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Infroduction

Electrical power systems (EPS) are very complex systems due to the large number
of elements involved in their operation; they have a large number of generation
plants of different technologies, meshed connection systems at high voltage levels,
bidirectional distribution systems, and end users with greater demands and iteration
with the electricity market. With all this, the network topology of the electrical
system is not so simple to analyze, which is why it is necessary to have new strategies
for its control (1)-(6).

With the background above, new concepts have been creafted based on
economic aspects, becoming an opfimization problem, calling it now an opfimal
power flow problem (OPF). Since then, several resolution techniques have been
developed (7).

Optimization plays an important role when planning the operation and man-
aging to analyze the dynamism of the electricity market; therefore, the search
for the optimal solution for the operation and management of energy systems
has become a necessity, considering the high costs of different technologies, that
energy resources are limited and the growing demand for electricity energy (8).
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The objective of the OPF is to find the ideal configuration for optimal operation
while minimizing operating costs and maximizing reliability. For an OPF, constraints
involving operating costs, system losses, voltage level, transmission line capacity,
equipment operating limits, and load demand are considered (9), (10).

According to the selected objective function and constraints, different mathe-
matical formulations exist to solve an OPF. They can be classified as follows:

e Linear problems in which the objectives and constraints are given in linear

forms with continuous control variables.

e Nonlinear problems, where the objectives and constraints; or both combined
are nonlinear with continuous control variables.

e Nonlinear mixed integer problems with discrete and continuous conftrol vari-
ables.

Instead, if analyzed from the point of view of the main attributes, they can be

divided as follows:

e Lambda iteration method, in which the losses can be represented by a matrix
(B). or the penalty factors can be calculated separately by a power flow. It
forms the basis of many standard online economic dispatch programs.

e Gradient method is a slow convergence method and is difficult to solve in the
presence of inequality constraints.

e Newton’s method, whose convergence is very fast, can give problems with
inequality constraints.

e Linear programming method, which is a method that can work with inequal-
ity constraints, functions, and nonlinear objective constraints handled by
linearization.

e Interior point method: Another fully developed and widely used method for
OPF It easily handles inequality constraints.

In (11), the authors have used the optimal AC power flow model (OPF-AC) to
study the behavior with high penetration of renewable energies by comparing the
model with others and verifying its accuracy. In contrast, (12) shows the optimal
DC power flow model (OPF-DC) applied to the analysis of power systems with the
centralized and decentralized generation, which details an approximation of the
EPS behavior. The OPF-AC problem for OPF calculation based on the gradient
and Newton methods consists of finding the active and reactive power values,
the voltage magnitudes of any generator unit to minimize the operating cost, and
the fulfilment of various constraints. While OPF-DC is applied to calculate the
load flow in the model, it is characterized by ignoring the losses, and the focus is
only on the real power. This solution is usually used as the OPF-AC approximation
to something more straightforward as a linear circuit analysis problem. Although
an optimal AC power flow is a more accurate calculation of the steady-state
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behavior of the EPS (13), correlation parameters can be obscured due to the
complexity and nonlinearity of its characteristic equations. On the other hand,
OPF-DC methods and their soffware requirements are simple; their models can be
optimized efficiently, and the required minimum network data need little execution
time (14). The optimal DC power flow approximation has been widely used in
literature for nodal pricing and bottleneck analysis across transmission lines (15).

Another technique in which reactive power and EPS losses are not neglected
to find an approximate solution to the optimal power flows is the linearization of
the optimal AC power flows (LOPF-AC), for which numerical methods are used to
obtain an approximation of the variables that have a power different from unity
(16).

Due to the mathematical complexity of the optimization models that allow
finding the solution to the OPF, the use of specialized software is necessary. This
chapter deals with the help of Matlab and GAMS programs for modeling and
optimization, respectively, but for this purpose, an interface has been created that
makes GAMS a Matlab tool. With it, using the solution to the power flows, any other
study can be performed, such as N-1 contingency analysis, reliability studies, and
even stability studies.
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Configuration

To configure the Matlab — GAMS interface, the first thing to do is to configure GAMS
to allow its variables to belong to the computer’s environment variables; for this
purpose, when installing GAMS, the advanced installation mode option must be
selected, see figure 4.1, so that after selecting the installation folder and other
options, the environment variables can be enabled, see figure 4.2.

A Setup - GAMS — X

Welcome to the GAMS Setup
Wizard
This will install GAMS win64 27.3.0 on your computer.

It is recommended that you close all other applications before
continuing.

Click Next to continue, or Cancel to exit Setup.

Select check box

Use advanced installation mode

Figure 4.1: Initialization of GAMS installation process
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A Setup - GAMS - X

Advanced Options

Select advanced options .-

[] Install GAMS for all users

/Select check box

.Add GAMS directory to PATH environment variable

Create a desktop icon for GAMS IDE

Create a desktop icon for GAMS Studio

< Back Cancel

Figure 4.2: Enable GAMS path environment variable

Once GAMS is installed with this procedure, the environment variables of the
computer must be configured, for which in Windows Explorer it must be made right
click on "This PC" and from the menu select "Properties." there a system configuration
window will be displayed, and in the right side it must be chosen "Advanced
system settings," see figure 4.3; after that in the window that is displayed the
option of environment variables must be selected, see figure 4.4. There it will allow
configuring the environment variables for the user and those of the whole system;
it is recommended to make the configuration for the two territories; for which the
environment variable path must be edited and there to place the location where
GAMS was installed, see figure 4.5.
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This page has a few new settings

Some settings from Control Panel
have moved here, and you can copy
your PC info o it's easier to share.

