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Abstract:

Unconventional energy sources such as wind, solar and biomass represents more and more an
alternative in substitution of conventional energy sources. In effect, many studies still need to
be done to clearly identify the impacts that the insertion of distributed generation (DG) sources
represent in the power grid. In this paper, an analysis of the impact of the distributed generation
(DG) insertion in the electrical grid is realized, based on impedance matrix, grid voltage and
power factor (PF). Benchmarks were created to relate the sensibility in a point common coupling
(PCC) to the DG insertion. Preliminary results show that sensibility does not change with the

load or the PF of the DG.
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1. INTRODUCTION

Increasing electricity consumption and concern for the
preservation of the environment have driven zero carbon
policies, the reduction of fossil fuels for power generation
and the search for alternative renewable energy sources
such as wind and solar. These alternative sources con-
tributes to the growth of grid connected distributed gener-
ation (DG), but generates some problems such as reverse
energy flow, overvoltage and poor power quality Walling
et al. (2008).

Several works seek the best way to analyze the impacts
of DG on the electrical grid. In Cheng et al. (2016) the
authors proposed to evaluate voltage fluctuation using a
methodology based on real data of two distribution sys-
tems operating in California. The first step was to model
the circuit using actual data from an already installed
plant, but the analysis is more appropriate for operation
control purposes than for impact assessment. Otherwise,
in Machado et al. (2016) the impact of DG on the elec-
trical grid was analyzed based on the economic viability
analysis of consumer units to determine the penetration
and location of a photovoltaic DG.

The impact of DG using real data analysis was studied
by Munoz et al. (2016). The authors applied some stability
indexes characterized by impedance, voltage, active and
reactive power.

Based on active and reactive power and Jacobian matrix
in Abri et al. (2008) a complex bus selection index pri-
oritizing more sensitive buses was proposed. This work
did not present network modeling and depends on several

variables to evaluate the impact of DG. In addition, a
study based on actual data analysis requires on-site mea-
surements, increasing process costs, which can be seen as
a disadvantage in implementing this technique.

The insertion sensitivity of a DG of each PCC, modeling
circuits based on Kirchhoff’s laws and using ideal current
sources to propose indexes (sensitivity values) based on
voltage and impedance, comparing the two indexes was
analyzed in Lima and Gehrke (2018). The study has
evaluated the influence of a DG at the PCCs voltage level
based on Kirchhoff’s Law and impedance matrix. The DG
was considered as an ideal current source. In the study,
two sensitivity indexes were implemented and compared.

This paper defines a methodology to analyze the PCC
sensibility due to the insertion of a DG, setting indexes
based on impedance, voltage, and also in PF, which deter-
mine the level of sensitivity, represented by the insertion
of the DG at that specific point. Some scenarios are sim-
ulated considering the load and electrical grid impedance
variation, using the Monte Carlo simulation method, and
considering changes on the PF. Since the grid impedance
is easily obtained it is used as a parameter for over-voltage
evaluation and circuit analysis.

2. METHODOLOGY
2.1 Modelling and analysis of the electrical grid

To determine the voltage at a specific node, it is used
Kirchhoff’s Law(1).
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Figure 1. Flowchart of the admittance matrix of a circuit.

Ynun - Vx1 = Inxi (1)

Where: Yy« n is the admittance matrix (square matrix N x
N); Vivx1 is the voltages matrix (column matrix); Iy« the
currents matrix (column matrix); and, N is the maximum
number of PCCs in the circuit.

The terms of the main diagonal of the Yy« n must con-
tain the sum of all admittances directly connected to the
corresponding node, and the non-diagonal terms must con-
tain the negative sum of all directly connected admittances
between the nodes. The flowchart (see Figure 1), repre-
sents the algorithm to determine the admittance matrix,
where Ng is the “node from” PCC and N is the “node
to” PCC.

Equation (2) is used to determine the influence that the
DG inserted on the PCC n will have in other PCC, defined
m, modifying the term Y(n,n) to Y(n,m).

