78.52| C-A 11,059.49 11,001.00 0.532%

4.2.6. Results of power flow analysis on selected network

Power flow analysis were done at 288 operating points selected to conduct small signal

analysis. Output data of the power flow analysis was used as the input data for small

signal analysis. For the small signal analysis, the voltage and the power input of each bus

bar were used as inputs data.

When referring the output data, it was noted that the voltages of buses in N-1 emergency

operation has slightly more deviated from the nominal value than that under normal

operation. However, the maximum variation at any bus at any given time is less than

0.5% of the nominal value (11 kV), which is a notable improvement of the voltage when

compared to the prevailing system. The cause for this improvement is, distributed

generators have improved the voltage profile of the system.

Output data of all the scenarios are attached in Appendix B.
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CHAPTER 05

SMALL SIGNAL ANALYSIS

5.1. Small Signal Stability Model of the Microgrid

5.1.1. Generator Model

Figure 5.1 depicts the generator model used for developing the small signal model of the

microgrid. Steady-state equivalent circuit of the generator was used [13].

RrI YS
N\ N —e—— E,0°
Qﬁq;a,
E =X i
I(I_Xq_xs
A, E,
BT SRR £, i, 0 VR S
IF
A0
X,=X,;=X,

Figure 5.1 Generator model used for small-signal model

The parameteres in Figure 5.1 can be defined as:
E, - Effective internal voltage

Xs - Synchronous reactance

R, - Per phase armature resistance but can be neglected as its very small.
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5.1.2. Cable Model

The cable was modeled as a n-section [13] as shown in Figure 5.2. Parameters of all the

cables are shown in Table 4.3 in Chapter 4.

VYL
Re Xc

Cel2 Cel 2

[
\i—n
q

Figure 5.2 Cable model used for small-signal model
The variables in Figure 5.2 can be defined as follows:
Rc - Resistance of the cable
Xc - Impedance of the cable
Cc - Capacitance of the cable

The cable parameters Rc, Xc and Ce change from cable to cable and depends on the type

and length of the cable.
5.1.3. Load Model

Loads were modeled as a shunt constant impedance at each substation as illustrated in

Figure 5.3.

RL

I

Figure 5.3 Load model used for small-signal model

38



The variables in Figure 5.3 can be defined as follows:

R - Active power component of the load

X1 - Reactive power component of the load.

5.1.4. Transformer Model

Standard simple equivalent circuit was used to model the transformer of each substation.
Figure 5.4 depicts the transformer model used in the small signal model, where Xi

denotes the internal impedance of the transformer.

Xtr

Figure 5.4 Transformer model used for small-signal model
5.1.5. Solar PV Model

Grid feeding mode was considered for all the solar PV inverters. Hence, the solar PV was
modeled as a power input, which is varying proportionately with the solar irradiance [9]
[10]. Figure.5.5 depicts the solar PV model used in small signal model, and output power,

Ppywas calculated using the equation (2.3.1) discussed in Chapter 2.

Ppv

Figure 5.5 Solar PV model used for small-signal model
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5.1.6. Complete Small Signal Model

The small signal model for the complete network in Figure 5.6 was formed using the
models described in the sections 5.1.1 to 5.1.5 integrating according to the test system

discussed in section 1.5.
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Figure 5.6 Complete model used for small-signal analysis
5.1.7. State space representation of the model

The state space model of the network was obtained initially [17]. Then the analysis was

done as per the procedure given in section 2.5.
Bus admittance matrix (Y-bus matrix) was obtained, which can be represented by (5.1.1).
Y=G+jB (5.1.1)

Based on equation (2.3.2), power generation by solar PV (where, @; = irradiance) can

be represented by (5.1.2).
Sipv = Kipv®; (5.1.2)

Equation (5.1.3) is written by applying Kirchhoff’s Current Law to the i node and can
be expanded as (5.1.4).

Lipc + Lipy =Yy Vi+ Xkoq kei Yie Vi (5.1.3)
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Iipg + lipy = (Gy +J By).Vi. €% + ¥R_1 12i( G +J Big). V. €7%  (5.1.4)
Consider the power at i node as given by (5.1.5);
Si= V I} (5.1.5)

Equation (5.1.6) can be derived by substituting the expression for the input current in the

equation (5.1.4) to the equation (5.1.5);

Sig + Sipv = Vi. @°. ((Gii = Byi)-Vi. €% + By 1ri Gi — j Bit)- Vie- €77%%) (5.1.6)
Equation (5.1.6) was further solved to obtain equation (5.1.7);

Sing + Sipv = (Gii —J Bit). V2. + Vi. X1 1si( Gik — J Bi)- Vie €70k (5.1.7)

After separating the real and imaginary components of equation (5.1.7), the expressions
for active and reactive components of power can be obtained. Equations (5.1.8) and

(5.1.9) give the expressions for active power and reactive power at each node.

Pipg + Pipy = Gy VE+ Yoy pi Vi- Vie [Gik - cos(8; — 8) + By .sin(8; — &)1 (5.1.8)
Qipg + Qipv = —Bii- V- + They e Vi- Vie [Gire - SIn(8; — k) — By .cos(8; — 8;)1(5.1.9)
Small-signal perturbation for expression of active power

Considering the total power input to the node as P;, (5.1.8) can be remodeled as

(5.1.10):
P = Gy VZ+ Yioirei Vi Vi [Gig - cos(8; — &) + By .sin(8; — 8;)] (5.1.10)

Small-signal perturbations of AV; and AS; were applied to voltage and rotor angle

respectively as shown in (5.1.11).
Assume when V; = V; + AV; and 6; = §; + AS;, Then P, = P;+ AP; (5.1.11)

By applying the perturbed signals in equation (5.1.11) to the equation (5.1.10), the

expression shown in (5.1.12) for perturbed power was obtained.
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Pi + APL = Gii' (VL + AVL')Z + Zﬁzl’kii(Vi + AVL) Vk[Gik . COS(6i + Aé‘t - 6k) +
By .sin(8; + AS; — 8] (5.1.12)

Equation (5.1.12) was expanded to (5.1.13).

P+ APy = Gy (V7 + AV + 2.V AV) + Yio iV, + AV).Vy, (G, -[cos(5; —

8,) — sin(8; — 6;).A68;] + By . [sin(8; — &) + cos(8; — 6;).A8/]] (5.1.13)
Equation (5.1.13) was further expanded to (5.1.14).

P+ AP, = Gy (VF + AV? + 2.V AV) + By ke (Vi)- Vi [Gire- [cos(8; — 8) — sin(§; —
8i).A8;] + By .[sin(8; — 8;) + cos(6; — k). AS;]] + Xk=1k=i AVi- Vi [Gig- [cos(8; — &) —
sin(6; — 6x).A8;] + By . [sin(6; — 8;) + cos(5; — &) . AS;]] (5.1.14)

As AV; is a small perturbation, AV;? was considered as negligible. Equation (5.1.14) was

modified accordingly and the equation (5.1.15) was obtained.

Pi+ APy = Gy (V2 + 2.V AV)) + YRy e[ Vi Vie- G- €05 (8; = 83) = Vi Vie. G- 5in(8; —
6k).A6i + Vl. Vk' Biksl.n((si - 6k) + Vi' Vk' Bik . COS(6i - 6k) A(SL] +
ZE:l,kii[AVi'Vk'Gik'cos(6i - 61{) + AVi.Vk.BikSin(6i - 6}()] (5.115)

Equation (5.1.16) was obtained by subtracting equations (5.1.15) and (5.1.10).

APL' = 2. VLAVI . Gii' + Zﬁzl_kiiVi. Vk' [ - Gik.sin(6i - 6}() + Bik .COS(&L' - 6k)]A61 +
ZE=1,k¢i Vk' [ Gik' COS(&L' - 61{) + Biksin(6i - 6k)]AVl (5 1 16)

Equation (5.1.16) was further modified as equation (5.1.17).

APi = E;l:l,kqti Vi'Vk' [ - Gik.sin(5i - 6k) + Bik .COS(6i - 5k)]A5l + [2 Vi' Gii +
Y=t izt Vie [ Gire- c05(8; — &) + Byesin(8; — 8,)]]. AV; (5.1.17)

Equation (5.1.17) gives the expression for perturbed signal for active power.
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Small-signal perturbation for expression of reactive power

Considering the total reactive power input to the node as Q;, equation (5.1.9) can be

remodeled as equation (5.1.18):
Qi = =Bii. V& + Yo ki Vi Vic [Gi - sin(8; — 8i) — By -cos(8; — 8] (5.1.18)

Small-signal perturbations of AV; and AS§; were applied to voltage and rotor angle

respectively as shown in (5.1.19).
Assume when V; = V; + AV; and 6; = §; + AS;, Then Q; = Q; + AQ; (5.1.19)

By applying the perturbed signals in equation (5.1.19) to the equation (5.1.18), the

expression shown in (5.1.20) for perturbed power was obtained.

Qi + AQ! = — Bii' (Vl + AVi)Z + ZLLk#(Vi + AVL) Vk [Gik . Sil’l(6i + A6l - 6k) -
Bik' COS(&i + ASl - 5k)] (5120)

Equation (5.1.20) was expanded to (5.1.21).

AQ; = —By. (VZ+ AVZ 4+ 2.V AV) + YRoywei(Vi + AV Vi [Gi. [sin(; — &) +
COS((Si - 6k)A51] - Bik . [COS((SL' - 5k) - Sin(6i - 6}{) A6l]] (5121)

Equation (5.1.21) was further expanded to (5.1.22).

Qi+ AQ; = —By. (V2 +AVE + 2.Vi.AV;) + TRy gwil ViiVie. Gig.sin(8; — ;) +

Vi Vi. Gig.cos(8; — 6x).AS;] — Vi Vi By cos(6; — 6) + V. Vi.Bjg.sin(8; — 8;).AS;] +
Yk=ikzil AViVi.Gy.sin(8; — 6) + AV Vy. Gyg.cos(8; — 8;).AS;] —

AV Vi. By, cos(6; — 8,) + AV Vi Big.sin(6; — &) - Ad;] (5.1.22)

As AV; is a small perturbation, AV;? was considered as negligible. Equation (5.1.22) was

modified accordingly and the equation (5.1.23) was obtained.

Qi + AQl = - Bii' (Viz + 2. VLAVI) + Zﬁ:l,kii[ Vi.Vk.Gik.sin(Si - 6k) +
Vi'Vk' Gik' COS(6i - 6k)A6l] - Vi'Vk'Bik COS(6i - 6k) + Vi' Vk.Bik.sin(é'l- - 6k) A(Sl] +
Z;cl:l,k:#i[ AVl Vk' Gik' Sin(é'l- - 6k)] - AVl Vk' Bik COS(6i - 6k)] (5123)

43



Equation (5.1.24) was obtained by subtracting equations (5.1.23) and (5.1.18).

AQi = Eﬁ:l,kii[ Vi.Vk.Gik.COS(ai - 6k)A51] + Vi.Vk.Bik.sin(Si - SR)A&] +
Z;cl:l,k:#i[ AVi.Vk.Gik.sin(é'i - 6k)] - AVi'Vk'Bik COS(6i - 6k)] (5124)

Equation (5.1.24) was further modified as equation (5.1.25).

