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A significant portion of wind power conversion systems worldwide comprise
wind farms (WFs) that use Squirrel Cage Induction Generator (SCIG) and are
directly linked to the power grid. In facilities that generate electrical energy at a
moderate level, WFs are connected by means of distribution systems that use
medium voltage (MV). It is not uncommon for such a system to produce a
scenario in which the amount of electricity generated corresponds to the grid’s
transit volume. When a wind farm'’s wind power generation system is connected
to a weak grid, the lack of potential control of the Point of Common Coupling
(PCCQ) is a primary issue. This strategy is called a “Wind Farm with Weak Grid
Connection.” Therefore, the amalgamation of weak grids, fluctuating electricity
from wind, and variations in load on the system cause disruptions in the PCC
voltage, further degrading the Power Quality (PQ) and the WF stability. Either the
control method at the production level or the compensating strategies at the
PCC level can improve this situation. If wind farms are built on SCIG and are
directly linked to the grid, it is essential to utilise the last substitute. The
technology known as Custom Power Devices (CUPS), proved extremely helpful
for this type of application. This study presents a compensation technique based
on a specific CUPS device, known as the Unified Power Quality Compensator
(UPQCQC), as a possible solution. The potential terminals of WF needed to be
regulated, and the voltage fluctuations on the grid side required to be reduced,
so a custom-made control strategy for the UPQC device was designed
internally. The control of power, such as active and reactive in the UPQC's series
and shunt converters, as well as the transmission of power via the UPQC DC-
Link between converters, are the foundation of the internal control strategy that
has been developed. Compared to other bespoke tactics that use reactive
power, this strategy increases the UPQC's capability to provide compensation.
The suggested study calculates THD using a FUZZY controller. The results are
compared to Pl controller results. Simulation findings show how the suggested

compensating strategy can minimise THD values and improve wind farm power
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The location of wind-generated electricity generating depends on wind energy.
High-voltage (HV) transmission lines are usually far from these facilities (Xie and
Sun, 2022). If the facility has medium power, medium voltage (MV) distribution
wires will link the WF. The most distinguishing characteristic of these connections
is an improved voltage control sensitivity to load variations (Huang et al., 2021).
Therefore, the capability of the scheme to normalize potential at the PCC, which
is the point at which the electrical system and the WF are coupled, is an essential
factor in the proper operation of the WF. In addition, it is common knowledge
that wind farms produce variable amounts of electric power due to the
unpredictable nature of wind resources. These variations harm the consistency
and quality of the electricity provided by the electric power systems (Song et al.,
2023).

Additionally, SCIG-used wind turbines have been in use since the beginning of
energy extraction from wind resources. The supply mains or capacitor banks
supply the required reactive power with SCIG (Yang et al., 2024). There are
fluctuations in the rotor speed. For example, the power grid’s injected
(demanded) WF active (reactive) power will fluctuate due to wind disturbances.
This will produce variations in the WF terminal potential and the system’s
impedance. Electrical power turbulences will eventually find their way into the
power system (Zhang et al., 2023), which may result in a spectacle known as a
“flicker,” which is characterised by oscillations in the level of illumination caused
by voltage variations. Additionally, the regular operation of the WF is hampered by
these disturbances. The effect is significantly more significant when “weak grids”
(WGQG) are specifically considered.

Several potential methods have been proposed in demand to reduce the possible
electric variations that can result in a “flicker” at the WF terminals. Updating the
electrical grid by raising the power level at short circuits at the PCC is the most
popular solution. This decreases system sensitivity to power fluctuations and
voltage control issues (Liu et al., 2023).

Electronic equipment for electric power systems has become widespread due to
high-power electronics technology. This device reacts faster than line frequency.
FACTS and devices give these active compensators tremendous flexibility for
controlling power flow in gearbox systems employing Custom Power System
(CUPS) devices (Liu et al., 2023). This type of active compensator increased wind
energy assimilation in weak systems, as researched (Miaofen et al., 2023).

We propose and test a UPQC-based compensation approach for a SCIG-based
WF connected to a weak distribution power grid. This system is based on a study
(Li et al.,, 2022a). The potential at the WF terminal can be controlled and the PCC
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reactively handle electricity. The standard DC link takes active power distribution
among various converters (Chen et al., 2022). Simulations were carried out to
demonstrate how successful the proposed compensatory strategy not only for
UPQC and also verified with fuzzy logic controller.