1

Ty = —
" Y(n,n)

(2)

The current necessary in a PCC and to know the needed
power to regulate the voltage level is calculated through
(3): vy

In=—7— ®3)
Where: V* is the reference voltage (1.0 pu); V,, is the
voltage of the PCC before the insertion of the DG; Z,
is the PCC’s impedance.

Simulations were carried out with a circuit of sixteen PCCs
and a voltage source of 1.0 pu, 60 Hz (Figure 2). Data
were obtained in Grady et al. (1991), where PCCs 1 to 9
represent branch 1 and PCCs 10 to 16 represent branch
2. An array was created to insert the current sources
data and the voltage source of 1.0 pu was replaced by a
current source using Norton’s theorem, to be inserted in
the currents array.

Figure 2. Circuit with 16 PCCs using PI segments.

The circuit was simulated in three scenarios: (1) without
a current source; (2) with one current source (DG); and
(3) with multiple current sources (DGs). The current value
needed to regulate the voltage levels of the PCCs to 1.0 pu
was calculated using (3). The PF of the DG was 1.0, since
in the PCC, the current it’s in phase with the voltage V,.

The voltage results when a current source is connected
to PCC 8, chosen randomly, in t = 0.067s are shown
in Figure 3. As expected, the voltage is 1.0 pu after
the insertion of the DG. In this situation Ig = 0.5833
/10.35°pu.

In the sequence, PCCs 5, 7, 11, 13 and 15 were randomly
chosen to insert DGs and the current values were calcu-
lated individually for each PCC using (3). Voltage levels
increased to values higher than 1.0 pu in the whole system,
as shown in Figure 4 because every current source inserted
increases the voltage in all the PCCs.

I5 = 0.8820 £2.5474 °pu;
I = 0.7265 £5.3966 °pu;
I1 = 0.7563 £19.3276 °pu;
I3 = 0.6050 /21.7914 °pu;
L5 = 0.4981 /22.5585 °pu.

To analyze the impact of the insertion of a DG with a
current higher than necessary to regulate the voltage level
to 1.0 pu, the PCC 8 was chosen, and a current three times
higher than the calculated was inserted (Figure 5).

2.2 Impedance sensibility index

Sensibility indexes were defined to facilitate the analysis of
the DG insertion in the electrical grid and determine which
points of the system are more sensitive to this insertion.

The impedance sensibility index only needs the PCCs
impedance (4):
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Figure 3. Voltages with DG on PCC 8.
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Figure 4. Voltages with DG on PCCs 5,7,11,13,15.
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Figure 5. Voltages with DG on PCC 8 with amplitude
value higher than calculated.

Where Z is the average impedance of the system, con-
sidered to calculate the impedance difference of each
PCC related to all the PCCs of the system. The system
impedances are obtained from the admittance matrix, so
the resulting impedance in the PCC of insertion of a DG.
This impedances are easily obtained, making it possible
to verify the sensibility of each point and how much the
insertion of a DG in a PCC affects the other PCCs.

2.8 Power Factor (PF) Analysis

The PF of the DG was changed to analyze the effects
on the voltage levels of the circuit. For the analysis and
to relate the voltage with the PF variation, the PF was
changed to 0.85 and 0.92 (lagging and leading), and the
currents were calculated to regulate the voltage level of the
PCCs to 1.0 pu, using (3). A smaller circuit with 4 PCCs
(Figure 6) was also considered for simulations.

1 2 3 4

Figure 6. Circuit with 4 PCCs using PI segments.

The parameters used in the system are available in the
Tables 1 and 2.

The impedance of the voltage source is R = 3,12 m{2 and
L = 0,17913 mH, or Z = 0,0031 + 0,0675i.

Table 1. Circuit with 4 PACs - Parameters.

NI NF R (Q) L (mH)
T 2 1 2

2 3 1 2

3 4 1 2

Table 2. Valores de carga - Circuito com 4

PACs.
PAC R (Q) C (ub)
2 200 1
3 200 1
4 200 1

A voltage sensibility index was created to analyze the
influence of the DG on the PCCs of the circuits using (5).

