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4.1 Introduction
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 created based on economic aspects, becoming
an optimization problem, calling it now an optimal power flow problem (OPF). Since then, several
resolution techniques have been developed [7].

Optimization plays an important role when planning the operation and managing 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].

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 mathematical formulations
exist to solve an OPF. They can be classified as follows:
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• Linear problems in which the objectives and constraints are given in linear forms with
continuous control variables.

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

• Nonlinear mixed integer problems with discrete and continuous control variables.
Instead, if analyzed from the point of view of the main attributes, they can be divided as follows:
• 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.

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

• Newton’s method, whose convergence is very fast, can give problems with inequality constraints.
• Linear programming method, which is a method that can work with inequality constraints,

functions, and nonlinear objective constraints handled by linearization.
• 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 fulfillment 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 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 software 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.

4.2 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.



4.2 Configuration 107

Select check box

Figure 4.1: Initialization of GAMS installation process

Select check box

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
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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.

Clic on this option

Figure 4.3: Configuration advanced system settings

Clic on this option

Figure 4.4: Choose environment variables



4.2 Configuration 109

Figure 4.5: Set GAMS path

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:

1 system 'gams ? lo=3'

Select this tool

Figure 4.6: Set GAMS path
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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 review the configuration process
because there may be an error and the environment variables have not been configured correctly.

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, 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
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maximize the technical resources of the power system.

Table 4.1: Variables related to the optimization model
Symbol Description

i, j Nodes index
Cg Generation cost
Pg Generator active power
Qg Generator reactive power
Vi Nodes voltage

δi, δj Nodes voltage angle
V max
i Upper voltage limit

V min
i Lower voltage limit
δmax
i Upper angular limit
δmin
i Lower angular limit
Pi−j Active power flow
Qi−j Reactive power flow
Si−j Apparent power flow
SIL Surge impedance load
Bi−j Line susceptance
Gi−j Line conductance
PD Demand active power
QD Demand reactive power

4.3.1 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 to 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 transmission 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].

ObjetiveFunction :

min Z =

NG∑
g=1

CgPg (4.1)

Subjectto :

Pmin
Gi
≤ PGi ≤ Pmax

Gi
(4.2)

−SIL ≤ Pi−j ≤ SIL (4.3)
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nbus∑
i=1

nbus∑
j=1

Pi−j = PGi
− PDi

; ∀ i, j ∈ NB (4.4)

Pi−j = Bi−j (δi − δj) (4.5)

δmin
i ≤ δi ≤ δmax

i (4.6)

4.3.2 AC Optimal power flow
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 determine the balance of active and
reactive power between generation, 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].

ObjetiveFunction :

min Z =

NG∑
g=1

CgPg (4.7)

Subjectto :

nbus∑
i=1

nbus∑
j=1

Pi−j = PGi − PDi; ∀ i, j ∈ NB (4.8)

nbus∑
i=1

nbus∑
j=1

Qi−j = QGi −QDi; ∀ i, j ∈ NB (4.9)

Pi−j = V 2
i Gi−j − ViVj [Gi−jcos(δi−j)−Bi−jsin(δi−j)] (4.10)

Qi−j = V 2
i Bi−j + ViVj [Gi−jsin(δi−j)−Bi−jcos(δi−j)] (4.11)

PG
min
i ≤ PGi ≤ PG

max
i (4.12)

QG
min
i ≤ QGi ≤ QG

max
i (4.13)

V min
i ≤ Vi ≤ V max

i (4.14)
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δmin
i ≤ δi ≤ δmax

i (4.15)

δi−j = δi − δj (4.16)

−SIL ≤ Si−j ≤ SIL (4.17)

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.

Matlab main script code, written in a new script.