Related settings

BitLocker settings
Device Manager
Remote desktop

System protection

Rename this PC (advanced)

Help from the web

Finding out how many cores my
processor has

Checking multiple Languages support

@ Gethelp

£ Give feedback

Settings
@ Home About
[Find a setiing | Your PCis monitored and protected.
Syeiem See details in Windows Security
=N Display Device specifications
@) Device name GIREI_DC
D
s Processor Intel(R) Xeon(R) CPU E3-1535M v5 @ 290GHz 290
GHz
[ Notifications & actions Installed RAM  64.0 GB (63.8 GB usable)
Device ID 4A48D7AS5-50A5-429C-8068-C6AAT1BF683E
D Focus assist Product ID 00330-50476-25841-AACEM . . .
‘ Sem e G4 bit opraing syse, x4 bsed rocessr Clic on this option
ORPoerEsles Penandtouch  No pen or touch input s available for this display Advanced system settings
O Battery Copy
=) G Rename this PC
08 Tablet X o
Windows specifications
Eff  Multitasking )
Edition Windows 10 Pro
. " Version 2212
& Projecting to this PC
Installed on 2/20/2021
13 il 19045.2965
3 Shared experiences 05 build
Experience Windows Feature Experience Pack 1000.19041.1000.0
B Clipboard &y
> Remote Desktop Change product key or upgrade your edition of Windows

Figure 4.3: Configuration advanced system settings

System Properties

Computer Name Hardware Advanced System Protection Remote

You must be logged on as an Administrator to make most of these changes.
Performance

Visual effects, processor scheduling, memory usage, and virtual memory

Settings...
User Profiles
Desktop settings related to your sign-in
Settings...
Startup and Recovery
System startup, system failure, and debugging information
Settings...

Clic on this option ~

! Environment Variables...

OK Cancel Apply

Figure 4.4: Choose environment variables




4.2 Configuration

127

Environment Variables

User variables for dcarr

Variable

GAMSDIR
JD2_HOME

OneDrive
OneDriveCommercial
OneDriveConsumer

/1%

T™MP

System variables

Variable
INTEL_DEV_REDIST

LIB
MIC_LD_LIBRARY_PATH
NUMBER_OF_PROCESSORS
OS

PATH

T
PROCESSOR_ARCHITECTU

Value

_ CAGAMS\35;C:\GAMS\35\abin

Edit environment variable

%GAMSDIR%
9 RPRO

Figure 4.5: Set GAMS path

C:\Users\dcarr\AppData\Local\Programs\Python\Python311\Scripts\
C:\Users\dcarr\AppData\Local\Programs\Python\Python311\

C:\GAMS\win64\27.3 I

New
Edit
Browse...

Delete

Move Up

Move Down

Edit text...

Cancel

OK Cancel

Once this process is completed, the environment variables must be configured
in Matlab, for which the "Set Path" button must be selected in the toolbar of
the "Home menu," see figure 4.6, and there is a similar process to the Windows
configuration performed, a folder is added, and this will correspond to the location
where GAMS was installed, see figure 4.7. Now you must verify that the process has
been done correctly by writing the following code in the command window:

system 'g

ams 7 lo=3"'

Select this tool

B (® 9 O3 Qrindries 08 Q e

Hg save Workspace

New New New

Script Live Script  ~
FILE

Open [{Z] Compare  Import Clean
- Data Data

2 Clear Workspace ~

»

VARIABLE

Figure 4.6:

Favorites

& Analyze Code
LA ()
& Run and Time Simulink
(% clear commands ~
CODE SIMULINK

Set GAMS path

g, (O Preferences ;
Layout add-ons
- Parallel ¥ -

ENVIRONMENT

Q) 5 Community
Help [ Request Support
~ &l Learn MATLAB

RESOURCES
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4\ set Path - [} X

All changes take effect immediately.
I MATLAB search path:

C:\Users\dcarr\OneDrive\Datos adjuntos\Doc"
B C\GAMS\win64\27.3

C:\Program Files\MATLAB\R2022b\matpowel

C:\Program Files\MATLAB\R2022b\matpowel

I Add Folder...

Add with Subfolders...

Move to Top C:\Program Files\MATLAB\R2022b\matpowel
Move Up C:\Program Files\MATLAB\R2022b\matpowel
Mave Down C:\Program Files\MATLAB\R2022b\matpowel

Move to Bottom

C:\Program Files\MATLAB\R2022b\matpowel
C:\Program Files\MATLAB\R2022b\matpowel
C:\Program Files\MATLAB\R2022b\matpowel

(\Dranram Filac\NMATI AR\R?2N22h\ matnnwaiV
>

Remove <

Save Close Revert Default Help

Figure 4.7: Configure GAMS path in Matlab

There you will see that the demo license information is reflected, execution time,
and ans=0, see figure 4.8; if ans is equal to another value, it is recommended to re-
view the configuration process because there may be an error and the environment
variables have not been configured correctly.

Command Window
*** Note: For solvers, other expiration dates may apply.

**% Run gamslib model licememo for more details.
*** Status: Normal completion
-—— Job ? Stop 05/31/23 20:51:38 elapsed 0:00:00.001

ans =

Figure 4.8: Configure GAMS path in Matlab

4.3 Optimal power flows

Power flows are a technique that allows quantifying each of the electrical variables
in the operation of power systems, for which different styles such as Gauss — Seidel,
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Newton — Raphson, and optimal power flows have been developed. The first two
methods respond to iterative techniques, and the shortest convergence time of
the two is Newton — Raphson; on the other hand, the optimal power flows respond
to numerical optimization techniques that seek to minimize operating costs and
maximize the technical resources of the power system.

Table 4.1: Variables related to the optimization model

Symbol Description
1,7 Nodes index
Cy Generation cost
P, Generator active power
Qg Generator reactive power

Vi Nodes voltage
i, 0; Nodes voltage angle
ymae Upper voltage limit
V;mm Lower voltage limit

o Upper angular limit
smin Lower angular limit
P Active power flow

Qi Reactive power flow

Si—j Apparent power flow
SIL Surge impedance load

B;_; Line susceptance

Gi—j Line conductance

Pp Demand active power
®@p Demand reactive power

DC Optimal power flow

The OPF-DC focuses on analyzing the EPS discarding reactive power, losses in the
system, and that the magnitude of the voltage at each node is one pu; an OPF-DC
seeks to minimize costs, which is similar fo maximizing the welfare of society by
obtaining a quality service at a lower cost. The objective function of the OPF-DC
is defined in (4.1), which seeks to minimize production costs, which is subject to
(4.2) that conditions the characteristics of the generation plants, (4.3) determines
the maximum power flow that can circulate through the fransmission lines, (4.4)
the power balance between generation, demand, and power flow; (4.5) that
determines the power flow that circulates through a transmission line depending
on its susceptance; and (4.6) is the voltage angle limits (17)-(19).

