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Abstract: Currently, there are different types of technology for the production of electricity that use
various energy sources, this causes the establishment of generation centers that provide from a small
amount to tens of megawatts of electrical energy. These centers are built to supply electricity to nearby
loads through networks integrated into a large electrical system or in isolation with their electrical
system. The technological evolution, the different energy sources, and the generation centers close
to the consumers entail what has been called a distributed generation (DG), the DG carries with
it aspects that need to be analyzed. In this paper, the impact of wind generation on the medium
voltage energy distribution network is studied, it was determined that the addition to the distribution
network of power by wind turbines less than the transmission center does not produce an impact
on the network. Simulated results obtained using SIMULINK and DIgSILENT are presented and
discussed.
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1. Introduction

Due to the decreasing cost of wind turbines, wind-generated power has increased significantly
worldwide in the last decade, both stand-alone and grid-connected configurations [1,2]. By the end of
2021, about 38% of energy production belonged to renewable energy, reflecting the commitment of
nations to reduce the carbon footprint produced by fossil fuels. According to the report of [3] wind
energy reached 93 Giga-Watts (GW) and, together with solar energy, represents more than half of
renewable energy production.

However, this increase in production can bring significant challenges in the electricity sector due
to the stochastic nature and decentralized model of renewable energies. Centralized energy systems
are complex because large and sophisticated infrastructures are needed before they are distributed to
end users. In addition to production, delivering electricity to consumers under technical parameters is
a very complex task due to the tolerances that must be met in the voltage magnitudes, frequency, and
losses that can occur in electricity distribution [4,5].

In contrast, decentralized renewable energy systems can easily cope with failures because each
node can be powered by multiple energy production units, which can be connected to a global grid,
thus democratizing energy access [5] .

Wind turbines can have noticeable adverse effects on the performance of distributed systems
because wind variability causes active and reactive power fluctuations. The voltage at the point of
standard connections varies at time intervals; this represents a challenge to grid operators because
the distribution system needs to be designed to allow the connection of power systems. The power
electronic devices, together with the operation of nonlinear appliances inject harmonics into the
network that can potentially create voltage distortion problems [6].
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Figure 1. Change from a centralized to a distributed system (a) Centralized (b) Decentralized [5] .

Therefore, the main wind power quality (PQ) problems encounter with the integration of wind
energy into the distribution network are as follows [7,8]:

• Due to the climatic conditions of the wind (speed, gusts, direction) and its variability, the
production of electrical energy is intermittent, which causes power fluctuations in the grid.

• In a weak network, power fluctuations cause severe voltage fluctuations and significant line
losses.

• Uncontrollable reactive power consumption and low power factor.
• The injection of harmonics into the network can create voltage distortion problems.

Figure 2. Integration of wind generation into the distribution grid.

If the wind generation’s effect on the distribution system’s voltage profile is analyzed, the
low voltage profile in distribution systems is mainly the result of power losses in the line, causing
voltage drops in it [6]. This problem has traditionally been solved by using voltage regulators and
on-load-tap-changing transformers. Using these devices at the main distribution substation improves
the voltage at nearby nodes, but the voltage drops along the lines remain approximately constant [9,10].
Despite voltage regulation strategies, there may still be an unacceptable voltage drop on transmission
lines. Adding wind generation at critical points of a distribution system generally increases the voltage
profile. The result is a reduction in line losses, as shown in [1], which performed the impact of a wind
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turbine on a distributed network composed of 33 nodes. In some cases, it is much higher than the
nominal voltage.

However, the presence of wind turbines may have a secondary effect of increasing the voltage in
the distribution networks above the acceptable limit. In such cases, it is essential to have appropriate
power management or control strategies to keep the voltage within acceptable limits. An alternative is
to coordinate the voltage profile of the grid to which the wind turbines are connected with voltage
regulators at substations near the transformers with taps changes or to store excess energy in a storage
device that may be available [10].

The impact of wind generation on the grid can be reduced in the following aspects [11] :

1.1. Voltage Control

The load is an important aspect to consider, an increase in it causes a voltage drop due to the
change of impedance in the line this will force the wind generator to deliver more power to the grid to
make up for the voltage drop.