AQi = Z;(lsz;ti[ Vi.Vk.Gik.cos(é'i - 6k)A6l + Vi.Vk.Bik.sin(é'i - 6k)A61 +
AVi. Vk' Gik.sin(é'i - 6k) - AVl Vk'Bik COS(6i - 6k)] (5125)

Equation (5.1.25) gives the expression for perturbed signal for reactive power.

Using (5.1.17) and (5.1.25) the expressions for perturbed signals of active and reactive
power can be derived as in (5.1.26) and (5.1.27) respectively;

APi = 2221 Vi'Vk' [ - Gik.sin(é'i - 6k) + Bik .COS(6i - 6k)] Aé‘l + [Vl Gii +
ZZL:l Vk' [Gik.cos(é'i - 6k) + Biksin(é'i - 6k)]]AVl (5126)

AQi = ZZL:l Vi'Vk' [Gik.COS(6i - 6k) + Bik .sin(é‘i - 6k)] A(Sl + [_Vi'Bii +
ZZL:l Vk' [Gik.Sil’l((Si - 6k) - BikCOS(6i - 6k)]]AVl (5127)

Equations (5.1.26) and (5.1.27) can be written in matrix format as shown in (5.1.28).

APi]: [a b] A6i] )
AQ; c dl AV

(5.1.28)

—_——

a=Yp=1Vi.Vi.[ = Gy sin(8; — 8;) + By .cos(6; — 6;)]
b =V;.Gy + Yk=1Vi-[ Gix-cos(6; — &) + Bysin(6; — 8]
¢ =2peq ViV [ Gig.cos(8; — &) + By .sin(8; — &x)]
d==Vi.By+ Yi=1Vi-[ Gi-sin(8; — 8x) — Bycos(6; — 6,)]

From (5.1.28), an expression was obtained for AP;, which is given in (5.1.29).

If generators are considered as current sources, since the loads are incorporated inside

the Y-bus matrix, then the voltages are constant and;

AV, =0 (5.1.30)
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By applying (5.1.30) to equation (5.1.29) and separating the power input by solar PV

(P;py) and the diesel generator (P;p¢), an expression for AP;p; was obtained as (5.1.31).

APiDG =a A6l - APiPV (5.131)

Consider the swing equation given in (5.1.32) for the generator.

APmi_ APei: Ml%'i‘DIAU)L )

AP,,; — change in mechanical power

AP,; — change in electrical power k (5.1.32)
M; — angular momentum

D; — damping constant

§; — rotor angle J

As the governor response is slower than the power angle response;

AP, = 0 (5.1.33)
By applying (5.1.33) to (5.1.32), it was modified in to (5.1.34).

— APy = M. Z2 4 D; . Aw, (5.1.34)
Equation (5.1.34) was remodeled to (5.1.35).

dAw; 1 D;

d—‘t" =~ APipg — 3w (5.1.35)

When the solar PV inverter is operated at grid feeding mode, the output apparent power

is equal to the output active power.

Sipv = Pipy (5.1.36)
Equation (5.1.36) can be further evaluated by comparing it with (2.3.2).

Sipv = Pipy = kipy®; (5.1.37)
By applying (5.1.37) to (5.1.31);

AP;pg = a AS; — kipyAD; (5.1.38)

Equation (5.1.39) was obtained by applying (5.1.38) to (5.1.35).
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dAwl-

ki D;
= —MiiA(Si +M—PLVA®1 - EA(UL (5.1.39)

Rate of change in rotor angle was considered as the change in angular velocity as shown

in (5.1.40).

ans; _ a

= ; (5.1.40)

Equations (5.1.40) and (5.1.39) were written to all » number of nodes as shown in

(5.1.41).

AS; = Aw, )

AS, = Aw;

A, = Aw,

Aw, = —MilAal - Z—iAwl + kzleV AQ, } (5.1.41)
Aw, = — 3 A8 ~ ;—iAwi +k;4—”iVA(Z)L-

By = =108, - Z—ZAwn + ";‘;" AG,, )

Equation (5.1.38) was written to all » number of nodes as shown in (5.1.42)

APipg = aAS; — kipyAD,
AP;pe = a AS; — kipyAD; (5.1.42)
APnDG =a A6n - kivan

Considering the change of rotor angle (J) and change of speed of the generator (@) as the
state variables of the system and the change in irradiance (@) as the input of the system,
the expressions in (5.1.41) and (5.1.42) were modeled in matrix format as shown in

(5.1.43) and (5.1.44).
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] [ 0 0
A8, ] 0 0
AS, C
. 0 0
Adn|_ |22 0
A{ul 01 —a
Aw, M,
laco, | 0 o0

o

1 0
Q 1
0 0
b
M,

0 2

M,

0 0
0 O

0]

O O

Aé,
Aw,
Aw,

_A61_ 0

_A(U3_

+ | ~knev| ag

[ Aw, ]

AS,

A'<'S'n kapvy
Awq
A(UZ

[—klpv]
_k'ZPV

0
0

0

AD (5.1.43)

(5.1.44)

With the (5.1.43) and (5.1.44), the state space model of the system was obtained as

shown in (5.1.45).
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[Ax] = [A][Ax] + [B]Au )
[Ay] = [C][Ax] + [D]Au

r 0 0O .. O 1 0 0 1
000 . 0 0 1 . 0

0 | (5.1.45)

The A matrix in (5.1.45) is called as the state transition matrix of the system. It is a
(2n x 2n) matrix where, n is the number of generators in the network, because each

generator has two state variables.

The B matrix in (5.1.45) is the input matrix of the system. It is a (2n X 1) matrix where

n is the number of generators in the network.
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The C matrix in (5.1.45) is the output matrix of the system. It is a (1 X 2n) matrix

where n is the number of generators the network has.

The D matrix in (5.1.45) shows the proportions of input in output. It is a (2n X 1) matrix

where n is the number of generators in the network.
5.1.8. Time domain analysis of the selected network for a small perturbation

To validate the derived small signal model, it was required to test the model against the
results of a time domain analysis. The method used to validate the power flow model in

4.2.4 is used to validate the small signal model as well.

The models used for diesel generator, solar PV, load and feeders in power flow model

were used in small signal model.
Model of a substation

Substation model was modified by introducing the measuring devices to the power flow
model to measure the power and frequency. Figure 5.7 depicts the time domain model of
a substation. A distribution transformer was introduced to link the substation to the

primary distribution level of the network.
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Figure 5.7 Time domain model for a substastion
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Model of a small-signal perturbation

Small signal disturbance was introduced by connecting a constant PQ load to the system
through a timed breaker operation. The active and reactive power components were
changed according to the summation of substation loads given in Table 4.5 at the given

time.
Complete model

The complete model was obtained by linking the substation models with feeders
according to the ring diagram given in Figure 4.1. Then the disturbance was also
connected. To model the N-1 emergency operation a circuit breaker model was connected
to the feeder between primary substation B and radial substation 5. The complete model

is attached in Appendix C.

Results of the time domain model

The frequency and the power output of each generator were evaluated. The 1%

perturbation was switched at 1 s.
e Stable scenarios

For stable scenarios, the generators were able to maintain the frequency within
the acceptable limits of + 10 %. The maximum observed frequency deviation at
the small-signal perturbation is 0.0004 Hz. The inrush of the power output for
1% small-signal perturbation was 2% of the instantaneous power output and the
generator came back to steady-state after a decaying oscillation within 600 ms.
Figure 5.8 depicts the behavior of the frequency and the output power of the

generator at substation B for a stable scenario.
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Figure 5.8 Results of the generator at substation B of time domain model for a small-

signal perturbation — a stable scenario (a) Frequency response for perturbation (b)

Output power response for perturbation
Unstable scenarios

For unstable scenarios, the generators were unable to maintain either the
frequency or the power output. As there were no protection schemes modeled in
the time domain model, the simulation could not stop when the generators
exceeded their limits. Hence both the frequency and the power output of all the
generators reached into decreasing or increasing trends. Figure 5.9 depicts the
behavior of the frequency and the output power of the generator at substation B

for an unstable scenario.
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Figure 5.9 Results of the generator at substation B of time domain model for a small-
signal perturbation — an unstable scenario (a) Frequency response for perturbation (b)

Output power response for perturbation
The responses of all generator output and frequencies are attached in Appendix C.

5.1.9. Validating the small-signal model against the results of the time domain

model

To validate the derived small signal model, the results were compared against the time

domain simulation results of the same network.

Initially, the small signal model was transformed to the continuous time domain model
and step responses for each scenario were obtained. A step of 0.01 of the magnitude was

given to model the small-signal perturbation. Then the responses from the simulink
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model for the small-signal perturbation were compared against the step responses of the

small-signal model.

Comparisons of the output of primary substation B generator for stable scenario is given
in Figure 5.10. The step response of the derived model for a stable scenario shows a
decaying oscillation in the output at a magnitude of twice the size of the step response.
The response of a 1% perturbation for the time domain model in the stable scenario also

shows the same decaying oscillation in the output in the magnitude of twice the size of

the perturbation.

T T T T \
L6

— State space model
— Time domain model

Output power / MW

Time /s

Figure 5.10 Responses of the generator at substation B for a small perturbation for a

stable scenario

Comparisons of the output of primary substation B generator for an unstable scenario is
given in Figure 5.11. The step response of the derived model for an unstable scenario

shows an increasing trend in the generator output. The response of a 1% perturbation of
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the time domain model for the same scenario also shows the same increasing trend in the

output.

10w a
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B — Time domain model
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Figure 5.11 Responses of the generator at substation B for a small perturbation for an

unstable scenario

Further, by evaluating the behavior of frequency of the system, it found that the frequency
became unstable under a small-signal perturbation in unstable scenarios as shown in

Figure 5.9 (a).

Hence, by comparing the step response results obtained by the developed small-signal
model with the time domain responses shown in Figures 5.8 and 5.9, and by analyzing

the behaviors of frequency, the derived small signal model was validated.

54




5.2. Analysis

The A, B, C and D matrices described in 5.1.7 were derived using Matlab M-scripts to
obtain the Eigenvalues, left Eigen matrix, right Eigen matrix and participation matrix to

evaluate the 288 operating points, which was described in section 3.4.3.

If all the Eigenvalues corresponding to all 24 operating points corresponding to a
particular scenario are stable, then that scenario is considered as a stable case. Out of all
the stable scenarios the dominant Eigenvalues and their critical times of day were
obtained. Then by finding the participation matrices of all the critical operating points,

the effective states were found.
5.2.1. Parameters used
Values used for parameters in the small signal analysis are given in the Table 5.1.