Objetive Function :
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N¢
min 4 = Z CyPy
g=1

Subjectto :

szlzn < PGf, < Pgliaac

—SIL< P_; <SIL

Npus Nbus

> 2 Pj=Pc—Pp; Vij € Ny
i=1 j=1

Bi—j = Bi—j (0 = 4;)

5:717,71 < 5@ < 5;{naz

AC Optimal power flow

(4.2)

(4.4)

An OPF-AC, like an OPF-DC, aims to minimize the operating costs of the EPS, hence
(4.7) describes the objective function, which is subject to (4.8) and (4.9) that deter-
mine the balance of active and reactive power between generatfion, demand,
and power flow, by (4.10) and (4.11) that determines the active and reactive power
flow that circulates through a transmission line depending on its susceptance and
conductance, in (4.12) and (4.13) the active and reactive power limit restrictions of
the generators are shown, (4.14) delimits the voltages in each node and the limits

of the angular difference in each branch is (4.15) (20)-(22).

Objetive Function :

Ng
min 4 = Z Cy Py
g=1

Subjectto :

(4.7)
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Npus Nbus

> > P—j=Pei—Ppi Vij € Np (4.8)
i=1 j=1

”bz“”bz“ Qi—j=Qc; —Qp;; Vi,j € Np (4.9)
i=1 j=1

Pij = V7Gi—j = ViV;[Gi-jcos(i—;) — Bi—jsin(8i—;)] (4.10)
Qi—j = Vi Bi—j + ViV; [Gi—jsin(8i—;) — Bijcos(d;—;)] (4.11)
Pei"™ < Pg; < Pg™ (4.12)
Q™" < Qo; < Qo™ (4.13)
Vi <V S Ve (4.14)
7P < 8y < 6T (4.15)
Gisj =00, (4.16)

—SIL<S; ;< SIL (4.17)
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4.4 Matlab - GAMS Coding and Results Analysis.

4.4.1 OPF-DC code

The following is the code developed in Matlab that allows the evaluation of the
optimal DC power flows (OPF-DC), which has been divided into two parts. The first
one is the main program in which the power system to be analyzed is configured,
the sending and receiving of data between GAMS and Matlab, the file names to
be generated, and the treatment of the OPF-DC results, which are Power flows in
the lines, Node voltages, and Generation dispatch. The second part is the GAMS
coding written in Matlab, which will be the OPF-DC code to be optimized.
Matlalb main script code, written in a new script.

clc; clearvars; close all;

% Initialization of the interface with GAMS

GDXFileIN = 'Send'; %GDX File for send data to GAMS

GDXFileOUT = 'Get'; %GDX File for call data from GAMS

GMSFile = 'OPF_DC_30bus';

% The GAMS code for OPF-DC is written.

file='30BARRAS .x1lsx'

writegams_OPFDC (GMSFile ,file);

%% OPF-DC results are extracted

system(string (strcat('gams',{' '},GMSFile,' 1lo0=3 gdx=',GDXFileQUT)))

O © 00O Uk W

—_

>

—_
—_

b

3k %k 5k 3k 3k %k %k %k %k k %k 5k 5k 5k 5k 3k %k %k %k %k %k 5k 5k 5k 5k %k %k %k %k %k %k >k 5k 3k 5k %k %k %k %k %k % %k >k 3 3 % %k %k >k %k %k % %k > 3 % %k %k %k %k %k % % > > % % %k %k %k %k % %k %

12 7% Power flows in the lines
13 Pij.name = 'Pij';

14 Pij.compress = 'true';

15 Pij.form = 'sparse';

16 Pij = rgdx (GDXFileOUT,Pij);
17 %

>k 3k >k 5k >k 5k >k 5k %k 3k %k %k %k 3k Xk 3k %k 3k *k 3k % %k % %k > %k > %k > >k > %k 5 >k > >k >k >k >k %k >k >k 3k %k >k %k >k %k 3k % 3k % 3k % 3k % %k % >k 5% %k > %k > >k > %k > %k % %k % *k %

18 % Voltage angle at nodes
19 delta.name = 'delta';

20 delta.compress = 'true';
21 delta.form = 'sparse';

22 delta = rgdx(GDXFileOUT ,delta);
23 %

3k 3k %k 3k 3k %k %k %k k %k %k 5k 5k 5k 5k %k %k %k %k %k %k >k 5k 5k 5k %k %k %k %k %k %k >k 5k 3k 5k %k %k %k %k %k %k %k 5k 5 5 % %k %k >k %k % % 3k 3 3 % %k %k %k %k %k % % > % X % %k %k %k %k %k %k %

24 7 Generation dispatch

25 Pgen.name = 'Pgen';
26 Pgen.compress = 'true';
27 Pgen.form = 'sparse';

28 Pgen = rgdx(GDXFileOUT,Pgen) ;

Line 7 of the main code represents the file in which the data is stored; for the
case study, we have used as an example the data of the |EEE 30—busbar system in
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an Excel file (30NODES.xIsx), which contains 3 sheets, called: data_gen, demand
and lines, all sheets must start in cell Al. Electric demand is in the demand sheet
and is shown in table 4.2, line data is in the lines sheet and is shown in table 4.3,
and generator data is in the data_gen sheet, which is shown in table 4.4.