Wind generation effect analysis on the variability of the primary resource (wind profiles) indicates
that wind energy resources are not distributable; therefore, the power output of wind devices is
variable depending on the instantaneous wind speed. As a result, the voltage profile of the distribution
system to which such technologies are connected could be quite variable. The percentage variation in
voltage depends on the size of the wind turbine compared to the size of the distribution system and
the availability of the primary resource. Wind-generated power during gusty or no-wind periods can
cause voltage regulation problems. Therefore, such systems must be sized appropriately, and those
load management strategies and coordination with the nearby voltage regulator are in place to keep
voltage fluctuations to a minimum and not allow the voltage to exceed the allowable limit [7].

The voltage regulator must not be sensitive to minor variations in busbar voltages caused by
frequent fluctuations in wind turbine output power, which could otherwise lead to mechanical failures
and maintenance problems. Such fluctuations could be avoided by providing adequate dead-bands
for the voltage regulators. Other load management strategies may also be necessary, such as load
shifting, use of storage devices, and storing or consuming excess available energy to avoid unwanted
overvoltage [7]. Another option is to reduce the substation voltage with the wind generator connected.
However, this last solution cannot be applied if no wind generator is available because the grid voltage
would drop to deficient levels. Another technique is to use synchronous machines that absorb the
reactive power of the wind turbine, thus avoiding voltage increases in the grid or dynamic reactive
power control elements such as the static synchronous compensator (STATCOM) [12].

1.2. Quality of energy

Voltage increases depend on several factors: the X/R ratio, the loads, and the power injected by
the generator. An example of this is generated when the turbine exceeds its rated power; then, to
protect itself, it will disconnect from the grid, causing an increase in feeder current or a voltage drop.

Currently, the power quality standard for wind turbines is regulated by the International
Electrotechnical Commission in resolution IEC 61400-21, which defines the parameters and
recommendations for turbine performance. During normal conditions, the voltage quality of a turbine
can be characterized by the following:

• Steady state in continuous production: The voltage at the point of common connection (PCC),
which can be affected by the wind turbines’ operation, must be regulated. Methods must be
applied to prevent the voltage magnitude from exceeding the limits.

• Voltage fluctuations: Fluctuations can induce a limiting factor in grid integration, especially in
weak grids. These fluctuations in power output are due to wind speed variations and switching
operations, the latter occurring due to the change in power output.
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• Harmonics: The distortion of the fundamental sine wave (60 Hz) produced by the inverters of the
generators. This generates significant currents that can overheat transformers or even damage
electronic circuits.

1.3. Reactive power and voltage variations

One of the fundamental requirements is controlling the voltage variation in the network. Dynamic
reactive power control is necessary to achieve this requirement because the voltage variation is related
to the reactive power according to Equation (1).

Rsc =
Ssc

P
(1)

Voltage fluctuations can affect the power quality in the network due to the peaks that can occur
when it is integrated [13].

2. System Modeling

The wind turbine is the most crucial element within the wind energy conversion system; it is the
device in charge of transforming wind energy (kinetic energy of the wind) into electrical power. The
two most commonly used models in the study of wind are the 3-bladed horizontal axis and the squirrel
cage [14]. Applying these systems in wind farms has proven to be a viable solution for generating
clean energy. This section shows the mathematical models used for the general study of the behavior
of a wind turbine.

2.1. Mathematical model of a 3-blade horizontal axis wind generator

For a 3-bladed horizontal axis wind generator, the produced power is given by (2):

P =
1
2
· ρ · π · r2 · Cp(λ, β) · υ3 (2)

Which:

• r: Radius formed by the wind turbine blade (m)
• υ wind speed (m/s)
• ρ: air density (kg/m2)
• Cp(λ, β): rotor power coefficient.

The power coefficient Cp, is based on the ratio of the tangential speed at the end of the rotor blade
and the wind speed, represented by λ and the angle formed between the rotor plane and the chord β.
It is also called the Betz limit, and its maximum value is 0.59 (16/27); in practice, the maximum value
for high-speed turbines is between 0.4 to 0.5, and for turbines with three or more blades between 0.2 to
0.4 [15].