1 clc; clearvars; close all;
2 % Initialization of the interface with GAMS
3 GDXFileIN = 'Send'; %GDX File for send data to GAMS
4 GDXFileOUT = 'Get'; %GDX File for call data from GAMS
5 GMSFile = 'OPF_DC_30bus ';
6 % The GAMS code for OPF -DC is written.
7 file='30 BARRAS.xlsx'
8 writegams_OPFDC(GMSFile ,file);
9 %% OPF -DC results are extracted

10 system(string(strcat('gams',{' '},GMSFile ,' lo=3 gdx=',GDXFileOUT)))
;

11 %
**************************************************************************

12 % Power flows in the lines
13 Pij.name = 'Pij';
14 Pij.compress = 'true';
15 Pij.form = 'sparse ';
16 Pij = rgdx(GDXFileOUT ,Pij);
17 %

**************************************************************************

18 % Voltage angle at nodes
19 delta.name = 'delta';
20 delta.compress = 'true';
21 delta.form = 'sparse ';
22 delta = rgdx(GDXFileOUT ,delta);
23 %

**************************************************************************
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24 % 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 IEEE 30−busbar system in an Excel file (30NODES.xlsx), which
contains 3 sheets, called: data_gen, demand and lines, all sheets must start in cell A1. 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: IEEE 30busbar system electrical demand data
Pd Qd

1 0 0
2 21,7 12,7
3 2,4 1,2
4 7,6 1,6
5 94,2 19
6 0 0
7 22,8 10,9
8 30 30
9 0 0
10 5,8 2
11 5 2
12 11,2 7,5
13 0 0
14 6,2 1,6
15 8,2 2,5
16 3,5 1,8
17 9 5,8
18 3,2 0,9
19 9,5 3,4
20 2,2 0,7
21 17,5 11,2
22 0 0
23 3,2 1,6
24 8,7 6,7
25 0 0
26 3,5 2,3
27 0 0
28 0 0
29 2,4 0,9
30 10,6 1,9
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Table 4.3: IEEE 30busbar system lines data
r x b sil

1 . 2 0,02 0,0575 0 130,00
1 . 3 0,05 0,1852 0 130,00
2 . 4 0,06 0,1737 0 65,00
3 . 4 0,01 0,0379 0 130,00
2 . 5 0,05 0,02 0 130,00
2 . 6 0,06 0,1763 0 65,00
4 . 6 0,01 0,0414 0 90,00
5 . 7 0,05 0,116 0 70,00
6 . 7 0,03 0,082 0 130,00
6 . 8 0,01 0,09 0 32,00
6 . 9 0 0,208 0 65,00
6 . 10 0 0,556 0 32,00
9 . 11 0 0,208 0 65,00
9 . 10 0 0,11 0 65,00
4 . 12 0 0,23 0 65,00
12 . 13 0 0,14 0 65,00
12 . 14 0,13 0,2559 0 32,00
12 . 15 0,0662 0,1304 0 32,00
12 . 16 0,0945 0,12 0 32,00
14 . 15 0,221 0,12 0 16,00
16 . 17 0,0824 0,1932 0 16,00
15 . 18 0,107 0,2185 0 16,00
18 . 19 0,0639 0,1292 0 16,00
19 . 20 0,034 0,068 0 32,00
10 . 20 0,0936 0,209 0 32,00
10 . 17 0,0324 0,0845 0 32,00
10 . 21 0,0348 0,0749 0 32,00
10 . 22 0,0727 0,1499 0 32,00
21 . 22 0,0116 0,22 0 32,00
15 . 23 0,1 0,202 0 16,00
22 . 24 0,115 0,18 0 16,00
23 . 24 0,132 0,27 0 16,00
24 . 25 0,1885 0,3292 0 16,00
25 . 26 0,2544 0,38 0 16,00
25 . 27 0,1093 0,2087 0 16,00
28 . 27 0 0,369 0 65,00
27 . 29 0,2198 0,4153 0 16,00
27 . 30 0,3202 0,6027 0 16,00
29 . 30 0,2399 0,453 0 16,00
8 . 28 0,0636 0,2 0 32,00
6 . 28 0,0169 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.