Table 5.1 Parameters used

Parameter Used values
D 0.01
H 125
1 MVA
Spc
2MVA
Shase 10 MVA
Viase 11kV

5.2.2. State transition matrix

One generator has two state variables. Hence the state transition matrices of scenarios
corresponding to mode 01 operation of diesel generators are (6 % 6) matrices and the state
transition matrices of scenarios corresponding to mode 02 operation of diesel generators
are (14 x14) matrices. Equation 5.2.1 depicts the State transition matrix for Scenario 09

at 1200 h. The full state space system is attached in Appendix D.
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5.2.3. Eigen matrix

1.90 e + 04

1.13 e+ 05
—1.66 e+ 05

0 0
0 0
0 0
0 0
0 0
0 0
0 0
—7.02 e+ 05
1.13e+05
8.74 e + 04
0 0
0 0
0 0
3.96 e+ 05 0

0 0 0 0 0 1 0 0 0 0 0
0 0 0 0 0 0 1 0 0 0 0
0 0 0 0 0 0 0 1 0 0 0
0 0 0 0 0 0 0 0 1 0 0
0 0 0 0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 0 0 0 1
0 0 0 0 0 0 0 0 0 0 0
8.74 e + 04 0 0 0 396e+05 —1.309 0 0 0 0 0
19e+ 04 0 0 0 0 0 —-1.309 0 0 0 0
—2.19e+05 3.61le+ 04 0 0 0 0 0 -1.309 0 0 0
5.6le+04 —1.64e+05 796e+04 0 0 (4] 0 0 —-1.309 0 0
0 5.02e+04 -3.18e+05 8.12e+04 0 0 0 0 0 —-1.309 0

0 0 136e+05 —-331e+05 944e+04 0 0 0 0 0 —-1.309
0 0 0 6.29e+04 —6.07e+05 0 0 0 0 0 0

(5.2.1)

The Eigen matrices of scenarios corresponding to mode 01 operation of diesel generators

are (6x6) matrices with six Eigenvalues and the FEigen matrices of scenarios

corresponding to mode 02 operation of diesel generators are (14x14) matrices with 14

Eigenvalues.

Initially the stable scenarios were found.
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Figure 5.12 Eigen value plot for scenario 09
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Figure 5.12 depicts the Eigen value plot for scenario 09. Scenario 09 has seven 1 MVA
diesel generators connected to all seven substations. The network configuration is at
normal closed ring topology and the installed solar PV capacity is at 50% of the
maximum demand. Since there are seven diesel generators in the network, an operating
point has 14 Eigenvalues and the 24-hour Eigen value plot has 336 Eigenvalues. All the
336 eigen values are laying on the negative half of the real axis, which means that all the
eigen values have negative real parts. Hence, the scenario 09 is stable for all the evaluated

24-hour operating points. Above analysis was conducted for all the 12 scenarios.

Figure 5.13 depicts the summary of stability analysis of all the scenarios. It was noted
that during N-1 emergency operation in mode 02 operation of diesel generators, the
system can go unstable under a small perturbation irrespective of the amount of solar PV
connected. Hence, scenarios 08, 10 and 12 cannot be evaluated further. When observing
the stable scenarios, it is evident that solar integration at any level, even up to 100% of
the maximum demand is possible for mode 01 operation of diesel generators. Even
though, the solar integration up to 100% of the maximum demand is possible, under the
normal operation for mode 02 operation of diesel generators, under N-1 emergency
operation the system becomes unstable. Hence the mode 02 operation of diesel generators

cannot be considered.

Normal operation (- SC 01 [ Stable |
1 20% PV
N-1 Emergency [ SC02 | Stable |
Normal i SC 03 Stabl
| P——— | _-| ormal operation [ H stable |
H N-1 Emergency |H SC 04 | Stable |
Normal operation SC 05 Stable
-100% PV--I - H H |
Small -| N-1 Emergency H SC 06 H Stable |
signal [
Analysis - Normal operation |- SC07 |H Stable |
1 20% PV H
i -| N-1 Emergency H SC 08 H Unstable |
- Normal operation |- SC 09 | Stable |
- DG mode 02 ({ 50% PV 1
-| N-1 Emergency |—| SC 10 H Unstable |
Normal operation SC 11 Stable
- 100% PV H H |
N-1 Emergency [ SC 12 | Unstable |

Figure 5.13 Summary of stability of all the scenarios
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In stable scenarios, it is possible to identify the dominant Eigenvalues by evaluating the
damping ratios of each conjugate pairs of Eigenvalues[13]. It was noted that the
maximum damping ratio of any conjugate Eigen value pair at any given operating point
is less than 0.32% and the amplitude of the oscillation decays within 0.05sec (less than 3
cycles). Damping ratios and the time to decay the oscillations for all the Eigenvalues of
the stable scenarios are attached in Appendix E. Hence there are no dominant

Eigenvalues in any stable scenario.

However, when observing the Eigen value plots of stable scenarios throughout the 24-
hour analysis, it was noted that the travel of some Eigenvalues along the real axis are
higher than the others. These Eigenvalues can be considered as “critical Eigenvalues,”
which poses threat to the stability of the system. We can further analyze the behavior of
each of those Eigenvalues and identify the time where the Eigen value travels closer to
the imaginary axis. These can be considered as the “critical times of day” of those critical

Eigenvalues.

Table 5.2 depicts the critical Eigenvalues and their critical times of day for all the
scenarios. Critical Figenvalues were found in scenarios 07, 09 and 11. In scenario 07, the
Eigenvalues 11 and 12 were found as critical Eigenvalues and both the Eigenvalues
reaches their critical times at 1600h and 1700 h. In scenario 09 also, the Eigenvalues 11
and 12 were found as critical Eigenvalues and both the Eigenvalues reach their critical
times at 1300h and 1400 h. In scenario 11, the Eigenvalues 7 and 8 were found as critical

Eigenvalues and both the Eigenvalues reaches their critical time at 1600h.

Table 5.2 Critical Eigenvalues and their critical time

Scenario Critical Eigen values Critical Time
7 All, A12 1600 h
A11, 012 1700 h
9 311,012 1300 h
All, A12 1400 h
11 L7, 38 1600 h
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5.2.4. Participation matrix

In order to determine the contribution of each state variable to the instability of the
system, further evaluation of critical Eigenvalues at critical times was done. By
evaluating the participation matrix, the contribution of each state to each Eigen value was
found. State variables with highest contributions are the effective states. Participation

matrices of all critical times for scenarios 07, 09 and 11 are attached in Appendix F.

Table 5.3 depicts the contribution of states to A11 and A12 at 1300h for scenario 07.
Figure 5.14 depicts the graphical representation of contribution of states to A12 at 1600h

for scenario 07.

Table 5.3 Contribution of all the states to eigenvalues 11 and 12 at 1600 h

State variable Participation for 11 Participation for A12
Ad1 2.5621 25621
Adz 14.6865 14.6865
Ad3 17.5857 7.5857
Ad4 7.9629 7.9629
Ads 0.0013 0.0013
Ads 2.9487 2.9487
Ad7 4.2528 4.2528
A1 2.5621 2.5621
Awmn 14.6865 14.6865
Az 17.5857 17.5857
Ay 7.9629 7.9629
Awms 0.0013 0.0013
Awms 2.9487 2.9487
A 4.2528 4.2528
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Figure 5.14 Contribution of all the states to Eigen value 12 of scenario 7 at 1600 h

Hence, with the participation matrix it can be predicted that small perturbations to rotor
angle and speed of the diesel generators at substation 625 and substation 364 can make
the system become unstable when the network is operated in scenario 07 (mode 02
operation of diesel generators, installed solar PV capacity of 20% of the maximum
demand of the system and the system is operated under normal closed ring topology) at

1600 h.

Similarly, the effective states of all the said critical Eigenvalues at critical times were

identified. Table 5.4 depicts the effective states of all the critical Eigenvalues at critical

times.
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Table 5.4 Effective states of all the critical Eigenvalues at critical times

Scenario Critical Critical Effective states
Eigen values Time
7 a1 1600 h
a12 1600 h
W1l 1700 h A82 - rotor angle of sub-625
1172
A2 1700 b Ad3 - rotor angle of sub-364
g A1l 1300 h
312 1300 b Ao? - frequency of sub-625
A1l 1400 h Acd3 - frequency of sub-364
a12 1400 h
11 ar 1600 h
PR 1600 h

Hence, it can be predicted that small perturbations to the system can make the diesel
generators at substation 625 and substation 364 unstable causing instabilities in the
system in any scenario under mode 02 operation of diesel generators. These two
substations are connected at the end of the ring and the distance to the second radial

feeder is longer compared to other substations.
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CHAPTER 06

CONCLUSION

The main objective of the research was to evaluate the steady state stability of an
islanded, ring connected microgrid with the distributed generation of solar PV and diesel
generators by devising a comprehensive technique. Further, the amount of possible solar

penetration to a system with an elephant shaped daily load pattern was also evaluated.
The devised method has three main stages.

At stage one, the network and the operating modes have to be identified. This
identification includes the substations, feeders, interconnectors, loads, proposed

distributed generation (diesel generator and solar PV) and the operating scenarios.

Stage two comprises the power flow analysis. The two main objectives of this stage are
to determine the operating point for the small-signal analysis and providing the input data
for the small-signal analysis. From the power flow analysis, the voltages and the power
output of each generator bus have to be taken to the next stage. Several power flow

analyses have to be done depending on the predetermined operating scenarios.

The final stage is the steady state stability analysis. Small-signal analysis is used to
evaluate the stability of the selected network. Initially the small-signal model has to be
obtained. M scripts were developed to obtain the bus admittance matrix, to import the
voltages, power output and generator parameters to the model. Then M scripts were
developed to run the small-signal analysis, to identify the Eigenvalues with positive real
parts, to identify the critical Eigenvalues and the effective states corresponding to critical

Eigenvalues for all the predetermined scenarios

A portion of the ring network formed around primary substations B of Colombo city, Sri
Lanka was used for the case study, considering its specific features: (1) the existing
network of Colombo city is developed in a ring topology and, (2) the load patterns of all

the substations in Colombo city follows a pattern similar to solar generation curve.
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Two modes of operations for diesel generators were proposed in the research to develop
the selected ring portion of primary substation B as a microgrid as shown in Table 6.1.
After evaluating both the modes, it was found only mode 01 of diesel generator
connection is possible for any given scenario. During mode 02 of diesel generator
connection, the system gets unstable during N-1 emergency operation irrespective of the
capacity of solar PV. When considering the cost involved with the both modes, even
though a 2 MVA generator is expensive than a 1| MV A generator, when compared with
the number of generators, space restrictions and as there are no major infrastructure

changes like ring main units or MV switchgear, mode 01 is economically feasible as well.

Table 6.1 Summary of operating modes

Mode 01 Mode 02

Closed Ring Closed Ring

DG connected to substations B, 1174 & 5 DG connected to all the subs

DG capacity — 2 MVA DG capacity — 1 MVA

Unstable under N-1 Emergency
operation mode

Stable ) .
Network can go unstable if the radial

cable B-5 is removed.

Under normal operation of the mode 02 of diesel generator connection, the states of the
diesel generators at sub 625 and 364 have highest contribution towards the stability of
the system when compared with the other states. When the system enters to N-1
emergency criteria, with the disconnection of the radial feeder, the aforesaid states
change and push the respective Eigenvalues with highest contribution to the positive

region of the real axis making the system unstable.

Amount of solar PV integration was also evaluated with the same method. Three
scenarios based on the installed solar PV capacity and the maximum demand were
considered. Installed solar PV capacities were 20%, 50% and 100% of the maximum

demand.
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The results of the analysis based on capacities of installed solar PV concluded that solar
PV capacity up to 100% of the maximum demand of the system is possible in both modes
of diesel generator connection. However, as the system gets unstable under N-1

emergency criteria in mode 02 of diesel generator, it cannot be considered.