1.1 Motivation

The literature survey, Table.1, shows that research has been carried out in the area
of wind farms (WF) that use SCIG and are directly linked to the power grid. In
facilities that generate electrical energy at a moderated level. Only a little research
has revealed that wind farms are built on SCIG and are directly linked to the grid.
It is essential to utilize for substitute. In this article, the technology known as
CUPS, or custom power devices, proved extremely helpful for this type of
application.

Table 1

le-www.frontiersin.or TABLE 1. Literature analysis.
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1.2 Literature review

A compensation technique that is based on a specific CUPS device known as the
UPQC is presented in this study as a possible solution. The same is also
implemented with a fuzzy logic controller and Pl controller.

1.3 Contribution and organization of the paper
The main contribution of this paper is:
* The main technical characteristics of the weak grid are investigated in that

WEF is connected using distribution systems that use medium voltage (MV).
» The general case study of an electrical system with small WF with the

ParanlEmsiatRrLid 4 RSO § 208 R HA3 86770 M s BLAHI VR PLRe)

"\' frontiers All journals All articles (Submit your research>




"" frontiers | Articles Research Topics Editorial Board

© ATV TUZLZY WUYIC CUTTU VIS 19 11U UUUCSU WU U IS Sy OUSi T 11IS9S OIS (Sotsu
with MATLAB Simulink to get a stable operation to improve voltage WF in the
weak grid, and THD results are also presented.
This paper is organized with an abstract on keywords. In the first section, the
introduction is explained in terms of wind forms with different UPQC and fuzzy
techniques, followed by the literature survey and the paper’s contribution. The
second section discusses the general case study in the electrical system. In the
third section, the turbine rotor and disturbance model are discussed. In the fourth
section, the proposed layout of the dynamic compensator model of the induction
generator is developed. The fifth and sixth section consists of control scheme for
UPQC and fuzzy implementation techniques. The seventh section deal with
results and discussion The eighth and ninth sections deal with discussion for
paper outcome, followed by an explanation of the conclusion.

2 General case study explanation of electrical system

The electrical system being looked at in this research can be seen in Figure 1. The
WEF comprises 36 wind turbines utilising squirrel cage induction generators,
producing 21.6 MW of electrical power. Each turbine is coupled to an electrical
grid of a 630 kVA 0.69/33 kV transformer and features attached fixed reactive
compensation capacitor banks with a rating of 175kVAr. Based on reference (Liu
et al., 2018), this system depicts a real-life scenario.

Figure 1

[e=.www.frontiersin.or FIGURE 1. A general power system for the case study.
g
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The indication of the “connection weakness” based on the power ratio during a
quick circuit to the power-valued WF. Consequently, while taking into
consideration the fact that the short circuit power in MV6 is Sgc> 120 MV A, so

this ratio can be calculated with (1).
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3 Turbine rotor and associated disturbances model

The following expression determines the amount of electricity obtained from a
WT:

P:%.p.ﬂ'.Rz.v?’.C’p (2)

Where p is the air density, R is the radius of the swept area, v is wind speed, and
Cpis the power coefficient.

For the considered turbines (600 kW), the values are R = 31.2 m,p=1.225 kg/m>
and Cp calculation is taken from (Damchi and Eivazi, 2022).

The power from the turbines is then combined to create a comprehensive model
of the WF, showing that the entire WF is represented by a single corresponding
turbine producing electrical potential from wind power, which is the same as the
mean totality of the power provided by each turbine is expressed in (3):

Pr = Z P; (3)

i=1,2,3.....36

In addition, disruptions in the wind flow can cause the wind speed v in (2) to
fluctuate about its usual value. The first is determined by an irregularity in the
stream of air that is “seen” from the blades of the turbine because of “tower
shadow” and/or edge coat of the atmosphere, and the second is caused by erratic
changes that are referred to as “turbulence.” Both of these factors can affect the
energy produced using the wind turbine. Consider disruption to the airflow
induced by the support structure (tower) as part of our analysis. When applied to
the mid value of v, the disruption is viewed as a sinusoidal modulation. This
modulation has a frequency of N,o¢or fOr the three-bladed WT, and the breadth
depends on the tower’s design. An amplitude modulation of 15% and an average
12 m/s wind speed is used (Rao et al., 2023).