1 function writegams_OPFDC(FileGMS ,file)
2 if ~contains(FileGMS ,'.gms')
3 FileGMS = strcat(FileGMS ,'.gms');
4 end
5 filesDir = dir;
6 s0 = 0;
7 for c0=1: length(filesDir)
8 findGMS = strfind(string(filesDir(c0).name),FileGMS);
9 if isempty(findGMS)&&s0~=1 %#ok <*STREMP >

10 s0 = 0;
11 else
12 s0 = 1;
13 end
14 end
15 % s0 = 0: File does not exist .gms
16 % s0 = 1: File exists .gms
17 %*******************************************************************
18 if s0 == 0
19 fgms = fopen(FileGMS ,'w');
20 clc;
21 fprintf(fgms ,'$Title Optimal power flow DC - 30 Bus System \n\n'

);
22 fprintf(fgms ,'$offsymxref \n');
23 fprintf(fgms ,'$offsymlist \n\n');
24 %*******************************************************************
25 fprintf(fgms ,'option limrow =0; \n');
26 fprintf(fgms ,'option limcol =0; \n');
27 fprintf(fgms ,'option solprint=on; \n');
28 fprintf(fgms ,'option sysout=off; \n\n');
29 %*******************************************************************
30 fprintf(fgms ,'option LP=CPLEX; \n');
31 fprintf(fgms ,'option MIP=CPLEX; \n');
32 fprintf(fgms ,'option NLP=CONOPT; \n');
33 fprintf(fgms ,'option MINLP=COINBONMIN; \n\n');
34 %*******************************************************************
35 fprintf(fgms ,'option OPTCR =0; \n');
36 fprintf(fgms ,'option OPTCA =0; \n\n');
37 %*******************************************************************
38 fprintf(fgms ,'SCALAR \n');
39 fprintf(fgms ,'sbase /100/ \n');



4.4 Matlab - GAMS Coding and Results Analysis. 117

40 fprintf(fgms ,'pi /3.141592654/; \n\n');
41 %*******************************************************************
42 fprintf(fgms ,'set \n');
43 fprintf(fgms ,'bus /1*30/ \n');
44 fprintf(fgms ,'slack(bus) /1/; \n\n');
45 fprintf(fgms ,'alias(bus ,node); \n');
46 % i=M:\\ OPFDC \\%s corresponds to the address of the file where the
47 % EPS data is stored
48 %*******************************************************************
49 fprintf(fgms ,'TABLE data_gen(bus ,*) generators data \n');
50 fprintf(fgms ,'$call =xls2gms r=data_gen!A1:F7 i=M:\\ OPFDC \\%s O=

Buses.inc \n',file);
51 fprintf(fgms ,'$include Buses.inc \n');
52 fprintf(fgms ,'; \n\n');
53 %*******************************************************************
54 fprintf(fgms ,'TABLE demand(bus ,*) electrical demand data \n'

);
55 fprintf(fgms ,'$call =xls2gms r=demand!A1:C31 i=M:\\ OPFDC \\%s O=

Buses.inc \n',file);
56 fprintf(fgms ,'$include Buses.inc \n');
57 fprintf(fgms ,'; \n\n');
58 %*******************************************************************
59 fprintf(fgms ,'TABLE lines(bus ,node ,*) lines data \n');
60 fprintf(fgms ,'$call =xls2gms r=lines!A1:E42 i=M:\\ OPFDC \\%s O=

Buses.inc \n',file);
61 fprintf(fgms ,'$include Buses.inc \n');
62 fprintf(fgms ,'; \n\n');
63 %*******************************************************************
64 fprintf(fgms ,'display lines , demand , data_gen; \n');
65 %*******************************************************************
66 fprintf(fgms ,'lines(bus ,node ,''x'')$(lines(bus ,node ,''x'')=0) =

lines(node ,bus ,''x''); \n');
67 fprintf(fgms ,'lines(bus ,node ,''sil'')$(lines(bus ,node ,''sil'')

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

1/lines(bus ,node ,''x''); \n');
69 %*******************************************************************
70 fprintf(fgms ,'Parameter connection_lin(bus ,node); \n');
71 fprintf(fgms ,'connection_lin(bus ,node)$(lines(bus ,node ,''sil'')

and lines(node ,bus ,''sil'')) = 1; \n');
72 fprintf(fgms ,'connection_lin(bus ,node)$(connection_lin(node ,bus)

) = 1; \n');
73 fprintf(fgms ,'display connection_lin , lines , demand , data_gen; \

n\n');
74 %*******************************************************************
75 fprintf(fgms ,'Variable Z, Pij(bus ,node), Pgen(bus), delta(bus) ;