The power flow results revealed that the distributed generation has aided in improving
the voltage profile of the selected network. The voltage variation is limited to +£0.5% of
the nominal value resulting high power quality. However, the prevailing limits in
Colombo city MV network is around +2%, which is well within the accepted limit of

+6% given in the distribution code.

As recommendations for the continuation of this project, solar integration above 100%
can be considered. With the excess solar PV generation, an energy storage(s) can be
introduced to the network and offset the diesel generators. This would enable more
renewable energy integration into the grid and eliminate the use of fossil fuels. As per
the Figure 1.8 the total land area is around 0.5 km?. If we consider 1 MW of solar PV
generation by 70,000 ft* of roof top area considering the roof top area to be around 10%
of the land area, the selected area has a roof top solar PV capacity of 7.5 MW, which is
around 134% of the maximum demand. A techno economic analysis including the
requirement of infrastructure development is recommended to evaluate the feasibility of
transferring the present network into a ring and radial connected microgrid with increased
penetration of solar PV. Study can be extended to evaluate the connection of multiple
energy storages with each solar rooftop installation against connecting a single energy

storage for the microgrid.
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APPENDIX A: LOAD DATA OF PROJECT

Table A1l - Loads and satellite loads connected to all the ring and radial substations

Time 625 364 1174 182 465 Total
625-319 |625-7 625-B 625-364 |364-L1 |364-1.2 |1174-1370(1174-182 |1174-364 |1174-L1 |[182-1174 |182-L1 |5-B 5-621 5-443 5-L1 5-L2 5-L3 465-B 465-BS1 |465-BS2
0:00] 171.07 172.31 668.32 658.80 52.20 57.77 356.86 226.11 633.19 47.38 234.65 235.52 | 1,811.09 249.37 803.15 71.74 55.04 - - 15.59 11.50 [ 2,299.49
1:00[ 157.96 156.47 623.67 620.70 55.29 53.07 329.15 226.11 585.94 - 227.35 226.11 | 1,753.04 246.77 778.54 70.26 49.35 - - 13.61 9.90 | 2,146.48
2:00{ 150.29 151.53 613.65 606.23 33.56 56.40 318.14 221.54 569.62 - 222.65 217.70 | 1,695.19 277.20 759.73 67.66 49.35 - - 12.86 10.02 | 2,124.46
3:00{ 148.31 144.60 588.91 582.60 54.55 58.51 312.33 205.21 562.69 - 213.37 211.02 | 1,610.32 224,38 735.00 65.31 49.35 - - 12,12 9.40 | 2,024.89
4:00] 145.22 147.69 582.73 578.52 52.82 35.29 318.76 206.45 555.76 - 205.83 205.21 | 1,581.39 234.77 703.21 64.57 49.35 - - 15.59 10.14 { 2,002.62
5:00] 159.07 157.59 594.35 598.19 52.57 54.05 325.69 213.37 575.43 48.61 216.84 241.33 | 1,668.36 237.00 746.62 62.22 49.35 - - 12.74 - 2,146.85
6:00] 149.55 148.43 642.84 643.34 56.65 42.67 366.14 209.91 603.26 - 214.49 237.62 | 1,668.36 232.05 727.82 62.22 49.35 - - 21.52 13.85 | 2,107.89
7:00[ 148.31 145.34 750.09 746.13 83.99 141.38 443,57 215.72 683.04 - 224,38 220.05 | 1,581.39 234.77 703.21 635.68 36.24 - - 28.33 19.30 | 2,270.17
8:00[ 182,94 168.84 935.01 935.13 119.74 156.72 565.04 208.80 803.03 55.54 212.26 230.32 | 1,898.05 402.50 710.38 68.40 43.54 43.66 620.95 332.86 322.60 | 3,403.10
9:00] 23230 22463 | 1,603.21 | 1,589.48 194.08 169.09 | 1,084.31 208.80 | 1,373.88 96.48 219.81 219.19 | 2,703.21 547.85 990.18 100.32 43.54 80.28 532.01 270.03 274.60 | 4,526.87
10:00{ 253.08 243.80 | 1,910.84 | 1,917.77 228.46 182.82 | 1,288.41 247.02 | 1,618.92 153.26 244.55 245.29 | 3,479.45 648.90 | 1,332.32 146.21 55.04 104.52 543.64 268.42 280.17 | 5,430.71
11:00f 265.33 260.75 | 1,965.64 | 1,945.97 234.65 177.75 | 1,254.14 252.46 | 1,674.21 181.46 258.40 256.30 | 3,651.29 656.20 | 1,370.05 168.60 60.86 119.24 594.35 322.72 32594 | 5,653.97
12:00{ 272.75 26495 | 2,030.33 | 2,012.02 238.98 179.85 | 1,291.13 261.74 | 1,731.11 21399 268.79 267.55 | 3,738.25 695.17 | 1,413.59 172.43 60.86 108.48 557.49 282.15 289.32 | 5,751.20
13:00f 285.49 27547 | 2,056.43 | 2,047.15 243.18 189.38 | 1,302.14 261.74 | 1,772.55 215.11 266.44 264.46 | 3,680.21 670.80 | 1,407.77 160.06 60.86 104.52 551.68 274.97 288.33 | 5,742.54
14:00] 290.44 283.39 | 1,982.46 | 1,979.12 239.60 190.12 | 1,264.53 264.09 | 1,725.30 198.90 260.75 269.78 | 3,651.29 673.15 | 1,388.85 164.27 68.16 105.76 530.78 267.43 280.17 | 5,684.53
15:00f 286.97 282.02 | 1,990.13 | 1,986.67 240.71 178.49 [ 1,270.35 269.90 | 1,703.28 204.72 277.45 284.50 | 3,709.14 692.94 | 1,383.03 165.87 68.16 106.50 519.27 262.36 267.80 | 5,694.42
16:00{ 283.14 280.79 | 1,998.66 | 1,999.28 238.48 181.46 | 1,254.14 26298 | 1,719.48 219.19 275.10 283.88 | 3,709.14 684.40 | 1,407.77 168.97 60.86 109.96 499.48 251.35 269.04 | 5,693.43
17:00{ 288.83 282.64 | 2,273.89 | 2,243.21 - 177.13 | 1,258.35 261.74 | 1,507.59 193.09 275.10 268.29 | 3,680.21 654.72 | 1,401.96 162.41 60.86 99.57 407.08 199.27 210.16 | 5,257.28
18:00{ 24492 242.32 | 1,688.81 | 1,692.39 209.66 11071 | 1,107.94 250.23 | 1,462.94 116.15 243.93 258.40 | 3,307.79 611.92 | 1,264.16 132.72 55.04 87.95 - 38.10 35.75 | 4,515.73
19:00f 226.49 229.58 | 1,594.68 | 1,608.53 191.36 84.48 | 1,114.86 273.37 | 1,486.07 93.02 283.88 306.39 | 2,529.28 545.49 914.85 98.34 55.04 53.19 - 22.88 20.29 | 3,956.26
20:00] 221.54 21770 | 1,169.29 | 1,167.43 138.91 55.42 766.79 275.72 | 1,092.10 64.69 282.02 307.13 | 2,299.59 455.69 903.22 88.07 60.86 - - 16.33 18.31 | 3,314.65
21:00] 216.84 216.59 995.13 990.05 - 60.49 617.11 272.25 922.15 63.46 276.33 281.78 | 2,127.74 451.49 865.49 83.37 60.86 - - 15.09 12.37 | 2,944.93
22:00] 200.76 199.89 851.76 853.62 60.49 61.11 494.41 279.18 808.84 51.46 284.37 283.63 | 1,927.17 264.83 852.51 77.19 60.86 - - 15.83 9.77 | 2,632.72
23:00{ 191.11 189.62 799.44 784.97 56.03 58.01 451.12 267.55 749.96 52.57 269.90 289.45 | 1,898.05 269.53 835.06 69.52 55.04 - - 12.74 10.14 | 2,539.95
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APPENDIX B: OUTPUT DATA OF SCENARIO 09

Table A2 - Bus voltages taken from power flow data of scenario 09

Time 1 2 3 4 5 &

Sub no. Vipn | V/EV | Angle Vipn VIiEV Angle Vipn VKV | Angle Vign VIV Angle YV ign VIV | Angle Vo VIkV Angle

B 1.0000 | 11.0000 - | 1.0000 ] 11.0000 - | 1.0000 | 11.0000 - | 1.0000 | 11.0000 - | 10000 | 11.0000 - | 10000 | 11.0000 -

625 | 1.0003 | 11.0030 - | 1.0030 | 11.0030 - | 1.0030 | 11.0030 - | 1.0003 11.0030 - [ 1.0003 11.0030 - [ 1.0003 11.0030 -

64 [ 10011 | 11.0120 | 0.1000 | 10011 11.0120 | 0.1000 | 1.0011 11.0120 | 01000 | 1.0011 11.0130 | 0.1000 | 1.0011 11.0120 | 0.1000 | 1.0011 11.0120 | 0.1000

1174 | 10013 | 11.0140 | 0.1000 | 1.0013 11.0140 | 0.1000 | 1.0013 11.0140 | 0.1000 | 1.0013 11.0150 | 0.1000 | 1.0012 11.0140 | 0.1000 | 1.0013 11.0140 | 0.1000

182 | 1.0012 | 11.0130 | 01000 | 1.0012 11.0130 | 01000 | 1.0012 | 11.0130 | 01000 | 1.0013 11.0140 | 01000 [ 1.0011 11.0130 | 01000 [ 1.0012 11.0130 | 0.1000

5[ 1.0002  11.0030 - | 1.0002 ] 11.0030 - | 1.0003 11.0030 - | 1.0003 11.0040 - | 1.0003 11.0030 - [ 1.0003 11.0030 -
465 | 1.0005 | 11.0080 - | 1.0005 11.0050 - | 1.0005 11.0060 - | 10005 11.0060 - | 10005 11.0060 - | 1.0005 11.0060 -
Time 7 2 g 10 11 12

Sub no. Vipp | V/EV Angle Vign VIEV Angle Vipn VIEV Angle Vipn VIEV Angle Vi'pn V/iEV Angle Vign VIiEV Angle

B 1.0000 | 11.0000 - [ 1.0000 | 11.0000 - [ 1.0000 | 11.0000 - [ 1.0000 | 11.0000 - | 1.0000 | 11.0000 - | 1.0000 | 11.0000 -

6325 [ 1.0003 | 11.0030 - | 1.0002 | 11.0030 - | 1.0001 11.0020 - | 10001 11.0010 - | 10002 11.0020 - | 1.0002 11.0020 -

364 | 10010 ) 11.0110 | 0.1000 | 1.0003 11.0080 | 01000 | 1.0004 | 11.0040 | 01000 | 10002 | 11.0020 | 0.1000 | 1.0003 11.0030 | 0.1000 [ 1.0003 11.0030 | 0.1000

1174 | 1.0012 | 11.0130 | 0.1000 | 10010 | 11.0110 | 0.1000 | 1.00035 11.0060 | 01000 | 1.0004 | 11.0040 | 0.1000 | 1.00035 11.0060 | 0.1000 [ 1.0005 11.0080 | 0.1000