Table 4.2: TEEE 30busbar system electrical demand data

Pd Qd
1 0 0
2 21,7 12,7
3 24 12
4 76 16
5 042 19
6 0 0
7 228 109
8 30 30
9 0 0
10 58 2
11 5 2
12 112 75
13 0 0
14 62 1,6
15 82 25
16 35 1,8
17 9 58
18 32 09
19 95 34
20 2,2 07
21 17,5 11,2
2 0 0
23 32 16
24 87 6,7
2% 0 0
26 35 23
27 0 0
2 0 0
29 24 09
30 10,6 1,9




134

Table 4.3: IEEE 30busbar system lines data

1.2 0,02  0,0675 0 130,00

2.4 0,06 0,1737 0 65,00

2.5 0,05 0,02 0 130,00

4.6 0,01 0,0414 0 90,00

6.7 0,03 0,082 0 130,00

6.9 0 0,208 0 65,00

9.11 0 0,208 0 65,00

4. 12 0 0,23 0 65,00

12.14 013 02559 0 32,00

12.16 0,0945 0,12 0 32,00

16 . 17 0,0824 0,1932 0 16,00

18 .19 0,0639 0,1292 0 16,00

10.20 0,0936 0,209 0 32,00

10. 21 0,0348 0,07149 0 32,00

21.22 0,0116 0,22 0 32,00

22.24 0,115 0,18 0 16,00

24 .25 0,188 10,3292 0 16,00

25.27 0,1093 10,2087 0 16,00

27.29 0,2198 04153 0 16,00

29.30 02399 0453 0 16,00

6.28 00169 0,06 0 32,00
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Table 4.4: IEEE 30busbar system generators data

pmax pmin b Qmax Qmin

1 120 0 2 150 0
2 120 0 1,75 60 -20
5 100 0 1 44,7 -15
8 110 0 3,25 62,5 -15
11 60 0 3 40 -10
13 80 0 3 48,7 -15

Function writing GAMS code developed in Matlab, written in a new function

called writegams_OPFDC.m.

function writegams_OPFDC(FileGMS,file)
if “contains(FileGMS,'.gms')
FileGMS = strcat(FileGMS,'.gms');
end
filesDir = dir;
sO = 0;
for cO=1:1length(filesDir)
findGMS = strfind(string(filesDir(c0).n

if isempty (findGMS)&&s0~=1 % #ok<+*xSTREMP
sO = 0;
else
s0O = 1;
end
end
% sO0 = File does not exist .gms

0
% s0 = 1: File exists .gms
Y ko ok ok ok ok ok ok ok ok ok K ok oK ok ok K ok oK K oK K ok ok K oK K oK ok K KoK o oK K oK oK K K K K K
if sO == 0
= fopen(FileGMS,'w');

fprintf (fgms, '$Title Optimal power flow
)

fprintf (fgms, '$offsymxref \n');

fprintf (fgms, '$offsymlist \n\n');

U ok ok ok ok ok ok K ok ok K oK ok K K ok K K K K K K K Kk K KOk K Kk K Kk K Kok K koK
fprintf (fgms, 'option limrow=0; \n');
fprintf (fgms, 'option limcol=0; \n');
fprintf (fgms, 'option solprint=on; \n');
fprintf (fgms, 'option sysout=off; \n\n')

% ok K ok 3k ok ok ok ok ok oK oK ok o oK ok K oK ok K oK ok K ok ok K ok ok K ok ok K ok ok K oK oK oK oK ok K K ok
fprintf (fgms, 'option LP=CPLEX; \n');
fprintf (fgms, 'option MIP=CPLEX; \n');
fprintf (fgms, 'option NLP=CONOPT; \n');
fprintf (fgms, 'option MINLP=COINBONMIN;

% ok K ok 3k ok ok ok ok ok o oK ok o oK oK K oK ok K oK ok K ok ok K ok ok K ok ok K ok ok K oK ok oK oK ok K K ok
fprintf (fgms, 'option OPTCR=0; \n');
fprintf (fgms, 'option OPTCA=0; \n\n');

U ok K sk ok ok ok ok ok ok ok ok ok K oK ok K oK ok K K ok K K oK K oK ok K ok ok K ok ok K ok kK ok koK K ok

ame) ,FileGMS) ;
>

% 3k X 3k X %k X %k X %k X % X % % % % %k 3% %k % %k % % %

DC - 30 Bus System \n\n'

%k >k 3k 3k %k %k 5k 3k %k %k >k 3k 3k %k %k > 3k %k %k % % %k % *k %

3

%k %k %k %k %k %k %k %k % %k %k %k % %k > >k 5% %k % >k %k %k % *k %

\n\n');

%k %k %k %k %k %k %k %k % %k %k %k % %k >k %k 5% %k % %k %k %k % *k %

% 3k X %k Xk %k X %k X %k X %k X % X % % % % %k % % % % %
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fprintf (fgms, 'SCALAR \n');
fprintf (fgms, 'sbase /100/ \n');
fprintf (fgms, 'pi /3.141592654/; \n\n');

O sk sk sk sk sk ok ok ok ok ok ok 3k 3k ok ok ok ok ok ok ok sk sk ok ok ok ok ok ok ok ok sk 3k 3k 3k ok ok ok ok ok ok ok sk ok ok ok ok ok ok ok ok ok ok sk sk kR ok ok ok ok ok ok ok
fprintf (fgms, 'set \n');
fprintf (fgms, 'bus /1%30/ \n');
fprintf (fgms, 'slack (bus) /1/5 \n\n');
fprintf (fgms, 'alias (bus,node); \n');

% 1i=M:\\0OPFDC\\%s corresponds to the address of the file where the

% EPS data is stored

9% 3k sk sk sk ok ok ok ok ok ok ok ok 3k ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok kR ok ok ok ok Kk
fprintf (fgms, ' TABLE data_gen(bus ,*) generators data \n');
fprintf (fgms, '$call =xls2gms r=data_gen!Al1:F7 i=M:\\OPFDC\\%s 0=

Buses.inc \n',file);
fprintf (fgms, '$include Buses.inc \n');
fprintf (fgms,'; \n\n');

%% 3 sk sk sk ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ko ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok kR R kR ok ok kK

fprintf (fgms, ' TABLE demand (bus ,*) electrical demand data \n'
);

fprintf (fgms, '$call =xls2gms r=demand!A1:C31 i=M:\\OPFDC\\%s 0=
Buses.inc \n',6file);

fprintf (fgms, '$include Buses.inc \n');

fprintf (fgms,'; \n\n');

O sk sk sk sk sk sk sk ok sk ok ok 3k 3k ok ok ok ok ok ok ok ok sk ok ok sk sk sk sk ok ok sk 3k 3k 3k ok ok ok ok ok ok ok ok sk ok ok ok ok sk sk sk ok ok 3k 3k 3k ko ok ok o ok ok K K
fprintf (fgms, ' TABLE lines (bus,node,*) 1lines data \n');
fprintf (fgms, '$call =xls2gms r=1lines!A1:E42 i=M:\\OPFDC\\%s 0=

