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Abstract. Transmission systems’ main function is to
transport active power from the generation source to the
consumers. The presence of reactive power in a
transmission system, on the other hand, is not desirable.
Since the reactive power problem is characteristically local,
its adjustment may be determined using devices placed
near the consuming centers. Therefore, the system can be
separated into regions and the reactive power problem be
treated locally. This paper presents a computational tool for
determining the voltage control areas (VCAS) in
transmission systems based on the concept of electrical
distance and the decoupled power flow method, which
allows the treatment of the active and reactive power
problems separately, reducing computational efforts. The
presented tool also considers distributed generation and its
influence on the voltage control areas. The tests have been
conducted with IEEE 14 and 30 bus systems and proper
conclusions are derived.
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1. Introduction

Reactive power control is fundamental to keep constant the
voltage level and vital to the safety of the electrical systems
[1]. Also, transmission system capacity can be increased by
minimizing the reactive power flow.

In some cases, additional reactive power sources are
necessary to reach voltage and reactive power balance and
set a stable operation point. The balance of voltage and
reactive power can be achieved and the optimal point of
operation reached. Although the correlation between
voltage magnitude and reactive levels allows the existence
of an optimal point, since it depends on the use of

capacitors, inductors, synchronous condensers and
transformers [1], finding it is an expensive and complex
process.

On the other hand, it is also a known fact that, in general,
the effect of voltages on power systems has a local nature,
what means that the major effects of voltage variation are
limited to a certain neighborhood [2] and [3]. Therefore, if
the region with reactive power problems can be identified,
then the voltage magnitude and reactive power can be
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locally controlled by implementing reactive power reserves
[2].

A group of buses connected by a weak voltage boundary
and presenting similar behavior to a system perturbation
that may create a voltage disturbance is called a Voltage
Control Area (VCA). A VCA is composed by a set of
generation and load buses with voltage magnitude behavior
very similar to reactive power generation and load changes
outside the VCA [4] and the generators within a VCA are
the primary reactive power reserve to the area [5].

The VCAs can be determined based on the concept of
electrical distance between buses [2], [3], [6], [7] and [8].
Since the VCAs suggestions depends on physical
characteristics such as branch conductance and
susceptance, adding a small generator to the system
connected near to the demand, which is the definition of
distributed generation (DG) according to [9] and [10], may
change the VCAs.

A computational tool for determining the VCAs in a
transmission system is presented in this paper. The
proposed methodology is based on the concept of electrical
distance and the decoupled power flow, which leads to very
similar results than the Newton-Raphson method [11],
[12].

The electrical distances also allow to identify the better
allocation bus for a DG to bring a load bus electrically
closer to a generator and, therefore, within a VCA. Tests
have been conducted with IEEE 14 and 30 bus systems and
demonstrate that the VICAs allow a more accurate reactive
power control.

2. Decoupled Power Flow

There are many mathematical ways to solve a multivariable
problem, one of them being the Newton-Raphson method.
This method, when applied to solving power flow, presents
the following steps, as shown in [11], [13], [14]:

1- Set an initial value to bus VVoltage and Angle.

2-  Solve the power equations (1) and (2):

1
PEe = YV x Z Vi X{G X €OS Oy + By X sin 0} (1)
m=1
calc N : (2)
Qi =V, x Z Vi X{G < €0S Oy — By X sin 0y,,}
m=1
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Where G, is the real part of admittance matrix (¥) and
B, is the imaginary part of the same matrix.

3- Calculate the power mismatches:

AP, = Pipfffiﬁed _ P;‘{alculated (3)
ified
AQy = Qipeﬂﬂe _ Qialculated (4)
4- Update the Jacobian Matrix:
j = —[Ha-vxe-n No-nxm-y ()
Mu_1xm-1) Lo-Dx@-1)
Where H, M, N and L are matrices, obtained by (6):
— or - o° — % ,_ 9% 6
H_ae T oav M_ao L_av ©)
5- Calculate the voltages and angles variations:
AP|® no 10019 (7
ag] = T [av
Where AP, AQ, AB and AV are matrices.
6- Update voltages and angles
01y _ 1e1® | rae1® (®)
V] h [V] * [AV
7- Return to step 2 until the convergence criteria is
reached.

This method presents great accuracy when applied to
Transmission Systems. There is, however, a simplification
to this method which does not consider the P-V and Q-6.
The Jacobian’s submatrices M and N are set to zero,
dropping the computational effort at the cost of loss in
accuracy.