\n');
76 fprintf(fgms ,'Equation res1 , res2 , res3; \n\n');
77 %*******************************************************************
78 fprintf(fgms ,'res1.. \n');
79 fprintf(fgms ,'Z =e= sum((bus), Pgen(bus)*data_gen(bus ,''b'')*

sbase); \n\n');
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80 %*******************************************************************
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 %*******************************************************************
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 %*******************************************************************
87 fprintf(fgms ,'Model loadflow /all/; \n\n');
88 %*******************************************************************
89 fprintf(fgms ,'Pgen.lo(bus) = data_gen(bus ,''Pmin'')/sbase; \n');
90 fprintf(fgms ,'Pgen.up(bus) = data_gen(bus ,''Pmax'')/sbase; \n');
91 %*******************************************************************
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');
96 %*******************************************************************
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 lp; \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.

1 clc; clearvars; close all;
2 % Initialization of the interface with GAMS
3 GDXFileIN = 'Send'; %GDX File for send data to GAMS
4 GDXFileOUT = 'Get'; %GDX File for call data from GAMS
5 GMSFile = 'OPF_AC_30bus ';
6 % The GAMS code for OPF -AC is written.
7 file='30NODES.xlsx'
8 writegams_OPF(GMSFil ,file);
9 %% OPF -AC results are extracted

10 system(string(strcat('gams',{' '},GMSFile ,' lo=3 gdx=',GDXFileOUT)))
;

11 %*******************************************************************
12 % Power flows in the lines
13 Pij.name = 'Pij';



4.4 Matlab - GAMS Coding and Results Analysis. 119

14 Pij.compress = 'true';
15 Pij.form = 'sparse ';
16 Pij = rgdx(GDXFileOUT ,Pij);
17 Qij.name = 'Qij';
18 Qij.compress = 'true';
19 Qij.form = 'sparse ';
20 Qij = rgdx(GDXFileOUT ,Qij);
21 %*******************************************************************
22 % Node voltages
23 V.name = 'V';
24 V.compress = 'true';
25 V.form = 'sparse ';
26 V = rgdx(GDXFileOUT ,V);
27 delta.name = 'delta';
28 delta.compress = 'true';
29 delta.form = 'sparse ';
30 delta = rgdx(GDXFileOUT ,delta);
31 %*******************************************************************
32 % Generation dispatch
33 Pgen.name = 'Pgen';
34 Pgen.compress = 'true';
35 Pgen.form = 'sparse ';
36 Pgen = rgdx(GDXFileOUT ,Pgen);
37 Qgen.name = 'Qgen';
38 Qgen.compress = 'true';
39 Qgen.form = 'sparse ';
40 Qgen = rgdx(GDXFileOUT ,Qgen);

Function writing GAMS code developed in Matlab, written in a new function called writegams_OPF.m,
and the EPS data is the same file used in OPF-DC (30NODES.xlsx).

1 function writegams_OPF(FileGMS ,file)
2 if ~contains(FileGMS ,'.gms')
3 FileGMS = strcat(FileGMS ,'.gms');
4 end
5 filesDir = dir;
6 s0 = 0;
7 for c0=1: length(filesDir)
8 findGMS = strfind(string(filesDir(c0).name),FileGMS);
9 if isempty(findGMS)&&s0~=1 %#ok <*STREMP >

10 s0 = 0;
11 else
12 s0 = 1;
13 end
14 end
15 % s0 = 0: File does not exist .gms
16 % s0 = 1: File exists .gms
17 %*******************************************************************
18 if s0 == 0
19 fgms = fopen(FileGMS ,'w');
20 clc;
21 fprintf(fgms ,'$Title Optimal power flow AC - 30 Bus System \n\n'