In most situations, the effect of the edge coat of the atmosphere is disregarded in
favour of the results provided by the shadow effect produced by the tower (Yang
et al., 2015). Note that the total of perturbations can occur if the entire turbines
operate in the same sequence and in phase, which has the most significant
impression on the electrical grid (worst case scenario) because the pulsation of
power has the most significant peak in this situation. Therefore, the turbine
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The model used for the SCIG is the one that is included in the Matlab/Simulink,
Sim Power Systems package (Venkata Govardhan Rao et al., 2022). Dynamic
voltage fluctuations are accounted for by supplying the MV6 (PCC) bus bar with
potential in series and active reactive power. This is accomplished with a unified
type compensator, a UPQC (Ray et al., 2021). The general layout of this
compensator can be seen in Figure 2A, while Figure 1 should be used as a
reference for the bus bar and impedance numbering.

Figure 2
[e-www.frontiersin.or FIGURE 2. (A) representation of UPQC and (B) UPQC
g phasor.
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The process involves utilising VSI or CSl electrical converters to create three-
phase voltages. As for its lower loss of DC link and quicker system response, the
VS| converter is preferred over the CSI converter (Srikanth et al., 2023). The
UPQC's shunt converter is accountable for injecting current at PCC, as explained
in Figure 2B, while the series converter produces electric potential for PCC and
Ul. The vital theme of the compensator is that the series and shunt VSIs operate
using the same DC bus. Thanks to this functionality, the two different types of
converters can actively transfer power.

The converters are manufactured using ideal regulated voltage sources since the
switching control of the converters is outside the purview of this work, and the
higher-order harmonics produced by VSI converters are outside the bandwidth of
importance in the simulation analysis. It is completed since the switching
converter control is not involved in this task. Figure 3 displays the finalized model
of the UPQC system'’s power side.

sin(0) sin (06— %) sin (0+ 2—5’)

T:% cos (6) cos (06— 2?) cos (6+ 2%) (4)
1 1 1
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Figure 3
le.www.frontiersin.or FIGURE 3. Compensator Model for Power Stage at AC
g side.
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Where fi = a,b,c represents either the phase voltage or current, and 1 = d,q,0
represents that magnitude transformed to the dgo space. The controlling of
UPQC, with rotating frames using a park’s transformation is mentioned in (4) &
(5).

It enables the position of a reference frame of the rotating body in the positive
direction of the PCC potential space vector. A PLL mechanism determines a
reference angle synchronism with the PCC positive sequence fundamental
voltage space vector. This makes it possible to get the desired outcome. This
study has a PLL that is examined using the “instantaneous power theory”.

Under balanced and equilibrium conditions, the synchronous reference frame's
electric potential and current vectors do not change. This quality is advantageous
for study and detached control.

5 Control scheme for UPQC

The WF terminal voltage is maintained at its nominal level by managing the UPQC
serial converter (as in Figure 3), which makes up for variations in the PCC voltage.
If this is done, the grid-generated voltage disturbances will not be able to reach
the WF facilities. If voltage dips occur at the WF terminals due to this control
action, it may have the unexpected impact of increasing the LVRT capacity.

Flgure 4A explalns the series converter controller block diagram. The PCC electric
.. , .Download(/articles/10.3389/fenrg.2024.1355867/pdf?jsPublishedV2=False)
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fluctuations that may propagate throughout the system. This action can be
finished with the correct electrical current injection into the PCC. Additionally,
this converter has been able to normalize the voltage on the DC bus.

Figure 4
= www.frontiersin.or FIGURE 4. (A) controller for series compensator and (B)
g controller for shunt compensator.
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The block architecture of the shunt converter controller is displayed in Figure 4B.
The voltage instructions of E4_spycx and Eq_spuc+are produced in this way,
depending on the variations AP and AQ, respectively. The deviations are
computed by deducting the mean power from the instantaneous power
measured in PCC. Filing by low pass filter calculates the expected values of the
active and reactive power components. These filters’ bandwidths are altered such
that, by the IEC61000-4-15 standard, the fluctuation components for power are
chosen as they lie in the flicker band and accept compensation.

Additionally, the control action for the DC-bus voltage loop is contained within
Eq_shuc™since its components operate at a frequency that is lower than that of the
flicker—band.

In the rotating reference frame, the powers Pgp,c and Qgpyc are computed as
follows in (6):

Poc (t) = 2. VP90 (¢). IO (1)

Qshuc (t) = —5 - VSO (t) . 137 (2) (6)

The equations other than PCC voltage variation, can be expressed as follows in
(7):

Download(/articles/10.3389/fenrg.2024.1355867/pdf?isPublishedV2=False)
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Given that the shunt converter is built around a VSI, we must produce sufficient
voltage to attain the currents in (6). It is possible by the model of VSI, which is
discussed in (Song et al., 2022a), which leads to a linear relationship between the
power output and the controlled voltages. Following are the resultant equation in
(8):

Psh'uC (t) = kg . E; — (t)shuC'

QShUC (t) - kg : E; - (t)shuC (8)

Proportional controllers have examples of P and Q control loops, whereas the
DC-bus loop is an example of a Pl controller.