Buses.inc \n',6file);
fprintf (fgms, '$include Buses.inc \n');
fprintf (fgms,'; \n\n');
O sk sk sk sk sk sk sk ok sk ok ok 3k sk ok ok ok ok ok ok ok ok sk ok ok ok sk sk ok ok ok sk 3k 3k sk ok ok ok ok ok ok ok sk ok sk ok ok sk sk ok ok ok sk sk sk kR ok ok ok ok ok ok K
fprintf (fgms, 'display lines, demand, data_gen; \n');
O sk sk sk sk ok ok ok ok ok ok ok 3k 3k ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok 3k ok 3k ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok kR ok ok ok ok ok Kk
fprintf (fgms, 'lines (bus,node,''x'"')$(lines (bus,node,''x"'')=0) =
lines (node,bus,''x"'); \n');

fprintf (fgms, 'lines (bus,node,''sil'')$(lines(bus,node,"''sil"'")
=0) = lines(node,bus,''sil''); \n');

fprintf (fgms, 'lines(bus,node,''bij'')$lines (bus,node,''sil'"') =
1/1lines (bus,node,''x''); \n');

Y% sk ok ok sk ok ok ok ok ok ok ok s ok sk ok ok sk ok sk ok ok sk ok sk ok ok sk ok ok ok ok sk ok ok ok ok sk o ok ok ok sk ok ok ok ok ok ok ok sk ok ok ok ok ok ok ok ok K K ok
fprintf (fgms, 'Parameter connection_lin(bus,node); \n');
fprintf (fgms, 'connection_lin(bus,node)$(lines (bus,node,''sil'")

and lines(node,bus,''sil'')) = 1; \n');

fprintf (fgms, 'connection_lin (bus,node)$(connection_lin (node,bus)
) = 1; \n');

fprintf (fgms, 'display connection_lin, lines, demand, data_gen; \
n\n');

O sk sk sk sk sk ok ok ok ok ok ok 3k 3k ok ok ok ok ok ok ok sk sk ok ok ok ok ok ok ok ok ok sk 3k 3k ok ok ok ok ok ok ok sk ok ok ok ok ok ok ok ok ok ok sk sk kR ok ok ok ok ok ok K
fprintf (fgms, 'Variable Z, Pij(bus,node), Pgen(bus), delta(bus) ;
\n');
fprintf (fgms, 'Equation resl, res2, res3; \n\n');
O sk sk sk sk sk sk ok sk sk ok ok 3k 3k ok ok ok ok ok ok ok ok ok ok ok ok sk sk sk sk ok sk 3k 3k 3k ok ok ok ok ok ok ok ok sk ok ok ok sk sk sk ok ok ok sk 3k sk ko ok ok ok ok ok ok K
fprintf (fgms, 'resl.. \n');
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79 fprintf (fgms,'Z =e= sum((bus), Pgen(bus)*data_gen(bus,''b'"')x*
sbase); \n\n');

80 % % sk ok ok ok sk ok ok sk ok ok ok ok ok ok ok K sk ok ok ok ok ok ok K sk sk ok ok ok ok ok ok sk ok ok ok ok ok ok ok sk ok ok ok ok ok ok Kk sk ok ok ok ok ok ok ok ok ok ok ok K

81 fprintf (fgms, 'res2(bus,node) $connection_lin (bus,node).. \n');

82 fprintf (fgms, 'Pij (bus,node) =e= lines(bus,node,''bij'')*(delta(
bus) -delta(node)); \n\n');

83 Yok ok ok ok ok ok ko ko ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok K K ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ko K ok ok ok ok ok ok ok ok ok ok ok ok ok

84 fprintf (fgms, 'res3(bus).. \n');

85 fprintf (fgms, 'Pgen(bus) $data_gen(bus,''Pmax'') - demand(bus,''pd
'')/base =e= sum(node$connection_lin(node,bus), Pij(bus,node)
); \n\n');

86 % sk sk ok 3k ok sk ok sk sk ok sk ok ok sk ok sk ok ok sk ok ok ok ok sk ok ok ok ok sk ok ok ok ok ok ok ok ok ok s ok ok ok sk s ok sk ok ok sk ok ok ok ok sk ok ok ok ok ko ok ok ok ko K

87 fprintf (fgms, 'Model loadflow /all/; \n\n');

88 Y, sk sk sk sk 3k 3k 3k ko ok ok ok ok ok ok sk sk sk ok ok ok ok ok ok ok ok 3k 3k ok ok ok ok ok ok ok ok ok sk ok sk sk sk ok ok sk ok ok 3k 3k ok ok ok ok ok ok ok ok ok ok ok ok ok sk ok ok

89 fprintf (fgms, 'Pgen.lo(bus) = data_gen(bus,''Pmin'')/sbase; \n');

90 fprintf (fgms, 'Pgen.up(bus) = data_gen(bus,''Pmax'')/sbase; \n');

O % sk sk ok s ok ok ok sk ok ok ok ok ok ok ok ok sk ok ok ok ok sk ok ok ok ok sk ok ok ok ok sk o ok ok sk ok s ok ok ok sk sk ok ok ok ok sk ok ok ok ok sk ok ok ok ok sk o ok ok ok ko K

92 fprintf (fgms, 'delta.up(bus) = pi/2; \n');

93 fprintf (fgms, 'delta.lo(bus) =-pi/2; \n');

94 fprintf (fgms, 'delta.l(bus) = 0; \n');

95 fprintf (fgms, 'delta.fx(slack) = 0; \n\n');

06 Y, ok ok ok sk 3k 3 ok o ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok 3k ok ko ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ko ok ok ok ok ok ok ok ok ok ok ok ok ok ok

97 fprintf (fgms, 'Pij.up(bus,node)$ ((connection_lin(bus,node))) = 1%
lines (bus,node,''sil'')/base; \n');

98 fprintf (fgms, 'Pij.lo(bus,node)$ ((connection_lin(bus,node))) =-1%
lines (bus ,node,''sil'"')/base; \n');

99 fprintf (fgms, 'solve load flow min Z using 1p; \n');

100 end

It is important to remember that the main script, the function, and the Excel file
must be in the same location.