182 { 1.0012 { 11.0130 | 0.1000 | 1.0011 11.0120 | 0.1000 | 1.0008 11.0090 | 0.1000 | 1.0007 11.0080 | 0.1000 | 1.0010 11.0110 | 0.1000 | 1.0010 11.0110 | 0.1000

S5[1.0003 [ 11.0030 ) 0.1000 | 1.0002 | 11.0020 | 0.1000 | 09955 | 10.9920 | 0.1000 | 0.9993 10.9950 - | 0.9998 | 10.8920 - [ 0.9999 | 10.9920 [ 0.1000

465 | 1.0005 | 11.0060 - | 1.0001 11.0010 - | 1.0003 11.0030 - | 1.0004 | 11.0040 - | 1.0004 | 11.0050 - | 1.0005 11.0080 | 0.1000
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Time 13 14 15 16 17 18
Sub no. Vigpn | V/EV | Angle Vipn V/kEV | Angle V 'pn V/EV | Angle Vipn V/kV | Angle Vi'pn V/kV | Anple Vipn V/kEV | Angle
B 1.0000 | 11.0000 - | 1.0000 | 11.0000 - | 1.0000 | 11.0000 - | 1.0000 | 11.0000 - | 1.0000 | 11.0000 - | 1.0000 | 11.0000 -
625 1.0001 | 11.0010 - | 1.0001 11.0010 - | 1.0001 11.0010 - | 1.0000 | 11.0010 - | 1.0000 | 11.0010 - | 1.0000 | 11.0000 -
364 | 1.0002 [ 11.0020 | 0.1000 | 1.0002 | 11.0020 [ 0.1000 | 1.0001 11.0010 | 0.1000 | 1.0000 | 11.0000 | 0.1000 | 1.0001 11.0020 | 0.1000 | 1.0001 11.0010 -
1174 | 1.0005 [ 11.0050 | 0.1000 | 1.0004 | 11.0050 | 0.1000 | 1.0003 11.0030 | 0.1000 | 1.0001 11.0010 | 0.1000 | 1.0000 | 11.0000 | 0.1000 | 09999 | 10.9990 [ 0.1000
182 | 1.0009 | 11.0100 | 0.1000 | 1.0008 11.0090 | 0.1000 | 1.0006 | 11.0070 | 0.1000 | 1.0004 | 11.0040 | 0.1000 | 10002 [ 11.0020 [ 0.1000 | 1.0000 | 11.0000 -
509909 | 10.6660 | 0.1000 | 0.9999 [ 10.9990 | 0.1000 | 0.9997 10.9970 - | 09995 109950 - | 09994 | 10.9940 - | 09994 | 10.9930 -
465 | 1.0005 | 11.0050 | 0.1000 | 1.0005 11.0050 - | 1.0004 [ 11.0040 - | 1.0003 11.0030 - | 1.0002 11.0020 - | 1.0003 11.0030 -
Time 19 20 21 22 23 24
Sub ao. Vipn | V/EV | Angle Vipgn V/EV | Angle Vipgn V/ENV | Angle Vign V/EV | Angle Vipo V/EV [ Angle Vipo V/EV [ Angle
B 1.0000 | 11.0000 - | 1.0000 | 11.0000 - | 1.0000 | 11.0000 - | 1.0000 | 11.0000 - | 1.0000 | 11.0000 - | 1.0000 | 11.0000 -
625 | 1.0000 [ 11.0010 - | 1.0001 11.0010 - | 1.0002 11.0020 - | 1.0002 | 11.0020 - | 1.0002 11.0020 - | 1.0003 11.0030 -
364 | 1.0002 | 11.0020 - | 1.0006 | 11.0060 [ 0.1000 | 0.0008 11.0090 | 0.1000 | 1.0009 | 11.0100 | 0.1000 | 1.000%9 | 11.0100 | 01000 | 10010 [ 11.0110 | 0.1000
1174 | 1.0000 [ 11.0010 | 0.1000 | 1.0005 11.0060 | 0.1000 | 1.0008 11.0090 | 0.1000 | 1.0009 | 11.0100 | 0.1000 | 1.0010 | 11.0110 | ©.1000 | 10012 | 11.0130 | 0.1000
182 | 1.0002 | 11.0020 | 0.1000 | 1.0006 | 11.0060 [ 0.1000 | 1.0007 11.0080 | 0.1000 | 1.0009 | 11.0090 | 0.1000 | 1.0009 | 11.0090 | 0.1000 | 1.0011 11.0120 | 0.1000
5109997 | 10.9970 - | 0.9999 [ 10.9990 - | 0.9999 [ 10.9990 - | 1.0000 {11.0010 - | 1.0001 11.0010 - | 10002 | 11.0020 -
465 | 1.0004 | 11.0030 - | 1.0004 | 11.0030 - | 1.0004 | 11.0030 - | 1.0005 11.0050 - | 1.0005 11.0050 - | 1.0005 11.0050 -
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Table A3 — Power generation data taken from power flow of scenario 09

Time 1 2 3 4 5 f 7 g
Sub
no. MW | MVAR MW | MVAR MW | MVAR MW | MVAR MW | MVAR MW | MVAR MW | MVAR MW | MVAR
B -3.2 08| -32 08| -3.3 08|l -33 0E| -32 gl -32 g8l -32 09| -138 14
15 0.g i 0.9 i 0.9 0 0.g ] 0.9 A 0.g 1] 0.g i 0.g ]
Ind ne 1] ne 0 ne 0 ne Q ne Q ne 1] n.e 0 0.e ]
1174 0.g ] n.g ] n.g 0 n.g i 0n.g 0 0.g 1] n.g i 0.g ]
152 0ne i] 0.g ] 0.g 0 0n.g ] 0n.g ] 0e 1] 0.g ] 0.g ]
] 0n.e ] 0n.g ] 0n.g 0 0n.g ] 0n.g ] 0.g 1] 0n.g ] 0.g ]
465 0.g i 0.g i 0.g 0 0.g ] 0.9 ] 0.g 1] 0.g ] 0.g ]
Time 9 10 11 12 13 14 15 16
Sub
no. MW | MVAR MW | MVAR MW | MVAR MW | MVAR MW | MVAR MW | MVAR MW | MVAR MW | MVAR
B ) 18| -186 18] -3.1 2 -34 2.1 -3 2| -28 19] -24 19 -1% 1.9
als 0ne i] 0.g ] 0.g 0 0.g ] 0.g ] 0.e 1] 0.g ] 0.g ]
364 0.g ] 0.9 i 0.9 0 0.g i 0.9 i 0.g ] 0.g i 0.g ]
1174 0.g A] 0.9 ] 0.9 1] 0.g ] 0.9 ] 0.9 1] 0.g ] 0.9 ]
152 0.g i 0.9 0 0.9 0 0.G 0 0.9 0 0.g 1] 0.g 0 0.9 ]
] 0.e ] 0ne (1] ne 0.4 ne 0.3 ne 0.4 0.g 0.5 n.e (1] 0.g (1]
465 0.e ] 0ng ] ne 0 0ne 1] ne ] 0.g 1] n.e ] 0.g ]
Time 17 18 19 20 21 22 23 24
Sub
no. MW | MVAR MW | MVAR MW | MVAR MW | MVAR M M2 MW | MVAFR MW | MVAR MW | MVAR
B -1.5 1.7 -1 1.3 -1.5 1.1 2.1 1 24 1.1 2.7 1.1 2.8 1 -3 0.9
615 0n.e 1] ng Q ng 0 n.e ] ne 0 0.e 1] n.e Q 0.g ]
34 0ne 1] ne Q ng 0 ne 0 ng Q ng 1] n.e ] ng ]
1174 0.g i 0n.g i n.g 0 n.g i n.g ] 0.g 1] n.g i 0o ]
152 0ne ] 0.g ] 0.g 0 0n.g ] 0ng ] 0.g 1] 0.g ] 0.g ]
] 0.g 0.5 0.g (1] 0n.g 0.3 0.g 0.4 0.g 0.1 0.g 1] 0.g ] 0.g ]
465 0.g ] 0.9 Q 0.9 0 0.g A 0.9 0 0.g 1] 0.g A 0.g ]
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APPENDIX C: SIMULINK MODEL FOR VALIDATION AND RESULTS
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Figure A1 - Simulink model to validate the small-signal model
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Figure A2 - Responses of the frequencies of each generator for a small perturbation (stable scenario)
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APPENDIX D: STATE SPACE REPRESENTAION OF THE SYSTEM
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Figure A6- A,B,C and D matrices related to the network of scenario 09 at 1200 h
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APPENDIX E: DAMPING RATIOS AND THE TIME TO DECAY THE OSCILLATIONS