Since the power flow is just a part of the entire
computational routine, the decoupled method was chosen
to reduce the time to solve the problem.

3. Mathematical Formulation of Electrical

Distance

According to [7] and [8], the transmission system can be
divided in voltage control areas based on the electrical
distance between buses. It is shown in [2], [3], [6], [7] and
[8] that the electrical distance can be obtained from the

matrix [aQ/aV], which is a submatrix of Jacobian matrix
by the following steps:

1- Calculate the matrix:
no__ aQ
B" = ["%/5y]

2- Invert to find the sensibility matrix:

by = [aVi/aQi]

Where i and j are bus numbers.

(9)

(10)

The sensibility matrix reflects the voltage reaction to a
reactive power injection in a bus.

The next step is to find the voltage magnitude coupling
between two buses, the matrix which shows the coupling
between all buses voltages is known as attenuation matrix.
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3- Attenuation matrix can be calculated by dividing each
element of sensibility matrix by its diagonal value:

_ by
%y = / bj;

Now the electrical distance may be calculated by (12). The
electrical distance represents the degree of influence
caused by the voltage variation in other buses.

(11)

4- Calculate the electrical distances:
Dy =D; = —log(ay; * a;;) (12)
5- Normalize the calculated distances:
Dy =9/ (13)
y Max(Dy, ..., D;y)
Calculating the electrical distance is the key to determining
the VCAs using this tool and since it depends on the

[GQ/BV] matrix, can only be calculated after the power
flow has converged.

4. Algorithm Implementation
A. Data interpretation and matrices initialization

The algorithm reads the data from buses and branches, then
creates the fundamental matrices such as impedance,
admittance, voltage magnitude, phase angle, active and
reactive power (specified). In addition, a maximum error
value is set which will be used as stop criteria.

B. Power flow routine

With the entry data, the algorithm performs the Decoupled
Power Flow. The data is used by the next routine which
suggests the voltage control areas.

C. Suggesting voltage control areas

The equations 9 to 13, also presented in [8], are used to
calculate the electrical distance based on the sensibility
matrix, which is extracted from the power flow results.
Having the electrical distance matrix, the voltage control
area suggestion is given by a hierarchical classification
routine that puts generators in ranges, limited by electrical
distance values.

For example, let F1, F» and F3 be values for electrical
distance. Then the areas limits could be expressed as
follows (14):

0 < Rangel < F,4
F, < Range2 < F,
F, < Range3 < F;

(14)

The electrical distance of each consuming bus to each
generator is allocated in one of the ranges. The program
suggestion is to attach a bus to the closest generator area,
considering electrical distance.

The complete computational routine is represented in
figure 1 as a flowchart.
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Reads bus and branch data needed to the power
flow routine

/
Calculates Y matrix, and separates it as Conductance and Susceptance matrices
Sets imitial voltage and angle to generation and slack buses
Sets an error and maximum tteration number as stop criteria

'

Calculates active power to generation and
load buses
Calculates reactive power to load buses

!

Calculates the power mismatches

Calculates the Jacobian matrrx and
updates Voltages and Angles

—

Are the mismatches
smaller than the

Uses the Jacobian matrix to calculate arror of is the
av; iteration maximutn
/ '30; VES reached?

l

Calcnlates the attenuation mateix and then the electrical
distance matrix

Normalizes the electrical distance matrix, creates 10 distance ranges and classifies the
electrical distance befween each bus in one of the ranges

l

Power flow results, electrical
distance matrix and electrical
distance ranges as oufput data

(@)

Fig. 1 — Computational tool flowchart

5. Results

The algorithm was tested with IEEE 14 and 30 bus systems
and the results to some of the systems are shown below.
The results show the electrical distance range from every
load bus to each generation bus. In order to improve the
VCA efficiency, the tool suggests buses with the smaller
range to a common generator to be in the same VCA.

A. 14 bus test system

The original system presents 5 generation buses and 20
branches connecting the 14 buses.