4.4.2 OPF-AC code

The following is the code developed in Matlab that allows the evaluation of the
optimal AC power flows (OPF-AC), which has been divided into 2 parts. The first
one is the main program in which the power system to be analyzed is configured,
the sending and receiving of data between GAMS and Matlab, the file names to
be generated, and the treatment of the OPF-AC results, which are Power flows in
the lines, Node voltages, and Generation dispatch. The second part is the GAMS
coding written in Matlab, which will be the OPF-AC code to be optimized.
Matlab main script code, written in a new script.

clc; clearvars; close all;
% Initialization of the interface with GAMS

GDXFileIN = 'Send'; %GDX File for send data to GAMS
GDXFileQOUT = 'Get'; %GDX File for call data from GAMS
GMSFile = 'OPF_AC_30bus';

% The GAMS code for OPF-AC is written.
file='30NODES.xlsx'

N O Ok Wi
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writegams_OPF (GMSFil,file);

%% OPF-AC results are extracted

system(string(strcat('gams',{' '},GMSFile,' lo=3 gdx=',GDXFileQOUT)))
O 3k sk sk sk ok ok ok ok ok ok ok 3k 3k ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok 3k 3k 3k ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok Kk
% Power flows in the lines

Pij.name = 'Pij';
Pij.compress = 'true';
Pij.form = 'sparse';

Pij = rgdx(GDXFileOUT ,Pij);
Qij.name = 'Qij‘';
Qij.compress = 'true';
Qij.form = 'sparse';

Qij = rgdx (GDXFileOUT,Qij);
U sk K ok K ok K ok K ok ok ok ok oK ok oK ok oK ok K ok K ok K oK K oK K oK K oK K oK K oK K oK K oK oK oK oK oK oK K ok K ok K oK K ok K oK K K K K K K K K K K K K K
% Node voltages

V.name = 'V';

V.compress = 'true';
V.form = 'sparse';

V = rgdx (GDXFileQOUT,V);
delta.name = 'delta';
delta.compress = 'true';
delta.form = 'sparse';

delta = rgdx(GDXFileOUT ,delta);
E E
O sk sk sk sk sk sk ok ok sk ok ok 3k sk ok ok ok ok ok ok ok sk ok ok ok sk ok ok ok ok sk 3k 3k sk ok ok ok ok ok ok ok ok ok ok sk ok ok ok ok ok ok ok sk sk sk kR ok ok ok ok ok ok K

% Generation dispatch

Pgen.name = 'Pgen';
Pgen.compress = 'true';
Pgen.form = 'sparse';

Pgen = rgdx(GDXFileOQOUT ,Pgen) ;
Qgen.name = 'Qgen';
Qgen.compress = 'true';
Qgen.form = 'sparse';

Qgen = rgdx (GDXFileOUT, Qgen) ;

Function writing GAMS code developed in Matlab, written in a new func-
tion called writegams_OPEm, and the EPS data is the same file used in OPF-DC
(BONODES.xlsx).
function writegams_OPF(FileGMS,file)

if “contains(FileGMS,'.gms')
FileGMS = strcat(FileGMS,'.gms');

end
filesDir = dir;
s0O = 0;

for cO=1:1length(filesDir)
findGMS = strfind(string(filesDir (c0) .name) ,FileGMS);
if isempty (£indGMS)&&s0~=1 Y #ok<*xSTREMP >
sO = 0;
else
sO0O = 1;
end
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end
% s0 = 0: File does not exist .gms
% s0 = 1: File exists .gms
U ok K ok ok K ok ok ok ok ok oK oK ok oK oK K oK oK K oK oK K oK oK K oK oK K oK oK K oK oK K oK ok K ok ok K ok ok K ok ok K ok ok K ok ok K ok ok K ok ok K oK ok oK oK ok K Kk K
if sO == 0
fgms = fopen(FileGMS, 'w');
clc;
fprintf (fgms, '$Title Optimal power flow AC - 30 Bus System \n\n'
)
fprintf (fgms, '$offsymxref \n');
fprintf (fgms, '$offsymlist \n\n');
fprintf (fgms, 'option limrow=0; \n');
fprintf (fgms, 'option limcol=0; \n');
fprintf (fgms, 'option solprint=on; \n');
fprintf (fgms, 'option sysout=off; \n\n');
fprintf (fgms, 'option LP=CPLEX; \n');
fprintf (fgms, 'option MIP=CPLEX; \n');
fprintf (fgms, 'option NLP=CONOPT; \n');
fprintf (fgms, 'option MINLP=COINBONMIN; \n\n');
fprintf (fgms, 'option OPTCR=0; \n');
fprintf (fgms, 'option OPTCA=0; \n\n');
U 3k K ok K ok K ok ok ok o ok ok ok ok oK ok oK ok K ok K oK K oK K oK K oK K oK K oK K oK K oK ok oK ok oK ok oK ok oK ok oK ok K oK K oK K oK K K K oK K oK K oK ok oK K oK ok

fprintf (fgms, 'SCALAR \n');
fprintf (fgms, 'sbase /100/ \n');
fprintf (fgms, 'pi /3.141592654/; \n\n');

U sk K ok K ok K ok K ok ok ok ok oK ok oK ok oK ok K ok K ok K oK K oK K oK K oK K K K oK K oK K oK ok oK ok oK ok K ok K ok K oK K oK K K K oK K oK K K K oK K oK kK K
fprintf (fgms, 'set \n');
fprintf (fgms, 'bus /1%30/ \n');
fprintf (fgms, 'slack (bus) /1/; \n\n');
fprintf (fgms, 'alias (bus,node); \n');

% 1i=M:\\0OPFAC\\%s corresponds to the address of the file where the

%» EPS data is stored

U ok K ok ok ok ok ok ok ok ok ok ok ok ok ok oK oK K K oK K K oK K K oK K K oK K K oK K K ok K K ok K K K K Kk K Kk K KOk K Kk K ok kK Kk Kok K KOk K
fprintf (fgms, ' TABLE data_gen (bus ,*) generators data \n');
fprintf (fgms, '$call =xls2gms r=data_gen!A1:F7 i=M:\\0PFAC\\%s 0=