P =
1
2
· ρ · π · r2 · υ3 · 0.59 (3)

2.2. Mathematical model squirrel cage wind generator

If we analyze the mathematical modeling for a squirrel cage generator, we notice that it is an
induction or asynchronous generator. It consists of three coils in the stator like, as, bs, and cs, separated
from each other by 120 o. The rotor comprises three coils, ar, br, and cr; it consists of a series of copper
bars, which are short-circuited at each end by the use of rings. The rotor can be considered to adopt
the same distribution and number of poles N as the stator.

In the mathematical model of the squirrel cage generator, it is necessary the Park transform that is
in charge of converting the coordinates of the 3 phases a, b, and c into coordinates of the stationary
axis d, q [16].
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vsd
vsq

vo

 = T ·

va

vb
vc

 (4)

Table 1. Nomenclature used.

Símbolo Nomenclatura
isd, isq Stator longitudinal and transverse current (d,q plane)
ird, irq Rotor longitudinal and transverse current (d,q plane)
usd, usq Stator voltage components (d,q plane)
urd, urq Rotor voltage components (d,q plane)
Lr, Ls Inductances rotor, stator
Lrr, Lss Total inductance on the rotor, stator
Lm Mutual inductance
N Number of poles
J Total Moment of Inertia referred to the generator axis
Te, Tm Electrical Torque, Mechanical Turbine Torque
Rs, Rr Stator and rotor resistances
ωs, ω Rotational speed (d,q plane), electrical speed
us, is, ψs Stator voltage, current, and flux
ur, ir, ψr Voltage, current, and rotor flux
Ψsd, Ψsq Longitudinal components and stator flux quadrature (d,q plane)
Ψrd, Ψrq Longitudinal components and rotor flux quadrature (d,q plane)

Equation (5) shows the coordinate transformation matrix.

T =
2
3
·

 cosθ cos(θ − 2π
3 ) cos(θ + 2π

3 )

−senθ −sen(θ − 2π
3 ) −sen(θ + 2π

3 )
1
2

1
2

1
2

 (5)

The three-phase voltages are given by:
va = vmax cos(wt)

vb = vmax cos(wt− 120)
vc = vmax cos(wt + 120)

(6)

The relationship between the electromagnetic fields of the stator and rotor as a function of the
currents in the dq plane is given by: 

ψsd = Ls · isd + Lm · ird
ψsq = Ls · isq + Lm · irq

ψrd = Lr · isd + Lm · isd
ψrq = Lr · isq + Lm · isq

(7)

The modeling of the rotor and stator electrical system consists of voltages, magnetic fluxes, and
dynamic motion; applying the reference plane dq, it is obtained:

usd = Rs · isd −ωsLsisq −ωsLmirq +
dψsd

dt

usq = Rs · isq −ωsLsisd −ωsLmird +
dψsq

dt
0 = Rr · ird − (ωs −ω)(Lrirq + Lmisq) +

dψrd
dt

0 = Rr · irq − (ωs −ω)(Lrird + Lmisd) +
dψrq

dt

(8)

Replacing the above equations, the state representation of the squirrel cage generator is obtained:
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
dψsd

dt
dψsq

dt
dψrd

dt
dψrq

dt

 =


− Rs Lr

Ls Lr−Lm
2 ωs

Rs Lm
Ls Lr−Lm

2 0

−ωs − Rs Lr
Ls Lr−Lm

2 0 Rs Lm
Ls Lr−Lm

2

Rs Lm
Ls Lr−Lm

2 0 − Rr Ls
Ls Lr−Lm

2 (ωs −ω)

0 Rr Lm
Ls Lr−Lm

2 −(ωs −ω) Rr Ls
Ls Lr−Lm

2




ψsd
ψsq

ψrd
ψrq

+


1 0
0 1
0 0
0 0


[

usd
usq

]
(9)

Expressing the electric torque and the generated power we obtain:

Te = 1.5N(ψsdisq − ψsqisd) (10)

Pg = −(usdisd + usqisq) (11)

The mechanical speed is represented by:

dwmg

dt
=

Te + Tm

J
(12)

2.3. Wind Speed

The intermittent and variable nature of the wind makes it difficult to predict, and the wind speed
varies constantly depending on the geographical conditions in the study area. A Weibull probability
density function can model the wind speed variations over a while; this function needs two parameters,
the shape factor k, and the scale factor c, which can be obtained qualitatively using the average wind
speed [17], mathematically, it is defined by [15]:

h(v) =
(

k
c

)(v
c

)(k−1)
e−(

v
c )

(k)
for 0 < v < ∞ (13)

3. Results

The values obtained from the Center for Research, Innovation, and Technology Transfer (CIITT
by its Spanish acronym) meteorological station indicate the behavior of the wind resource, as shown in
Figure 3:

Figure 3. Daily average wind behavior.

It is important to emphasize that the velocities measured by the anemometer are at 2.5 meters in
height, so to find the wind turbine’s extractable wind power, an extrapolation must be made to 8.5 m
since the wind turbine is located at this height. The value of the roughness length should be taken into
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account to perform this extrapolation, which for the investigation is Z0 = 0.4, defined as the height at
which the wind speed becomes zero [15].

The calculation of the mean and standard deviation using the following formulas must be applied
to obtain the monthly average of wind speed and turbulence:

v =
∑ v
N

(14)

σ =

√
∑ (v− v)2

N
(15)

I =
σ

v
(16)

Table 2. Descriptive statistics of weather station data.

Months Mean Desviation Turbulence

January 1.78 1.48 0.83
February 1.76 1.15 0.66

March 1.62 1.17 0.73
April 1.53 1.15 0.75
May 1.60 1.13 0.71
June 1.62 1.08 0.67
July 1.73 1.13 0.65

August 1.83 1.35 0.74

3.1. Distribution Transformer Characteristic

The transformer has an apparent nominal power of 100KVA, but when considering a power factor
of 0.95 (value required by the electric distributing company), its nominal real power is:

P = S cos φ = S fp = 100KVA · 0.95 = 95KW

With this value, it is possible to calculate the wind turbine penetration level in the distribution
network. It is calculated by dividing the installed power of distributed generation PotenciaGD by
the nominal power of the transformer Potenciatrans f ormador . If the wind turbine works at 100% of its
nominal capacity, its penetration percentage would be as follows:

Penetration(%) =
PotenciaGD

Potenciatrans f ormador
· 100%

=
600W
95KW

· 100%

= 0.63%

The percentage of power is meager compared to the capacity of the distribution network (less
than 1%), so this turbine does not disturb the network. It can be considered a distributed generation.
It is also necessary to analyze the impact on the grid if the eight additional wind turbines that the
laboratory has to cover the entire demand were implemented. Therefore, the percentage of penetration
of the entire wind system in the distribution grid would be as follows:

Penetration(%)EolicSystem =
9 · 600W
95KW

· 100%

= 5.68%
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These percentages show that the energy delivered to the grid is still tiny, and the system’s
total power would be 5.4 KW, well below the value of 10 MW, which is considered the maximum
recommended value for any power plant to the distribution system. Regarding power quality at low
voltage distribution network transformers substations, the level or variation of voltage, harmonics
and power factor are analyzed according to the CONELEC 004-01 since 2015 named ARCONEL. The
DIgSILENT tool is used to perform this analysis.

Two values need to be known to find the voltage variation level on the low voltage side (∆Vk):
the nominal voltage (Vn) at the measurement point and the root mean square voltage (rms) (Vk). In
Figure 5a can be seen that the rms voltage value is 1 pu. Since the base voltage value on the low
voltage side is 220V, the rms voltage value would also be 220V.

∆Vk(%) =
Vk −Vn

Vn
· 100%

=
220v− 220v

220v
= 0%

According to ARCONEL’s electric power supply regulations, the low voltage variation in urban
areas has an allowed percentage of±10% in sub-stage 1 and an allowed percentage of±8% in sub-stage
2. Therefore, the voltage variation of the study site is within the established limits.