Table A4 - Damping ratios of conjugate Eigenvalues of stable scenarios

0100h 0200h 0300h 0400h 0500h 0600h 0700h 0800h 0900h 1000h 1100h 1200h 1300h 1400h 1500h 1600h 1700h 1800h 1900h 2000h 2100h 2200h 2300h 0000h
Eigl 0.002012 0.002012 0.002012 0.002012 0.002012 0.002012 0.002012 0.002007 0.001916 0.001916 0.001914 0.001914 0.001914 0.001914 0.001915 0.001914 0.001915 0.001917 0.001918 0.002010 0.002010 0.002011 0.002012 0.002012
Eig2 0.002012 0.002012 0.002012 0.002012 0.002012 0.002012 0.002012 0.002007 0.001916 0.001916 0.001914 0.001914 0.001914 0.001914 0.001915 0.001914 0.001915 0.001917 0.001918 0.002010 0.002010 0.002011 0.002012 0.002012
Scot Eig3 0.001728 0.002849 0.002849 0.001727 0.001727 0.002850 0.001727 0.001582 0.001831 0.001834 0.001834 0.001834 0.001834 0.001834 0.001834 0.001835 0.001834 0.001834 0.002858 0.001583 0.002519 0.001728 0.001728 0.001728
Eig4 0.001728 0.002849 0.002849 0.001727 0.001727 0.002850 0.001727 0.001582 0.001831 0.001834 0.001834 0.001834 0.001834 0.001834 0.001834 0.001835 0.001834 0.001834 0.002858 0.001583 0.002519 0.001728 0.001728 0.001728
Eig5 0.002850 0.001728 0.001727 0.002849 0.002850 0.001727 0.002851 0.003161 0.002858 0.002861 0.002861 0.002861 0.002861 0.002861 0.002862 0.002862 0.002862 0.002859 0.001584 0.001584 0.001583 0.002852 0.002851 0.002850
Eig6 0.002850 0.001728 0.001727 0.002849 0.002850 0.001727 0.002851 0.003161 0.002858 0.002861 0.002861 0.002861 0.002861 0.002861 0.002862 0.002862 0.002862 0.002859 0.001584 0.001584 0.001583 0.002852 0.002851 0.002850
Eigl 0.000844 0.000844 0.000844 0.000844 0.000844 0.000844 0.000844 0.000845 0.000845 0.000845 0.000845 0.000845 0.000845 0.000845 0.000845 0.000845 0.000845 0.000844 0.000844 0.000844 0.001334 0.000844 0.000844 0.000844
Eig2 0.000844 0.000844 0.000844 0.000844 0.000844 0.000844 0.000844 0.000845 0.000845 0.000845 0.000845 0.000845 0.000845 0.000845 0.000845 0.000845 0.000845 0.000844 0.000844 0.000844 0.001334 0.000844 0.000844 0.000844
SCo2 Eig3 0.001899 0.001899 0.001899 0.001899 0.001899 0.001899 0.001899 0.001900 0.001933 0.002026 0.002024 0.002026 0.002026 0.001856 0.001856 0.001856 0.001856 0.001856 0.001933 0.001932 0.001165 0.001899 0.001899 0.001899
Eig4 0.001899 0.001899 0.001899 0.001899 0.001899 0.001899 0.001899 0.001900 0.001933 0.002026 0.002024 0.002026 0.002026 0.001856 0.001856 0.001856 0.001856 0.001856 0.001933 0.001932 0.001165 0.001899 0.001899 0.001899
Eig5 0.001165 0.001165 0.001165 0.001165 0.001165 0.001165 0.001165 0.001165 0.001166 0.001195 0.001195 0.001195 0.001254 0.001166 0.001166 0.001166 0.001166 0.001140 0.001166 0.001166 0.001900 0.001165 0.001165 0.001165
Eig6 0.001165 0.001165 0.001165 0.001165 0.001165 0.001165 0.001165 0.001165 0.001166 0.001195 0.001195 0.001195 0.001254 0.001166 0.001166 0.001166 0.001166 0.001140 0.001166 0.001166 0.001900 0.001165 0.001165 0.001165
Eigl 0.002012 0.002012 0.002012 0.002012 0.002012 0.002012 0.002012 0.002008 0.001916 0.001916 0.001915 0.001916 0.001917 0.001916 0.001915 0.001915 0.001915 0.001917 0.001918 0.002010 0.002010 0.002011 0.002012 0.002012
Eig2 0.002012 0.002012 0.002012 0.002012 0.002012 0.002012 0.002012 0.002008 0.001916 0.001916 0.001915 0.001916 0.001917 0.001916 0.001915 0.001915 0.001915 0.001917 0.001918 0.002010 0.002010 0.002011 0.002012 0.002012
SC03 Eig3 0.001728 0.002849 0.002849 0.001727 0.001727 0.002850 0.001727 0.003160 0.002857 0.002858 0.002859 0.001834 0.001834 0.001834 0.001834 0.001834 0.001834 0.001834 0.002858 0.001583 0.002519 0.001728 0.001728 0.001728
Eig4 0.001728 0.002849 0.002849 0.001727 0.001727 0.002850 0.001727 0.003160 0.002857 0.002858 0.002859 0.001834 0.001834 0.001834 0.001834 0.001834 0.001834 0.001834 0.002858 0.001583 0.002519 0.001728 0.001728 0.001728
Eig5 0.002850 0.001728 0.001727 0.002849 0.002850 0.001727 0.002851 0.001582 0.001584 0.001709 0.001833 0.002859 0.002859 0.002859 0.002859 0.002861 0.002861 0.002859 0.001584 0.001584 0.001583 0.002852 0.002851 0.002850
Eig6 0.002850 0.001728 0.001727 0.002849 0.002850 0.001727 0.002851 0.001582 0.001584 0.001709 0.001833 0.002859 0.002859 0.002859 0.002859 0.002861 0.002861 0.002859 0.001584 0.001584 0.001583 0.002852 0.002851 0.002850
Eigl 0.002012 0.002012 0.002012 0.002012 0.002012 0.002012 0.002012 0.002008 0.001916 0.001916 0.001915 0.001916 0.001917 0.001916 0.001915 0.001915 0.001915 0.001917 0.001918 0.002010 0.002010 0.002011 0.002012 0.002012
Eig2 0.002012 0.002012 0.002012 0.002012 0.002012 0.002012 0.002012 0.002008 0.001916 0.001916 0.001915 0.001916 0.001917 0.001916 0.001915 0.001915 0.001915 0.001917 0.001918 0.002010 0.002010 0.002011 0.002012 0.002012
SC04 Eig3 0.001728 0.002849 0.002849 0.001727 0.001727 0.002850 0.001727 0.003160 0.002857 0.002858 0.002859 0.001834 0.001834 0.001834 0.001834 0.001834 0.001834 0.001834 0.002858 0.001583 0.002519 0.001728 0.001728 0.001728
Eig4 0.001728 0.002849 0.002849 0.001727 0.001727 0.002850 0.001727 0.003160 0.002857 0.002858 0.002859 0.001834 0.001834 0.001834 0.001834 0.001834 0.001834 0.001834 0.002858 0.001583 0.002519 0.001728 0.001728 0.001728
Eig5 0.002850 0.001728 0.001727 0.002849 0.002850 0.001727 0.002851 0.001582 0.001584 0.001709 0.001833 0.002859 0.002859 0.002859 0.002859 0.002861 0.002861 0.002859 0.001584 0.001584 0.001583 0.002852 0.002851 0.002850
Eig6 0.002850 0.001728 0.001727 0.002849 0.002850 0.001727 0.002851 0.001582 0.001584 0.001709 0.001833 0.002859 0.002859 0.002859 0.002859 0.002861 0.002861 0.002859 0.001584 0.001584 0.001583 0.002852 0.002851 0.002850
Eigl 0.002012 0.002012 0.002012 0.002012 0.002012 0.002012 0.002012 0.002008 0.001918 0.002014 0.001647 0.001647 0.001647 0.001647 0.001917 0.001916 0.001916 0.001917 0.001918 0.002010 0.002010 0.002011 0.002012 0.002012
Eig2 0.002012 0.002012 0.002012 0.002012 0.002012 0.002012 0.002012 0.002008 0.001918 0.002014 0.001647 0.001647 0.001647 0.001647 0.001917 0.001916 0.001916 0.001917 0.001918 0.002010 0.002010 0.002011 0.002012 0.002012
SC05 Eig3 0.001728 0.002849 0.002849 0.001727 0.001727 0.002850 0.001727 0.001828 0.001830 0.001725 0.001584 0.001831 0.001831 0.001584 0.001661 0.001662 0.002860 0.001834 0.002858 0.001583 0.002519 0.001728 0.001728 0.001728
Eig4 0.001728 0.002849 0.002849 0.001727 0.001727 0.002850 0.001727 0.001828 0.001830 0.001725 0.001584 0.001831 0.001831 0.001584 0.001661 0.001662 0.002860 0.001834 0.002858 0.001583 0.002519 0.001728 0.001728 0.001728
Eig5 0.002850 0.001728 0.001727 0.002849 0.002850 0.001727 0.002851 0.003159 0.002855 0.002848 0.003164 0.003163 0.003164 0.003165 0.003165 0.002522 0.001833 0.002859 0.001584 0.001584 0.001583 0.002852 0.002851 0.002850
Eig6 0.002850 0.001728 0.001727 0.002849 0.002850 0.001727 0.002851 0.003159 0.002855 0.002848 0.003164 0.003163 0.003164 0.003165 0.003165 0.002522 0.001833 0.002859 0.001584 0.001584 0.001583 0.002852 0.002851 0.002850
Eigl 0.002012 0.002012 0.002012 0.002012 0.002012 0.002012 0.002012 0.002008 0.001918 0.002014 0.001647 0.001647 0.001647 0.001647 0.001917 0.001916 0.001916 0.001917 0.001918 0.002010 0.002010 0.002011 0.002012 0.002012
Eig2 0.002012 0.002012 0.002012 0.002012 0.002012 0.002012 0.002012 0.002008 0.001918 0.002014 0.001647 0.001647 0.001647 0.001647 0.001917 0.001916 0.001916 0.001917 0.001918 0.002010 0.002010 0.002011 0.002012 0.002012
SC06 Eig3 0.001728 0.002849 0.002849 0.001727 0.001727 0.002850 0.001727 0.001828 0.001830 0.001725 0.001584 0.001831 0.001831 0.001584 0.001661 0.001662 0.002860 0.001834 0.002858 0.001583 0.002519 0.001728 0.001728 0.001728
Eig4 0.001728 0.002849 0.002849 0.001727 0.001727 0.002850 0.001727 0.001828 0.001830 0.001725 0.001584 0.001831 0.001831 0.001584 0.001661 0.001662 0.002860 0.001834 0.002858 0.001583 0.002519 0.001728 0.001728 0.001728
Eig5 0.002850 0.001728 0.001727 0.002849 0.002850 0.001727 0.002851 0.003159 0.002855 0.002848 0.003164 0.003163 0.001831 0.001584 0.001661 0.002522 0.001833 0.002859 0.001584 0.001584 0.001583 0.002852 0.002851 0.002850
Eig6 0.002850 0.001728 0.001727 0.002849 0.002850 0.001727 0.002851 0.003159 0.002855 0.002848 0.003164 0.003163 0.001831 0.001584 0.001661 0.002522 0.001833 0.002859 0.001584 0.001584 0.001583 0.002852 0.002851 0.002850
Eigl 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000635 0.000633 0.000633 0.000633
Eig2 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000635 0.000633 0.000633 0.000633
Eig3 0.000975 0.000975 0.000975 0.000975 0.000975 0.000975 0.000975 0.000975 0.000975 0.000980 0.000979 0.000980 0.000980 0.000979 0.000979 0.000979 0.000979 0.000980 0.000975 0.000975 0.000977 0.000975 0.000975 0.000975
Eig4 0.000975 0.000975 0.000975 0.000975 0.000975 0.000975 0.000975 0.000975 0.000975 0.000980 0.000979 0.000980 0.000980 0.000979 0.000979 0.000979 0.000979 0.000980 0.000975 0.000975 0.000977 0.000975 0.000975 0.000975
Eig5 0.001144 0.001144 0.001144 0.001144 0.001144 0.001144 0.001144 0.001144 0.001143 0.001143 0.001144 0.001143 0.001144 0.001143 0.001143 0.001143 0.001143 0.001143 0.001143 0.001143 0.001161 0.001144 0.001144 0.001144
Eig6 0.001144 0.001144 0.001144 0.001144 0.001144 0.001144 0.001144 0.001144 0.001143 0.001143 0.001144 0.001143 0.001144 0.001143 0.001143 0.001143 0.001143 0.001143 0.001143 0.001143 0.001161 0.001144 0.001144 0.001144
SCo7 Eig7 0.002279 0.002279 0.002278 0.002278 0.002279 0.002279 0.002279 0.002279 0.002290 0.002282 0.002283 0.002282 0.002268 0.002279 0.002279 0.002279 0.002279 0.002282 0.002290 0.002290 0.002284 0.002279 0.002279 0.002279
Eig8 0.002279 0.002279 0.002278 0.002278 0.002279 0.002279 0.002279 0.002279 0.002290 0.002282 0.002283 0.002282 0.002268 0.002279 0.002279 0.002279 0.002279 0.002282 0.002290 0.002290 0.002284 0.002279 0.002279 0.002279
Eig9 0.001816 0.001816 0.001816 0.001816 0.001816 0.001816 0.001816 0.001817 0.001816 0.001808 0.001808 0.001808 0.001807 0.001814 0.001814 0.001815 0.001815 0.001807 0.001816 0.001816 0.002009 0.001816 0.001816 0.001816
Eigl0 0.001816 0.001816 0.001816 0.001816 0.001816 0.001816 0.001816 0.001817 0.001816 0.001808 0.001808 0.001808 0.001807 0.001814 0.001814 0.001815 0.001815 0.001807 0.001816 0.001816 0.002009 0.001816 0.001816 0.001816
Eigl1 0.001352 0.001352 0.001352 0.001352 0.001352 0.001352 0.001352 0.001353 0.001353 0.001353 0.001353 0.001353 0.001356 0.001354 0.001354 0.003166 0.003166 0.001353 0.001353 0.001353 0.001486 0.001352 0.001352 0.001352
Eigl2 0.001352 0.001352 0.001352 0.001352 0.001352 0.001352 0.001352 0.001353 0.001353 0.001353 0.001353 0.001353 0.001356 0.001354 0.001354 0.003166 0.003166 0.001353 0.001353 0.001353 0.001486 0.001352 0.001352 0.001352
Eigl3 0.001412 0.001412 0.001412 0.001412 0.001412 0.001412 0.001412 0.001412 0.001414 0.001408 0.001407 0.001408 0.001406 0.001406 0.001406 0.001406 0.001406 0.001407 0.001414 0.001414 0.001413 0.001412 0.001412 0.001412
Eigl4 0.001412 0.001412 0.001412 0.001412 0.001412 0.001412 0.001412 0.001412 0.001414 0.001408 0.001407 0.001408 0.001406 0.001406 0.001406 0.001406 0.001406 0.001407 0.001414 0.001414 0.001413 0.001412 0.001412 0.001412
Eigl 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000635 0.000633 0.000633 0.000633
Eig2 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000635 0.000633 0.000633 0.000633
Eig3 0.000975 0.000975 0.000975 0.000975 0.000975 0.000975 0.000975 0.000975 0.000975 0.000975 0.000980 0.000980 0.000975 0.000975 0.000975 0.000980 0.000979 0.000979 0.000975 0.000975 0.000977 0.000975 0.000975 0.000975
Eig4 0.000975 0.000975 0.000975 0.000975 0.000975 0.000975 0.000975 0.000975 0.000975 0.000975 0.000980 0.000980 0.000975 0.000975 0.000975 0.000980 0.000979 0.000979 0.000975 0.000975 0.000977 0.000975 0.000975 0.000975
Eig5 0.001144 0.001144 0.001144 0.001144 0.001144 0.001144 0.001144 0.001144 0.001144 0.001143 0.001143 0.001144 0.001143 0.001143 0.001143 0.001143 0.001143 0.001144 0.001143 0.001143 0.001161 0.001144 0.001144 0.001144
Eig6 0.001144 0.001144 0.001144 0.001144 0.001144 0.001144 0.001144 0.001144 0.001144 0.001143 0.001143 0.001144 0.001143 0.001143 0.001143 0.001143 0.001143 0.001144 0.001143 0.001143 0.001161 0.001144 0.001144 0.001144
SC09 Eig7 0.002279 0.002279 0.002278 0.002278 0.002279 0.002279 0.002279 0.002279 0.002279 0.002290 0.002284 0.002273 0.002290 0.002290 0.002290 0.002282 0.002279 0.002283 0.002290 0.002290 0.002284 0.002279 0.002279 0.002279
Eig8 0.002279 0.002279 0.002278 0.002278 0.002279 0.002279 0.002279 0.002279 0.002279 0.002290 0.002284 0.002273 0.002290 0.002290 0.002290 0.002282 0.002279 0.002283 0.002290 0.002290 0.002284 0.002279 0.002279 0.002279
Eig9 0.001816 0.001816 0.001816 0.001816 0.001816 0.001816 0.001816 0.001816 0.001808 0.001816 0.001814 0.001806 0.001816 0.001816 0.001816 0.001808 0.001814 0.001807 0.001816 0.001816 0.002009 0.001816 0.001816 0.001816
Eigl0 0.001816 0.001816 0.001816 0.001816 0.001816 0.001816 0.001816 0.001816 0.001808 0.001816 0.001814 0.001806 0.001816 0.001816 0.001816 0.001808 0.001814 0.001807 0.001816 0.001816 0.002009 0.001816 0.001816 0.001816
Eigl1 0.001352 0.001352 0.001352 0.001352 0.001352 0.001352 0.001352 0.001353 0.001355 0.001353 0.001352 0.001354 0.003168 0.003167 0.001353 0.001353 0.001354 0.001353 0.001353 0.001353 0.001486 0.001352 0.001352 0.001352
Eigl2 0.001352 0.001352 0.001352 0.001352 0.001352 0.001352 0.001352 0.001353 0.001355 0.001353 0.001352 0.001354 0.003168 0.003167 0.001353 0.001353 0.001354 0.001353 0.001353 0.001353 0.001486 0.001352 0.001352 0.001352
Eigl3 0.001412 0.001412 0.001412 0.001412 0.001412 0.001412 0.001412 0.001412 0.001415 0.001415 0.001405 0.001405 0.001415 0.001415 0.001415 0.001408 0.001406 0.001407 0.001414 0.001414 0.001413 0.001412 0.001412 0.001412
Eigl4 0.001412 0.001412 0.001412 0.001412 0.001412 0.001412 0.001412 0.001412 0.001415 0.001415 0.001405 0.001405 0.001415 0.001415 0.001415 0.001408 0.001406 0.001407 0.001414 0.001414 0.001413 0.001412 0.001412 0.001412
Eigl 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000634 0.000634 0.000634 0.000634 0.000634 0.000634 0.000633 0.000633 0.000633 0.000633 0.000633 0.000635 0.000633 0.000633 0.000633
Eig2 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000633 0.000634 0.000634 0.000634 0.000634 0.000634 0.000634 0.000633 0.000633 0.000633 0.000633 0.000633 0.000635 0.000633 0.000633 0.000633
Eig3 0.000975 0.000975 0.000975 0.000975 0.000975 0.000975 0.000975 0.000975 0.000975 0.000975 0.000975 0.000975 0.000975 0.000979 0.000975 0.000980 0.000975 0.000980 0.000975 0.000975 0.000977 0.000975 0.000975 0.000975
Eig4 0.000975 0.000975 0.000975 0.000975 0.000975 0.000975 0.000975 0.000975 0.000975 0.000975 0.000975 0.000975 0.000975 0.000979 0.000975 0.000980 0.000975 0.000980 0.000975 0.000975 0.000977 0.000975 0.000975 0.000975
Eig5 0.001144 0.001144 0.001144 0.001144 0.001144 0.001144 0.001144 0.001144 0.001144 0.001140 0.001141 0.001141 0.001141 0.001140 0.001140 0.001144 0.001143 0.001143 0.001143 0.001143 0.001161 0.001144 0.001144 0.001144
Eig6 0.001144 0.001144 0.001144 0.001144 0.001144 0.001144 0.001144 0.001144 0.001144 0.001140 0.001141 0.001141 0.001141 0.001140 0.001140 0.001144 0.001143 0.001143 0.001143 0.001143 0.001161 0.001144 0.001144 0.001144
scit Eig7 0.002279 0.002279 0.002278 0.002278 0.002279 0.002279 0.002279 0.002279 0.002279 0.002271 0.002261 0.002261 0.002261 0.002263 0.002271 0.003166 0.002290 0.002282 0.002290 0.002290 0.002284 0.002279 0.002279 0.002279
Eig8 0.002279 0.002279 0.002278 0.002278 0.002279 0.002279 0.002279 0.002279 0.002279 0.002271 0.002261 0.002261 0.002261 0.002263 0.002271 0.003166 0.002290 0.002282 0.002290 0.002290 0.002284 0.002279 0.002279 0.002279
Eig9 0.001816 0.001816 0.001816 0.001816 0.001816 0.001816 0.001816 0.001816 0.001817 0.001815 0.001814 0.001814 0.001814 0.001806 0.001815 0.001806 0.001816 0.001807 0.001816 0.001816 0.002009 0.001816 0.001816 0.001816
Eigl0 0.001816 0.001816 0.001816 0.001816 0.001816 0.001816 0.001816 0.001816 0.001817 0.001815 0.001814 0.001814 0.001814 0.001806 0.001815 0.001806 0.001816 0.001807 0.001816 0.001816 0.002009 0.001816 0.001816 0.001816
Eigl1 0.001352 0.001352 0.001352 0.001352 0.001352 0.001352 0.001352 0.001353 0.001353 0.001352 0.001353 0.001353 0.001353 0.001352 0.001352 0.001354 0.001353 0.001353 0.001353 0.001353 0.001486 0.001352 0.001352 0.001352
Eigl2 0.001352 0.001352 0.001352 0.001352 0.001352 0.001352 0.001352 0.001353 0.001353 0.001352 0.001353 0.001353 0.001353 0.001352 0.001352 0.001354 0.001353 0.001353 0.001353 0.001353 0.001486 0.001352 0.001352 0.001352
Eigl3 0.001412 0.001412 0.001412 0.001412 0.001412 0.001412 0.001412 0.001412 0.001413 0.001414 0.001412 0.001412 0.001412 0.001407 0.001414 0.001405 0.001415 0.001407 0.001414 0.001414 0.001413 0.001412 0.001412 0.001412
Eigl4 0.001412 0.001412 0.001412 0.001412 0.001412 0.001412 0.001412 0.001412 0.001413 0.001414 0.001412 0.001412 0.001412 0.001407 0.001414 0.001405 0.001415 0.001407 0.001414 0.001414 0.001413 0.001412 0.001412 0.001412
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Table AS - Decay times of conjugate Eigenvalues of stable scenarios