Buses.inc \n',file);
fprintf (fgms, '$include Buses.inc \n');
fprintf (fgms,'; \n\n');

U ok K ok K kK K K K Kk KKK ok K ok K ok K ok K ok K oK K K K K K K K K K K K K KK KK K K ok K ok K ok K oK K K K K K K K K R KK KK KOk

fprintf (fgms, ' TABLE demand (bus ,*) electrical demand data \n'
)

fprintf (fgms, '$call =xls2gms r=demand!A1:C31 i=M:\\0OPFAC\\%s 0=
Buses.inc \n',6file);

fprintf (fgms, '$include Buses.inc \n');

fprintf (fgms,'; \n\n');

Ui ok K ok K ok K ok K K K oK K oK KK KK oK K ok K oK K oK K K K K K oK K K K K K K K K KK KK oK K ok K oK K oK K oK K K K K K K K K K K K K K K K
fprintf (fgms, ' TABLE lines (bus ,node , *) lines data \n');
fprintf (fgms, '$call =xls2gms r=1lines!A1:E42 i=M:\\OPFAC\\%s 0=

Buses.inc \n',file);
fprintf (fgms, '$include Buses.inc \n');
fprintf (fgms,'; \n\n');
U sk K ok K ok K ok K ok ok oK ok oK oK oK ok K ok K ok K ok K oK K K K oK K K K K K oK R oK K oK KoK KK oK K oK K ok K oK K oK K K K K K oK K K K K R K K K K
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fprintf (fgms, 'display lines, demand, data_gen; \n');
%*******************************************************************

fprintf (fgms, 'lines (bus,node,''x'"')$(lines (bus,node,"''x"'"')=0)
lines (node,bus,''x"'"'); \n');
fprintf (fgms, 'lines(bus,node,''r'')$(lines (bus,node,''r'"')=0)
lines (node,bus,''r''); \n');
fprintf (fgms, 'lines (bus,node,''b'')$(lines (bus,node,"''b"'"')=0)
lines (node,bus,''b''); \n');
fprintf (fgms, 'lines (bus,node,''sil'')$(lines (bus,node,''sil"'")
=0) = lines(node,bus,''sil''); \n');
fprintf (fgms, 'lines(bus,node,''bij'')$lines (bus,node,''sil'"') =
1/1lines (bus,node, ''x''); \n');
fprintf (fgms, 'lines (bus,node,''z'')$lines (bus,node,''sil'') =
sqrt (sqr (lines (bus,node,''x'')) + sqr(lines(bus,node,''r'')))
;o \n')
fprintf (fgms, 'lines(node,bus,''z'')$(lines (bus,node,"''z"'"')=0) =
lines (bus,node,''z''); \n');
fprintf (fgms, 'lines (bus,node,''th'')$(lines (bus,node,''sil"'")
and lines(bus,node,''x'') and lines(bus,node,''r'')) = arctan
(lines (bus,node,''x'')/(lines(bus,node,''r''))); \n');
fprintf (fgms, 'lines (bus,node, ' 'ybus'')$lines (bus,node,''sil'"') =
1/1lines (bus,node,''z''); \n');
fprintf (fgms, 'lines (node,bus, ' 'ybus'')$(lines (bus,node,''ybus'"')
=0) = lines(bus,node,’''ybus''); \n\n');
O sk sk sk sk sk sk ok ok sk sk ok 3k sk ok ok ok ok ok ok ok ok sk sk ok ok sk ok ok ok ok sk 3k 3k sk ok ok o ok ok ok ok ok ok sk sk ok ok ok ok ok ok ok sk sk sk kR ok ok ok ok ok ok K
fprintf (fgms, 'Parameter connection_lin (bus,node); \n');
fprintf (fgms, 'connection_lin(bus,node)$(lines (bus,node,''sil"'")

and lines(node,bus,''sil'')) = 1; \n');

fprintf (fgms, 'connection_lin (bus,node)$(connection_lin (node,bus)
) = 1; \n');

fprintf (fgms, 'display connection_lin, lines, demand, data_gen; \
n\n');

%% s sk sk sk ok ok ok ok ok ok ok ok ok o ko ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ko ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok kR Rk ok ok ok kK

fprintf (fgms, 'Variable Z, Pij(bus,node), Qij(bus,node), Pgen(bus
), Qgen(bus), delta(bus), V(bus); \n');
fprintf (fgms, 'Equation resl, res2, res3, res4, res5; \n\n');

O sk sk sk sk ok ok ok ok ok ok ok 3k 3k ok ok ok ok ok ok sk ok ok ok ok ok ok ok ok ok ok ok 3k 3k ok ok ok ok ok ok ok sk ok ok ok ok ok ok ok ok ok ok ok sk ok kR ok ok ok ok ok Kk
fprintf (fgms, 'resl.. \n');
fprintf (fgms,'Z =g= sum((bus), Pgen(bus)*data_gen(bus,''b'"')x*

sbase); \n\n');

O sk sk sk sk sk sk ok ok sk ok ok 3k sk ok ok ok ok ok ok ok sk sk sk ok ok sk ok ok ok ok sk 3k 3k sk ok ok ok ok ok ok ok sk sk ok ok ok sk ok ok ok ok sk sk sk kR ok ok ok ok ok ok K
fprintf (fgms, 'res2(bus,node) $connection_lin (bus,node).. \n');
fprintf (fgms, 'Pij (bus,node) =e= (V(bus)*V(bus)*cos(lines (node,

bus,''th'')) - V(bus)*V(node)*cos(delta(bus)-delta(node)+
lines (node,bus,''th'')))*1lines (node,bus, ' 'ybus''); \n\n');

O sk sk sk sk sk sk sk sk sk ok ok 3k sk ok ok ok ok ok ok ok ok sk ok ok ok sk sk sk ok ok sk 3k 3k 3k ok ok o ok ok ok ok ok sk ok sk ok ok sk sk ok ok ok sk sk kR ok ok ok ok ok ok K
fprintf (fgms, 'res3 (bus,node) $connection_lin (bus,node).. \n');
fprintf (fgms, 'Qij (bus,node) =e= (V(bus)*V(bus)*sin(lines (node,

bus,''th'')) - V(bus)*V(node)*sin(delta(bus) - delta(node) +
lines (node,bus,''th'')))*1lines (node,bus,''ybus'') - lines(
node ,bus, ' 'b' ') *V(bus)*V(bus)/2; \n\n');