The next value to be analyzed is the total harmonic distortion (THD), which measures how
the system load distorts the ideal power waveform supplied by the utility company. TDH is
always presented in both current and voltage; however, excessive distortion can cause inconvenience.
Understanding TDH is the first step to ensure that no damage is caused to the loads in the low-voltage
system.

According to the DIgSILENT simulation Figure 5a, the THD value on the low voltage side is
3.7%, well below the 8% maximum THD value allowed for distribution transformers according to
ARCONEL because, like the voltage variation, the THD value is within the permitted limits.

Figure 4 shows low harmonic distortion and minimal voltage variation on one of the transformer
phases on the low voltage side.

Figure 4. Voltage waveform analysis on the low voltage side (Voltage Variation and Harmonic
Distortion).
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(a) (b)
Figure 5. DIgSILENT simulation: (a) Harmonic distortion and rms voltage values on the low voltage
side. (b) Active and Reactive Power Values on the low voltage side of the distribution transformer.

From Figure 5b, the power factor can be obtained, which is calculated as follows:

fp = cos φ

=
P√

P2 + Q2

=
0.030√

0.0302 + 0.0062

= 0.98

According to CONELEC regulation 004-01 [18], the power factor obtained is acceptable since this
regulation states that for good power quality, there must be a minimum power factor of 0.92 by the
distribution transformer.

3.2. Impact on the electric distribution network

The first case considers three 100KVA transformation centers with a 600W wind turbine in each
center. Figure 6 shows the 1800W generation block comprising three 600W wind turbines in an electrical
power system connected through bus B25, where the system data acquisition will be performed.

Figure 6. Diagram of Distributed Generation (1800W) in a distribution network.
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Setting the parameters for the 220v generators, frequency of 60Hz, a power factor of 0.9, wind
speed range of 4 to 8 m/s,and power of 100KVA with a primary voltage of 22KV and secondary voltage
of 220v for the transformers, the following graphs are obtained:

(a) Data acquisition of 1800W wind generation.

(b) Data acquisition at bus B25 with wind generation (1800W).
Figure 7. Data Acquisition.

4. Discusión

The results obtained in bus B25 of the electrical system considering the incorporation of three
600W wind turbines in the distribution network show linear waveforms in their different magnitudes;
with this analysis, it can be observed that the quality parameters are met. From this analysis, it can be
noticed that the quality parameters are met; both the voltage variation in low voltage (limit ±10%),
and harmonic distortion (THD, limit 8%), as shown in the graphs, they are below the acceptable limits
established in the CONECEL 004-001 regulation. So, the generation by the wind turbines will not have
any impact on the transformer substations.

According to the results obtained from the primary energy in the area under study, the wind
turbine impact is less than 1%, however, performing the analysis for nine wind turbines and the same
working at maximum capacity generates an impact of 5.68% to the system. Using the simulation in
DIgSILENT, it was possible to determine and compare the necessary parameters according to the
CONECEL 004-01 regulation for an efficient power quality. Results were obtained for voltage variation,
being this value 0% and falling within limits according to the regulation, which provides a value of less
than 10% in sub-stage 1 and 8% in sub-stage 2. In the case of total harmonic distortion (THD), the result
is 3.7%, well below the permitted value of 8% and Finally, the power factor value is 0.98, exceeding
the minimum acceptable value of 0.92 according to the regulation; therefore, the wind turbine does
not impact the low-voltage transformer, and the system is considered a distributed generation. It was
possible to determine through the Simulink program that adding the distribution network power
generated by wind turbines less than the power of the transformation center does not impact the
network. Therefore, accomplishing the necessary parameters according to the CONECEL 004-01
standard of efficient energy quality. It was also possible to determine the impact on the network in the
case of power supplied to the network more than the power of the transformer substations; the impact
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on the grid is the predominance of wind turbine power towards the load. Thus forming harmonic
distortion greater than the limit (THD, 8%) established in the ARCONEL regulation demonstrates that
they do not comply with the power quality parameters.
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