);
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22 fprintf(fgms ,'$offsymxref \n');
23 fprintf(fgms ,'$offsymlist \n\n');
24 fprintf(fgms ,'option limrow =0; \n');
25 fprintf(fgms ,'option limcol =0; \n');
26 fprintf(fgms ,'option solprint=on; \n');
27 fprintf(fgms ,'option sysout=off; \n\n');
28 fprintf(fgms ,'option LP=CPLEX; \n');
29 fprintf(fgms ,'option MIP=CPLEX; \n');
30 fprintf(fgms ,'option NLP=CONOPT; \n');
31 fprintf(fgms ,'option MINLP=COINBONMIN; \n\n');
32 fprintf(fgms ,'option OPTCR =0; \n');
33 fprintf(fgms ,'option OPTCA =0; \n\n');
34 %*******************************************************************
35 fprintf(fgms ,'SCALAR \n');
36 fprintf(fgms ,'sbase /100/ \n');
37 fprintf(fgms ,'pi /3.141592654/; \n\n');
38 %*******************************************************************
39 fprintf(fgms ,'set \n');
40 fprintf(fgms ,'bus /1*30/ \n');
41 fprintf(fgms ,'slack(bus) /1/; \n\n');
42 fprintf(fgms ,'alias(bus ,node); \n');
43 % i=M:\\ OPFAC \\%s corresponds to the address of the file where the
44 % EPS data is stored
45 %*******************************************************************
46 fprintf(fgms ,'TABLE data_gen(bus ,*) generators data \n');
47 fprintf(fgms ,'$call =xls2gms r=data_gen!A1:F7 i=M:\\ OPFAC \\%s O=

Buses.inc \n',file);
48 fprintf(fgms ,'$include Buses.inc \n');
49 fprintf(fgms ,'; \n\n');
50 %*******************************************************************
51 fprintf(fgms ,'TABLE demand(bus ,*) electrical demand data \n'

);
52 fprintf(fgms ,'$call =xls2gms r=demand!A1:C31 i=M:\\ OPFAC \\%s O=

Buses.inc \n',file);
53 fprintf(fgms ,'$include Buses.inc \n');
54 fprintf(fgms ,'; \n\n');
55 %*******************************************************************
56 fprintf(fgms ,'TABLE lines(bus ,node ,*) lines data \n');
57 fprintf(fgms ,'$call =xls2gms r=lines!A1:E42 i=M:\\ OPFAC \\%s O=

Buses.inc \n',file);
58 fprintf(fgms ,'$include Buses.inc \n');
59 fprintf(fgms ,'; \n\n');
60 %*******************************************************************
61 fprintf(fgms ,'display lines , demand , data_gen; \n');
62 %*******************************************************************
63 fprintf(fgms ,'lines(bus ,node ,''x'')$(lines(bus ,node ,''x'')=0) =

lines(node ,bus ,''x''); \n');
64 fprintf(fgms ,'lines(bus ,node ,''r'')$(lines(bus ,node ,''r'')=0) =

lines(node ,bus ,''r''); \n');
65 fprintf(fgms ,'lines(bus ,node ,''b'')$(lines(bus ,node ,''b'')=0) =

lines(node ,bus ,''b''); \n');
66 fprintf(fgms ,'lines(bus ,node ,''sil'')$(lines(bus ,node ,''sil'')
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=0) = lines(node ,bus ,''sil''); \n');
67 fprintf(fgms ,'lines(bus ,node ,''bij'')$lines(bus ,node ,''sil'') =

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

sqrt(sqr(lines(bus ,node ,''x'')) + sqr(lines(bus ,node ,''r'')))
; \n');

69 fprintf(fgms ,'lines(node ,bus ,''z'')$(lines(bus ,node ,''z'')=0) =
lines(bus ,node ,''z''); \n');

70 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');

71 fprintf(fgms ,'lines(bus ,node ,''ybus'')$lines(bus ,node ,''sil'') =
1/lines(bus ,node ,''z''); \n');

72 fprintf(fgms ,'lines(node ,bus ,''ybus'')$(lines(bus ,node ,''ybus'')
=0) = lines(bus ,node ,''ybus''); \n\n');

73 %*******************************************************************
74 fprintf(fgms ,'Parameter connection_lin(bus ,node); \n');
75 fprintf(fgms ,'connection_lin(bus ,node)$(lines(bus ,node ,''sil'')

and lines(node ,bus ,''sil'')) = 1; \n');
76 fprintf(fgms ,'connection_lin(bus ,node)$(connection_lin(node ,bus)