0100h 0200h 0300h 0400h 0500h 0600h 0700h 0800h 0900h 1000h 1100h 1200h 1300h 1400h 1500h 1600h 1700h 1800h 1900h 2000h 2100h 2200h 2300h 0000h
Eigl 0.003074 0.003075 0.003075 0.003075 0.003074 0.003074 0.003074 0.003067 0.002927 0.002927 0.002925 0.002925 0.002925 0.002925 0.002925 0.002925 0.002926 0.002930 0.002931 0.003071 0.003072 0.003073 0.003073 0.003074
Eig2 0.003074 0.003075 0.003075 0.003075 0.003074 0.003074 0.003074 0.003067 0.002927 0.002927 0.002925 0.002925 0.002925 0.002925 0.002925 0.002925 0.002926 0.002930 0.002931 0.003071 0.003072 0.003073 0.003073 0.003074
SCo1 Eig3 0.002640 0.004353 0.004353 0.002639 0.002639 0.004354 0.002639 0.002418 0.002798 0.002802 0.002803 0.002803 0.002803 0.002802 0.002803 0.002803 0.002803 0.002802 0.004367 0.002419 0.003848 0.002640 0.002640 0.002640
Eig4 0.002640 0.004353 0.004353 0.002639 0.002639 0.004354 0.002639 0.002418 0.002798 0.002802 0.002803 0.002803 0.002803 0.002802 0.002803 0.002803 0.002803 0.002802 0.004367 0.002419 0.003848 0.002640 0.002640 0.002640
Eig5 0.004354 0.002640 0.002639 0.004353 0.004355 0.002639 0.004356 0.004829 0.004367 0.004371 0.004371 0.004372 0.004372 0.004372 0.004372 0.004373 0.004373 0.004369 0.002420 0.004834 0.002419 0.004357 0.004356 0.004355
Eig6 0.004354 0.002640 0.002639 0.004353 0.004355 0.002639 0.004356 0.004829 0.004367 0.004371 0.004371 0.004372 0.004372 0.004372 0.004372 0.004373 0.004373 0.004369 0.002420 0.004834 0.002419 0.004357 0.004356 0.004355
Eigl 0.001290 0.001290 0.001290 0.001290 0.001290 0.001290 0.001290 0.001290 0.001290 0.001290 0.001291 0.001290 0.001290 0.001290 0.001290 0.001290 0.001290 0.001290 0.001290 0.001290 0.002038 0.001290 0.001290 0.001290
Eig2 0.001290 0.001290 0.001290 0.001290 0.001290 0.001290 0.001290 0.001290 0.001290 0.001290 0.001291 0.001290 0.001290 0.001290 0.001290 0.001290 0.001290 0.001290 0.001290 0.001290 0.002038 0.001290 0.001290 0.001290
SCo2 Eig3 0.002902 0.002902 0.002901 0.002901 0.002902 0.002901 0.002901 0.002903 0.002953 0.003095 0.003092 0.003096 0.003096 0.002836 0.002836 0.002836 0.002836 0.002835 0.002953 0.002952 0.001781 0.002902 0.002902 0.002902
Eig4 0.002902 0.002902 0.002901 0.002901 0.002902 0.002901 0.002901 0.002903 0.002953 0.003095 0.003092 0.003096 0.003096 0.002836 0.002836 0.002836 0.002836 0.002835 0.002953 0.002952 0.001781 0.002902 0.002902 0.002902
Eig5 0.001780 0.001780 0.001780 0.001780 0.001780 0.001780 0.001780 0.001781 0.001781 0.001825 0.001825 0.001825 0.001916 0.001781 0.001781 0.001782 0.001782 0.001742 0.001781 0.001781 0.002903 0.001780 0.001780 0.001780
Eig6 0.001780 0.001780 0.001780 0.001780 0.001780 0.001780 0.001780 0.001781 0.001781 0.001825 0.001825 0.001825 0.001916 0.001781 0.001781 0.001782 0.001782 0.001742 0.001781 0.001781 0.002903 0.001780 0.001780 0.001780
Eigl 0.003074 0.003075 0.003075 0.003075 0.003074 0.003074 0.003074 0.003067 0.002928 0.032210 0.002926 0.002928 0.002929 0.002927 0.002926 0.002926 0.002926 0.002930 0.002931 0.003071 0.003072 0.003073 0.003073 0.003074
Eig2 0.003074 0.003075 0.003075 0.003075 0.003074 0.003074 0.003074 0.003067 0.002928 0.032210 0.002926 0.002928 0.002929 0.002927 0.002926 0.002926 0.002926 0.002930 0.002931 0.003071 0.003072 0.003073 0.003073 0.003074
SC03 Eig3 0.002640 0.004353 0.004353 0.002639 0.002639 0.004354 0.002639 0.004828 0.004365 0.026656 0.004368 0.002802 0.002802 0.002802 0.002802 0.002802 0.002803 0.002802 0.004367 0.002419 0.003848 0.002640 0.002640 0.002640
Eig4 0.002640 0.004353 0.004353 0.002639 0.002639 0.004354 0.002639 0.004828 0.004365 0.026656 0.004368 0.002802 0.002802 0.002802 0.002802 0.002802 0.002803 0.002802 0.004367 0.002419 0.003848 0.002640 0.002640 0.002640
Eig5 0.004354 0.002640 0.002639 0.004353 0.004355 0.002639 0.004355 0.002417 0.002420 0.048105 0.002801 0.004368 0.004369 0.004368 0.004369 0.004371 0.004371 0.004369 0.002420 0.004834 0.002419 0.004357 0.004356 0.004355
Eig6 0.004354 0.002640 0.002639 0.004353 0.004355 0.002639 0.004355 0.002417 0.002420 0.048105 0.002801 0.004368 0.004369 0.004368 0.004369 0.004371 0.004371 0.004369 0.002420 0.004834 0.002419 0.004357 0.004356 0.004355
Eigl 0.003074 0.003075 0.003075 0.003075 0.003074 0.003074 0.003074 0.003067 0.002928 0.032210 0.002926 0.002928 0.002929 0.002927 0.002926 0.002926 0.002926 0.002930 0.002931 0.003071 0.003072 0.003073 0.003073 0.003074
Eig2 0.003074 0.003075 0.003075 0.003075 0.003074 0.003074 0.003074 0.003067 0.002928 0.032210 0.002926 0.002928 0.002929 0.002927 0.002926 0.002926 0.002926 0.002930 0.002931 0.003071 0.003072 0.003073 0.003073 0.003074
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APPENDIX F: PARTICIPATION MATRIX