In a nutshell, UPQC is considered a “power buffer” in the suggested strategy,
which helps to equalise the power inoculated into the power system grid. This
style of operation is conceptually represented by a schematic, which may be
found in Figure 5.

Figure 5

le.www.frontiersin.or FIGURE 5. Power buffer Concept.
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It is crucial to remember that the storage element installed on the bus containing
UPQC must uphold its mean power at zero because the bus lacks an external DC
supply. This is the situation to protect the system’s integrity. To do this, a well-
designed DC voltage controller is essential.

The concept of power buffer may not be executed with a DVR; however, it is
possible to do so with a DSTATCOM. A DVR device is more appropriate in this
situation than DSTATCOM's solution since voltage regulation during moderately
significant disturbances cannot be effectively managed with just DSTATCOM's

reactive pp¥iRhload(/articles/10.3389/fenrg.2024.1355867/pdf?isPublishedV2=False)
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The enormous potential of fuzzy set theory for effectively addressing the
problem’s uncertainty is evident (Raju and Rao, 2015). It is an outstanding
mathematical tool for handling ambiguity-related uncertainties. The concept of
fuzzification and de-fuzzification is explained in Figure 6A, and the membership
functions of fuzzy controller are depicted in Figure 6B.

Figure 6
=.www.frontiersin.or FIGURE 6. (A) Division of fuzzification and (B)
g membership functions of fuzzy controller.
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6.1 Error calculation

The difference between the value as it is now and the reference value that the
repeated controller created helps calculate the error signal (errA). Additionally, the
Rena represents the variance in error in the current sampling and its prior
sampling. These current signals are measured and transformed to per unit (p.u.)
values for each phase.

6.2 FLC

Three subsections make up the FLC section. The following is a summary of these
subsections..

6.3 Fuzzification

The fuzzy linguistic variable, which has a crisply defined border, is created by
fuzzifying the numerical input variable measurements, and Table 2 reflects the
fuzzy rules for using this fuzzification.

Table 2

le-www.frontiersin.or TABLE 2. Fuzzy rules for |
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6.4 De-fuzzification

Previously represented as linguistic labels by a fuzzy set, the controller outputs
are transformed into actual control (analogue) signals during de-fuzzification. For
the fuzzy model's de-fuzzification procedure, the “Sugeno’s Weighted Average”
method, a particular application of the “"Mamdani Model,” is employed.

Signal processing: The FLC process output creates the control signals. They are
compared to the carrier signal to produce switching signals for converters.

7 Results and discussions

Matlab/Simulink software was used to create the prototypical view of the power
system scheme depicted in Figure 1. The controllers and the control strategy
described in Section Il are included in this model. Numerical simulations were
carried out to determine and compensate for the voltage fluctuation brought on
by variations in wind power and voltage regulation difficulties brought on by a
sudden load hook-up.

/.1 Electrical potential fluctuation compensation

Figure 7 displays the simulation results for 0-5 s. The cyclical power pulse the
tower shadow effect creates starts when time equals 0.5. As was already
established, the tower shadow changes torque, affecting the WF's active and
reactive power components. The frequency of power variation at the minimum
wind speed is f = 3.4 Hz and the resulting magnitude of the electric potential
variation at PCC is in (9):

AU
AT — 1.50% (9)
Figure 7
le-www.frontiersin.or FIGURE 7. (A) Active and reactive power demand’s power

g component at the power grid side and (B) Electric
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For 0.5 to 3, the middle curve of Figure 7A shows this voltage fluctuation. The
fluctuation’s value exceeds the IEC standard’'s maximum allowable limit (Zhu et
al., 2022). This shows that the WF has a detrimental effect on the System Power
Quality even when everything operates smoothly.

P, Q controllers are turned on at time t = 3.0”, which causes the pulsations of
active and reactive power to slow down. The PCC voltage fluctuation’'s amplitude
has decreased from its prior value of 1.6% (without correction), which was
previously used, to this new amount.

AU
T = 0.18% (10)
Given that it is less than the set permitted maximum limit of 0.5% at 3.4Hz, this
number complies with the requirements of the IEC standard.