AV,
KV, =— (5)

| Zn|
Where AV, is the voltage variation on the PCC between
the values obtained before and after the insertion of the

DG and Z, is the equivalent impedance of the PCC.

3. RESULTS
8.1 Impedance Sensibility Index

The impedance index was used based on the data obtained
with the simulations. Initially, the impedance of the circuit
was constant (Figure 7), then an analysis was made consid-
ering 3 cases of the impedance variation: line parameters
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Figure 9. Load variation.

(Figure 8), power (Figure 9), and line and load simultane-
ously (Figure 10). The variation of line parameters occurs
mainly because of temperature variation and losses, the
load changes according to the demand and the DG changes
according to the solar radiation levels.

The final variation was based on Monte Carlo method,
using random variation values to get as close as possible
to real results. It can be seen that the variation of load and
line parameters does not change the PCCs that are more
sensitive to the insertion of DG, although the impedance
influences the sensibility.

Table 5. PCC sensitivity according to Power
Factor Variation.

Power Factor  Most sensitive PCC

1 5
0.92 leading 7
0.92 lagging 15
0.85 leading 13
0.85 lagging 15

For the small circuit when the PF is leading, the amplitude
of the current inserted in the PCC is higher than when
the PF is lagging. The lagging PF causes an increase in
the voltage source (k1 values in columns 3 and 5), while
the leading PF causes a decrease in this voltage (k1 values
in columns 2 and 4). With the PF variation of the DGs,
the most sensitive PCC is PCC 4, for all the cases. This



analysis concludes that the change in active and reactive
power inserted in the PCC by the DG does not change the
PCC sensibility, even though the variation in the system’s
voltages are higher with the PF different than one.

When the PF = 1 the most sensitive PCC amongst
the selected was #5, with the lowest voltage sensibility
index. This result is consistent with the result obtained in
Figures 7, 8, 9 and 10. However, with the variation of
the PFs the most sensitive PCC also changes (Table 5).

Analyzing the simulations, if: (a) PF is 0.85 and 0.92
lagging, the voltage levels are higher than the limit of
1.05 pu; (b) PF is 0.85 leading, some voltage levels were
lower than the limit of 0.95 pu, occurring voltage drop
in a few PCCs compared to when no current source was
inserted. The voltage of a few PCCs were raised, however
inside the limits of 0.95 and 1.05 pu; (¢) PF is 0.92 leading,
some voltage levels were lower than the limit of 0.95 pu,
occurring voltage drop in a few PCCs compared to when
no current source was inserted, however in a few PCCs the
voltage level was raised higher than the limit of 1.05 pu.
The voltage levels variation, off the limits of 0.95 pu and
1.05 pu, demonstrate how harmful the PF different than
recommended can affect whole circuit.

4. CONCLUSION

This paper presented a methodology for verification of the
effects of DG in an electric system using current sources
emulating DG. Sensibility indexes were created based on
simulations results. It was verified that the connection of
a DG on a PCC affects only the PCCs of the same branch,
and the connection of multiple DGs not only could regulate
the voltage on the PCC it was inserted but also could
cause overvoltage. Besides, the equivalent impedance of a
PCC influences its sensibility and the current needed to
regulate the voltage level. Three cases of variation of load
and line impedance were analyzed, and the PCCs of higher
sensibility did not change with these variations. A power
factor variation analysis was also made, changing the PF of
the DG from 1.0 to 0.92 and 0.85 lagging and leading, and
it showed that the sensibility also does not change with
the PF changes. With the indexes presented it is possible
to perform an analysis of which points of installation
of a DG impact more the voltage levels of an electrical
grid, without the need to run simulations. The impedance
sensibility index facilitates the analysis because the only
variable needed is the grid impedance, which can be easily
obtained. The voltage sensibility index contributes to the
analysis of the impacts of the PF variation of the DGs on
the electrical network. The proposed indexes can also be
used as part of optimization algorithms for location and
measurement of DG impacts.
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