) = 1; \n');
77 fprintf(fgms ,'display connection_lin , lines , demand , data_gen; \

n\n');
78 %*******************************************************************
79 fprintf(fgms ,'Variable Z, Pij(bus ,node), Qij(bus ,node), Pgen(bus

), Qgen(bus), delta(bus), V(bus); \n');
80 fprintf(fgms ,'Equation res1 , res2 , res3 , res4 , res5; \n\n');
81 %*******************************************************************
82 fprintf(fgms ,'res1.. \n');
83 fprintf(fgms ,'Z =g= sum((bus), Pgen(bus)*data_gen(bus ,''b'')*

sbase); \n\n');
84 %*******************************************************************
85 fprintf(fgms ,'res2(bus ,node)$connection_lin(bus ,node).. \n');
86 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'')))*lines(node ,bus ,''ybus''); \n\n');

87 %*******************************************************************
88 fprintf(fgms ,'res3(bus ,node)$connection_lin(bus ,node).. \n');
89 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'')))*lines(node ,bus ,''ybus'') - lines(
node ,bus ,''b'')*V(bus)*V(bus)/2; \n\n');

90 %*******************************************************************
91 fprintf(fgms ,'res4(bus).. \n');
92 fprintf(fgms ,'Pgen(bus)$data_gen(bus ,''Pmax'') - demand(bus ,''pd

'')/base =e= sum(node$connection_lin(node ,bus), Pij(bus ,node)
); \n\n');

93 %*******************************************************************
94 fprintf(fgms ,'res5(bus).. \n');
95 fprintf(fgms ,'Qgen(bus)$data_gen(bus ,''Qmax'') - demand(bus ,''qd

'')/base =e= sum(node$connection_lin(node ,bus), Qij(bus ,node)
); \n\n');
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96 %*******************************************************************
97 fprintf(fgms ,'Model loadflow /all/; \n\n');
98 %*******************************************************************
99 fprintf(fgms ,'Pgen.lo(bus) = data_gen(bus ,''Pmin'')/sbase; \n');

100 fprintf(fgms ,'Pgen.up(bus) = data_gen(bus ,''Pmax'')/sbase; \n');
101 fprintf(fgms ,'Qgen.lo(bus) = data_gen(bus ,''Qmin'')/sbase; \n');
102 fprintf(fgms ,'Qgen.up(bus) = data_gen(bus ,''Qmax'')/sbase; \n\n'

);
103 %*******************************************************************
104 fprintf(fgms ,'delta.up(bus) = pi/2; \n');
105 fprintf(fgms ,'delta.lo(bus) =-pi/2; \n');
106 fprintf(fgms ,'delta.l(bus) = 0; \n');
107 fprintf(fgms ,'delta.fx(slack) = 0; \n\n');
108 %*******************************************************************
109 fprintf(fgms ,'Pij.up(bus ,node)$(( connection_lin(bus ,node))) = 1*

lines(bus ,node ,''sil'')/sbase; \n');
110 fprintf(fgms ,'Pij.lo(bus ,node)$(( connection_lin(bus ,node))) =-1*

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

lines(bus ,node ,''sil'')/sbase; \n');
112 fprintf(fgms ,'Qij.lo(bus ,node)$(( connection_lin(bus ,node))) =-1*

lines(bus ,node ,''sil'')/sbase; \n\n');
113 %*******************************************************************
114 fprintf(fgms ,'V.lo(bus) = 0.9; \n');
115 fprintf(fgms ,'V.up(bus) = 1.1; \n');
116 fprintf(fgms ,'V.l(bus) = 1; \n');
117 fprintf(fgms ,'V.fx(slack) = 1; \n\n');
118 fprintf(fgms ,'solve load flow min Z using nlp; \n');
119 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.

Figure 4.9: δ OPF−AC vs δ OPF−DC
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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 trend, but because
the OPF-DC gives approximate results, its fluctuations 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.

4.5 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 continuous
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 transmission lines is
a new theory that is already applied to date in EPS in contingency scenarios and avoids possible
blackouts by not having a 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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