Figure 7A illustrates the active and reactive power and voltage pulses on the DC
side of the UPQC. As can be seen from Figure 7A, the series converter needs very
little power to run. However, the shunt converter needs a high instantaneous
power level from the capacitor to compensate for changes in active power. The
DC side power is unaffected by reactive power compensation. The behaviour of
the WF terminal potential is depicted in Figure 7B. The series converter action
keeps the WF terminal potential constant independent of the PCC voltage’s
behaviour.

According to VSI's operational features, the voltage level on the DC bus is capped
at a specific level. Because the capacitor is in charge of managing the fluctuating
active power, the value of the capacitor must be selected so that the DC electric

potential “ripple” is in the specified margin.

For instance, a capacitor with a size of C = 042 F has been considered. It is
simple to quickly obtain this high value by utilizing capacitors based on modern
technology, known as ultracapacitors. Figure 8A shows the power in the
capacitor of the DC bus, and Figure 8B shows the voltage in the capacitor of the
DC bus. Itis crucial to remember that when the grid's measured current flows
towards the park, it is optimistic.

Figure 8
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/.2 Regulation of electric potential

The UPQC is used in this section to maintain the steady WF terminal potential
while concurrently reducing PCC electric potential variations caused by abrupt
engagement or disengagement of loads, power system malfunctions, and other
difficulties. At the time t = 6”, the switch labelled SWto L3 is closed, which results
in a sudden connection of the load in Figure 1. This load has a PL3 rating of

9.2 MW and a QL3 rating of 9.25 MW. After then, the load is disconnected at a
time equal to 10 s.

Power in the capacitor terminal voltages and the series injected voltage are
displayed in Figure 9 for the “a” phase. Because of the action of the series
converter, the figure shows a dramatic shift in the voltage at the PCC terminals,
while the voltage at the WF terminals remains practically unchanged. As a result,
the active power stage for a series converter is the same as the power for a shunt
converter but has the opposite sign. Figure 10 and Figure 11 also explain the DC-
bus voltage and the control action of VDC, both of which are extremely obvious.
VDC's mean value is maintained at the reference level. However, the ripple is not
muted.

Figure 9
le-www.frontiersin.or FIGURE 9. Electric Potentials of WF and PCC are shown
g in phase.
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Figure 10
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Figure 11

le=.www.frontiersin.or FIGURE 11. DC bus shunt and series active power.
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The midpoint power injected or engrossed by the series converter is inserted or
absorbed by the converter in a shunt as a result of the functioning of the loop for
requlating DC voltage depicted in Figure 12.

Figure 12

l=.www.frontiersin.or FIGURE 12. Bus potential at DC.
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/.53 By using a fuzzy controller

The analysis was repeated by using a fuzzy controller and the results can be
shown from Figure 13 Figure 14 Figure 15 Figure 16 Figure 17 Figure 18 Figure 19
Figure 20 to Figure 21.
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Figure 15
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Figure 16

le-www.frontiersin.or FIGURE 16. Power in the capacitor at the DC bus.
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le-www.frontiersin.or FIGURE 17. Capacitor potential in the DC bus.
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Figure 18
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Figure 19
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Figure 21
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8 Discussion of paper outcome

The UPQC and fuzzy logic controller results clearly illustrate the power demand
potential of the PCC series and shunt compensators’ injected power. However,
here, we proposed a fuzzy logic controller implementation to the same system;
with this, we are maintaining all the parameters are the same, but the THD value
of the Fuzzy system with the Pl controller is meagre, i.e., 2.81% in comparison to
the UPQC system of 5.13%. Shown in Figure 22A,B, the outcomes of the
simulations demonstrate that the proposed compensation technique is beneficial
in improving the Quality of power and stability in WF.

Figure 22

. www.frontiersin.or FIGURE 22. (A) FFT analysis with UPQC controller and (B)
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9 Conclusion

The article presents a newfangled compensation stratagem built by a UPQC
compensator to link SCIG wind farms to feeble power grids. The recommended
compensating technique raises the system’s power quality by utilizing the wholly
DC energy storage and the active power sharing across UPQC converters. The
DVR and DSTATCOM compensators do not include these features. The THD of
the fuzzy controller improved the UPQC controller. The simulation’s outcomes
explain that it is possible to regulate the voltage induced by an unexpected load
connection and reject the power fluctuations caused by the “tower shadow
effect” with satisfactory results. The research example thus shows that the
suggested compensation scheme accomplishes its objectives. The performance
levels of the various types of compensators will be compared in future research.
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