Table 1 shows the electrical distance range between each
bus and the generators, (one of) the smallest is highlighted
to every bus. The figure 2 shows the system representation,
each VCA is represented by a different color, buses on the
same color are in the same VCA. In table 1 is visible that
the electrical distance from any load bus to any generator
is at least in range 5.
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#BUS Voltage p Q Electrical Distance Ranges
(pu) | (MW) [(MVAR) | 4 5 3 6 s

1 1.060 | 23.530 | -0.2937 [ 1 | 10 | 10 | 10 | 10
2 1.045 | 0.1830 | 0.0628 10 1 10 10 10
3 1.010 | -0.9420 | -0.0312 | 10 10 1 10 10
4 1.028 | -0.4780 | 0.0390 | 5 5 5 6
5 1.035 | -0.0760 | -0.0160 5 5 5 T
6 1.070 | -0.1120 | 0.4024 10 10 10 1 10
7 1.046 | 0.0000 | 0.0000 6 5 6 5

8 1.090 | 0.0000 | 0.2738 10 10 10 10 1
9 1.029 | -0.2950 | -0.1660 6 6 6 5

10 1.028 | -0.0900 | -0.0580 6 6 6 5

11 | 1.045 | -0.0350 | -0.0180 | 6 6 6 6
12 1.053 | -0.0611 | -0.0161 6 6 6 6
13 1.046 | -0.1349 | -0.0579 6 6 6 6
14 1.018 | -0.1490 | -0.0500 6 6 6 6

Tab. 1 — Voltage Control Areas to IEEE 14 bus test system
‘- T
T L
T q
|
[z

Fig. 2 — Voltage Control Areas to IEEE 14 bus test system

The bus 1 4 was chosen to simulate a DG. This generator
represents 5% of the active generated power. That choice
was made because bus 14 presents minor electrical distance
to most buses, which means the VCA would be more
efficient with a generator installed in bus 14. The results to
the change are shown in table 2. The figure 2 shows the
modified system’ diagram.

Voltage Electrical Distance Ranges
#Bus

(P) |1 | 2| 3|6 | 8|14
1 1.060 | 1 7 7 7 7 7
2 1.045 | 7 1 7 7 7 7
3 1.010 7 7 1 7 7 7
4 1.031 | 4 4 4 4 4
5 1.038 | 4 4 4 4 4
6 1.070 | 7 7 7 1 7 7
7 1.049 | 4 4 4 4 4
8 1.090 | 7 7 7 7 1 7
9 1.033 | 4 4 4 4 4
10 1.032 | 4 4 4 4 4
11 1.047 | 4 4 4 4 4
12 1.055 [ 10 | 10 | 10 10 | 4
13 1.051 [ 10 | 10 | 10 | 4 | 10
14 1.036 | 7 7 7 7 7 1

Tab. 2 — Voltage Control Areas to modified IEEE’s 14 bus test system

RE&PQJ, Vol.1, No.15, April 2017



Fig. 3 — Voltage Control Areas to modified IEEE 's 14 bus test system

The insertion of DG at the bus 14 directly influenced the
electrical distance in most of the system buses. The changes
are justified by the electrical proximity between those
buses and bus 14, which was checked on the electrical
distance table, calculated by the computational tool, before
the DG simulation. The changes in the ranges between
buses have change to the entire system because the
Jacobian matrix changes when a generation bus is added to
the system. The change on the submatrix L affects the
electrical distance matrix, hence the changes to the whole
system.

B. 30 bus test system

The original system presents 6 generation buses and 41
branches connecting the 30 buses.

The suggested VCAs are shown in table 3 and the system’s
diagram is shown in figure 4. The suggested VCAs to the
original system has the last 3 buses fitting the last possible
range to all generator buses. Using the Electrical Distance
Matrix is possible to find an optimal bus to install another
generator (DG) to reduce the voltage control areas range.

29

—

28

?:

;l__

- |

Fig. 4 — Voltage Control Areas to IEEE 30 bus test system
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4BUS Voltage P Q Electrical Distance Range
(pu) (MW) [(MVAR) [ 1 | 2 [ 13| 22| 23| 27
1 | 1.060 | 2576 | 2449 | 1 | 7 | 7| 7| 7] 7
2 | 1043 | 8927 | 4556 | 7 | 1 | 7| 7| 7| 7
3 | 1.043 | 2.4 12 5| 6| 6| 6] 6
4 | 1037 | 76 16 5| 6| 6| 6] 6
5 | 1.038 0 0 6 6| 6| 6| 6
6 | 1.029 0 0 6 6| 5] 6| 6
7 | 1.025 | -22.8 109 | 6 6| 6| 6| 6
8 | 1.018 -30 -30 6 6| 6| 6| 6
9 | 1.026 0 0 6| 5|6 6 | 6
10 | 1.024 | 58 2 6| 5] 6 6| 6
11 | 1.026 0 0 6| 5] 6 6| 6
12 | 1.041 | -112 75 6|5 5 | 6
13 | 1071 37 2423 | 7| 7 7| 7
14 | 1.027 | 62 16 6| 5 5| 6
15 | 1.026 | -8.19 25 6| 5 6
16 | 1.025 | -35 -18 6 | 5 6
17 | 1.020 -9 5.8 6 | 5 6
18 | 1.013 | -32 0.9 6| 6|5 6
19 | 1.008 | -95 34 6| 6|5 6
20 | 1011 | -22 0.7 6] 6|5 5 | 6
21 | 1.027 | 175 112 | 6 | 6| 6 6| 6
22 | 1.033 | 21.59 29 777|177
23 | 1.027 16 369 |7 | 7|77 z2]7
24 | 1018 | -8.7 67 |10|10|10] 5 6
25 | 1.016 0 0 10/10]10] 6 | 6
26 | 09982 | -35 23 |10|10|10] 6|6
27 | 1.023 | 26.91 19 |10|10]1w0[10[10] 12
28 | 1.029 0 0 6 Bl 6 [ 6] 6|6
20 | 1.003 | -24 09 |10|10|10]10] 10
30 | 09917 | -106 19 |10|10|10]10] 10

Tab. 3 — Voltage Control Areas to IEEE 30 bus test system

Adding a DG to bus 25, the suggested VCASs changes to the
results presented in table 4. The modified diagram is shown
in figure 5.

Voltage Electrical Distance Range
#Bus

(pu) 1| 2| 13| 22]|23]|25] 27
1 | 1.060 4555 9] 7
2 1043 a1 55587
3 | 1.043 3 3]3]3]s]s
4 | 1.037 3 3]3]3]s8]s
5 | 1.038 | 3 3[3]3]s8]6s
6 | 1.029 | 3 3338 ]s
7 | 1026 | 3 3 [ 3] 3]s ]s
g | 1018 | 3 3[3]3]s8]6s
o | 1026 | 3| 3] 3 386
10 1024333 3|86
11 [ 1026 [ 3] 3| 3 3|86
12 [ 1040 [ 3] 3 3 3] 86
13 [ 1071 [ 5 | 5 5 5] 9] 7
14 [ 1027 [ 3] 3 3] 3]8]s
15 | 1.026 | 3 | 3 s Bl s | s
16 | 1025 [ 3 [ 3 3386
17 [ 1019 [ 3 [ 3 33| 8] 6
18 1013 33|33 8 | 6
19 [1008 [ 33| 3] 3 8 | 6
20 | 1011 | 3 | 3 | 3 3| 8|6
21 [ 1027 [ 3| 3] 3 3|86
2 (1377712777
23 1027 |7 77171717
24 [ 1018 [ 8| 8|8 3]s 8
25 [ 1017 [10[10[10]| 7 ] 7 7
26 (09993101010 8| 8 8
27 (102377878871
28 (1030 | 3 Bl 3 [ 33|86
29 [1003 [ 8|8 [ 88| s]s
30 (09917 8 [ 8 [ 8| 8| s8] s

Tab. 4 — Voltage Control Areas to modified IEEE’s 30 bus test System
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Fig. 5 — Voltage Control Areas to modified IEEE ’s 30 bus test system

The DG simulated on bus 25 also represents 5% of the
active generated power.

Again, the choosing of bus 30 as to represent a DG was
made based on its electrical distance to the buses which
presented the greater range to the existing VCAs (buses 25,
26, 29 and 30). The high voltages (above 1.05pu) present
on every result is owned to the input values; the Slack and
Generation buses have voltage magnitude above 1.05pu.

6. Conclusion

Determining the VCAs through electrical distances is a
process where every load bus is grouped with the
electrically closest generation bus using the sensibility
matrix, which is a power flow result. The VCAs
suggestions presented on this paper may be combined to
the methods suggested in [7] and [8] to group VCAs
attaching the ones without load buses to another VCA.

It is important to point out the use of a simple power flow
method (decoupled). By doing so the program is may run
online analysis enabling the user to take actions on time in
critical situations. The routine can also be used for market
and reactive power circulation analysis, given its power
flow results.

Another important point to highlight is that connecting a
DG on the right bus may change the whole VCA, even
though the active power generated by it is a small portion
of the total. Since the adding of a DG may improve the
suggested VCAs, an algorithm which can find the optimal
point to add a DG can be used as a planning tool to improve
transmission systems’ quality. The tool here presented
provides enough data to choose an optimal point,
electrically close to the excluded buses.
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