O sk sk sk sk sk ok ok ok ok ok ok 3k 3k ok ok ok ok ok ok ok ok sk ok ok ok sk ok ok ok ok sk 3k 3k 3k ok ok ok ok ok ok ok sk ok ok ok ok ok ok ok ok ok sk sk sk kR ok ok ok ok ok ok K
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fprintf (fgms, 'res4(bus).. \n');
fprintf (fgms, 'Pgen(bus) $data_gen (bus, ' 'Pmax'') - demand(bus,''pd
'')/base =e= sum(node$connection_lin(node,bus), Pij(bus,node)
)5 \n\n');
O sk sk sk sk ok ok ok ok ok ok ok 3k 3k ok ok ok ok ok ok ok ok sk sk ok ok ok ok ok ok ok ok ok 3k 3k 3k ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok sk ok ok kR ok ok ok ok ok Kk
fprintf (fgms, 'resb5(bus).. \n');
fprintf (fgms, 'Qgen (bus) $data_gen(bus,''Qmax'') - demand (bus,''qd
'')/base =e= sum(node$connection_lin(node,bus), Qij(bus,node)
)5 \n\n');
O sk sk sk sk ok ok ok ok ok ok ok 3k 3k ok ok ok ok ok ok ok sk ok ok ok ok ok ok ok ok ok ok 3k 3k 3k ok o ok ok ok ok ok sk ok ok ok ok ok ok ok ok ok ok sk sk kR ok ok ok ok ok ok Kk
fprintf (fgms, 'Model loadflow /all/; \n\n');

lx,>|<>|<>|<>|<>|<******>|<>|<>|<>|<>|<>|<**********>|<>|<**>I<***>O<>|<>|<>|<>|<>|<>|<*>l<****>l<>|<>|<>|<>|<>|<******>|<>|<>|<>|<>|<>|<*

[

fprintf (fgms, 'Pgen.lo(bus) = data_gen(bus,''Pmin'')/sbase; \n');

fprintf (fgms, 'Pgen.up (bus) data_gen(bus, ' 'Pmax'')/sbase; \n');

fprintf (fgms, 'Qgen.lo (bus) data_gen(bus,''Qmin'"')/sbase; \n');

fprintf (fgms, 'Qgen.up (bus) data_gen(bus,''Qmax'')/sbase; \n\n'
)

Y ok K kK kK K K Kk K K K KK kK ok K ok K ok K ok K oK K K K K K K K K K K K KKK KK K K ok K ok K K K K K K K K K K K K K KK KK KK
fprintf (fgms, 'delta.up(bus) = pi/2; \n');
fprintf (fgms, 'delta.lo(bus) =-pi/2; \n');
fprintf (fgms, 'delta.l(bus) = 0; \n');
fprintf (fgms, 'delta.fx(slack) = 0; \n\n');

U ok K ok K kK K K K Kk K kK ok K ok K ok K ok K ok K oK K K K K K K K K K K K K KK KK K K ok K ok K ok K oK K K K K K K K K R KK KK KOk

fprintf (fgms, 'Pij.up(bus,node)$ ((connection_lin(bus,node))) = 1%
lines (bus,node, ''sil'')/sbase; \n');

fprintf (fgms, 'Pij.lo(bus,node)$ ((connection_lin(bus,node))) =-1%
lines (bus ,node, ''sil'"')/sbase; \n');
fprintf (fgms, 'Qij.up(bus,node)$ ((connection_lin(bus,node))) = 1%

lines (bus,node,''sil'')/sbase; \n');
fprintf (fgms, 'Qij.lo(bus,node)$ ((connection_lin(bus,node))) =-1x%
lines (bus,node,''sil'')/sbase; \n\n');
O 3k sk sk sk ok ok ok ok ok ok ok 3k 3k ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok 3k 3k ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok kR ok ok ok ok ok Kk
fprintf (fgms, 'V.lo(bus) = 0.9; \n');
fprintf (fgms, 'V.up(bus) = 1.1; \n');
fprintf (fgms, 'V.1(bus) = 1; \n');
fprintf (fgms,'V.fx(slack) = 1; \n\n');
fprintf (fgms, 'solve load flow min Z using nlp; \n');
end

In each of the codes in the main script, the treatment of the variables resulting
from the optimization process, such as voltage, angle, and active and reactive
power, is carried out at the end.
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Figure 4.9: § OPF—AC vs § OPF-DC

Figure 4.9 shows the comparison of the results of the voltage angle optimization
in each of the EPS nodes; as can be seen, there is much similarity in the results in
terms of the tfrend, but because the OPF-DC gives approximate results, its fluctua-
tions are more significant because there are fewer electrical parameters to analyze
or that restrict the optimization model.

This process can be carried out with each variable, and even more complex
analyses can be started, such as studies of different stability indexes.

Conclusions

The use of computational tools for the study and analysis of power systems has led
to the availability of new methodologies that can be more robust and that find
solutions to problems that could not be solved before. For example, the use of OPF
in large systems some years ago was solved by confinuous power Flow, which is a
modification of the classical Newton - Raphso model, and now it can be solved by
linear or nonlinear optimization.

Having an interface between GAMS and Matlab facilitates the EPS analysis
processes since one can generate different conditions for the model in Matlab and
will always call the same optimization subroutine. This situation is very complex to
perform directly in GAMS.

Having generic methodologies to solve optimal EPS power flows allows finding
solutions that simulators do not yet have in their algorithm; for example, optimal
switching of fransmission lines is a new theory that is already applied to date
in EPS in contfingency scenarios and avoids possible blackouts by not having a
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characterization of the operation in this type of scenarios and now having an
answer based on optimization criteria the more reliable solutions.

The interface in Matlab and GAMS reduces the analysis and study times of the
EPS, simplifies the traditional way of performing such research, and the reliability of
not having errors in the manipulation of the information by not having external files,
as a result of independent analysis, is increased.
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