BRI

Hj 14x14 complex double

1

0.0042 - 0,000
0.0028 - 0,000
1,0583¢-05 - 6.6963¢-09i
5.7513e-05 - 3.6302¢-06i
0.0025 - 0.0000
0.2117 - 0.0001
0.2786 + 000021
0,0042 + 0,0000i
10 0.0028 + 0,000
1, 1.0583¢-05 + 6.6063¢-09
12 5751305 + 3.6302-06i
i 0.0025 + 0,0000i
14 02117 + 00001

ig

i
2.
3
4.
5
5.
-II'.
E.
9

0.2786 - 0.0002i

2

0.0028 + 0.0000i
1.0583e-03 + 6.6963e-08i

5.7513-05 + 3.6392¢-08i
0.0025 + 0,001
D217+ 0.0001
02786 - 0.0002i

0.0042 - 0,0000i
0.0028 - 0.0000i
1.0583e-05 - 6.6963=-00i

| 3.7313e-05 - 3639206
0.0025 - 0.0000i
0.2117 - 0.0001i

02786 + 0.000%
0.0042 + 0.0000i

3

' 8,8240e-04 - B.6068¢-07
0,009 - 0,000

(.0030 + 0,0000i
8.8240e-04 + 8.6068e-07i
(.0099 + 0,0000i

0.0206 - 0,0000i
0,0030 - 00000

0.2001 - 0,0002i
0.2436 - 00002
0.0129 - 0,0000i

0.0206 + 0.0000i

02001 + 00002

0.2436 + 0.0002i
0.0129 + 0.0000i

4

0.0030 - 0.0000i

| 8.8240e-04 - 8.6068¢-07;
' 0.0099 - 0.0000i
0.2097 - 0.0002
0.2435 - 0,000
0.0129 - 0.0000i

0.0206 + 0.0000i
0.0030 + 00000
 8.8240e-04 + B,6068e-07;
! 0.0099 + 0.0000i
0.2007 + 0.0002i
0,243 + 000021
0.0129 + 0.0000i

5

0,0899 -
0.0306 -
0,0868 -
0.0399 -
00001
0.0000i

0.0851

0.0089 -
0.1588 -

0.000%i

0.0000i

0,000

0.0000i

0.0002i

B

00899 + 00001

0,0306 + 0.0000i

0.0868 + 0.0001]

0.0399 + 0.0000i

00851 + 00001
0.0088 + 0,000

0.1388 + 0.0002i

7

0.0652 -
- (.0004i
0.1007 -
0.0822 -
0.0189 -
0062 -
0.0448 -

01721

0.0001i

0.0002i
0.0002i
0.0000i
0.0000i
0.0001;

8
0.0632 + 0.0007i
01721 + 0.0004i

01007 + 0.00021

0.0822 + 0.0002i

00188 + 0.0000i
00162+ 0,000

0.0448 + 0.0007i

q

0.0170 -
0.1430 -
0.0036 -
0.2672 -
0.0327 -
0.0077 -
0.0083 -

0.0000i
0.0003i
0,0000i
0.0005i
0.0001i
(.0000i
0.0000i

0.0206 - 0.0000i

0.0899 + 0.0007i

0.0306 + 0.0000i
0.0868 + 0.0001i

00399 + 0,000

0.0831 + 0.0007i

0.0899

0.0868
0.0399
0.0851

- 0.0001i
0.0306 -

0.0000i
- 0.0001]

- 0,0000i

0.0652 + 0,001
01721 + 0.0004i
0.1007 + 0.0002i
0.0822 + 0.0002]
0,0189 + 0,000

0.0652
01721
0.1007
0.0822

- 0.0001

- 0.0004i
- 0.0002i

- 0.000%
0.0180-

0.0000i

0.0170 + 0.0000i
0.1430 + D.0003i
0.0036 + 0.0000i
0.2672 + 0.0005i
0.0527 + 0.0001i

0.0089 + 0,001
0,1588 + 0.0002i

0.00849 - 0.0000i

0.1383 - 0.0002i

- 0.0001i

0.0162 + 0.00001
0.0448 + 000011

0.0162 -

0.00001
0.0448 - 0,0001]

0.0077 + 0.0000i
0.0088 + 0.0000i

10 1 12
0.0170 + 00000 0,0256 - 0.0000i 0,0256+ 0.0000i
0.1430 + 0.0003 0,1469 - 0,0002 0,1469 + 0,002
0,0036 + 0,000 0,1759 - 0.0002i 0,1759 + 0.0002;
0.2672 + 0.00051 0.0796 - 0.0001i D.0796 + 0.0001]
0,0527 + 0.000Ti 1.2646¢-05 - 1.7113e-08i 1.2646e-05 + 1.7113e-08i
0.0077 + 0.0000i 0,0295 - 0,000 0.0295 + 0,000
0,008 + 0,0000i 0.0425 - 0.0001 0,045 + 0.0001]
0.0170 - 0.0000 0,0256 + 00000 0,0256 - 0.0000i
0,1430 - 0.0003i 0,1469 + 0,000 0,1469 - 0.0002
0,036 - 0.0000 0,1759 + 0.0002 0.1759 - 0.0002i
D.2672 - 0,005 0.0796 + 0.0001] 0.0796 - 0.0001
D.0527 - 0.0001i 1.2646e-05 + 1.7113e-08i 1,2646e-05 - 1.7113e-08
0.0077 - 0.0000i 0,0295 + 0.0000i 0,0295 - 0.0000i
0,088 - 0.0000i 0,425 + 0.0001i 0,0425 - 0.0001i

13

1,7020e-04 - 2407907
01204 - 0.0002i
0.0211 - 0.0000i

0.0206 - 0.0000i

1.7020e-04 + 2.4079e-07i
0.1294 + 0.0002i

0.1341 + 0.0002i

0,0030 - 0.0000;

01341 - 0.0002i
0.1916 - 0.0003

0.0030 + 0.0000i

00211+ 00000

01916 + 0.0003i
0.0206 + 0,0000i

1
0.0030 + 0.0000i
1,7020e-04 + 2.4079¢-07
0,1294 + 0.00021
0.0217 + 0,000
0,141 + 0.0002
0.1916 + 0.0003i
0.0206 + 0.0000i
0,030 - 0.0000i
1,7020e-04 - 24079071
0,1294 - 0.00021
00211 - 0.0000i
0.1341 - 0,002
0,1916 - 0.0003i
0,0208 - 0.0000i

Figure A7- Participation matrix of eigenvalue 11 of scenario 09 at 1400 h
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