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1. INTRODUCTION

Electrical energy is regarded a vital component that ensures socioeconomic development. However,
the intensifying threat of climate change and rapidly depleting fossil fuels, has in turn prompted the factors
such as environment and resources to become major constraints affecting electrical energy generation.
Consequently, the world is currently confronted with serious issues such as sustainable energy production,
energy resource conservation, and environmental security. Moreover, the factors such as industrialization,
urbanization and population growth has resulted in the continuous increase in demand for electrical energy.
Thereby, the development and expansion of sustainable energy is the only solution to resolve all these
crisis [1]-[3]. Over the past two decades, the sustainable energy source of wind energy has witnessed
exponential growth with an overall installed capacity exceeding 733 GW in the year 2021 [4]. On the flip side,
the expansion of wind power generation worsens a stable operation of the power networks with an emergence
of several PQ issues. The fundamental reason for this is that a WECS is stochastic and intermittent [5].
Moreover, the large-scale infusion of wind farms and other sustainable energy sources requires the extensive
use of power electronic devices, which in turn has complicated the architecture of the power network. The
increase in number of nonlinear loads has also resulted in an onset of several PQ issues, leading to stability
imbalance in the power system [6]. Thereby, the improvement of power system reliability by minimizing PQ
issues has to be prioritized simultaneously with increasing the sustainable energy [7]. The usage of flexible
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alternating current transmission systems (FACTS) devices is one of the efficient current methods for reducing
the negative effects of PQ concerns.

A FACTS device modifies power system parameters such bus voltage, reactive and active power flow,
and line impedance in order to enhance an electric system's capacity for transferring power, stability, and
controllability [8]. FACTS devices are generally divided in to two generations. The first generation of FACTS
components includes the static VAR compensator (SVC), thyristor-controlled series capacitor (TCSC), and
thyristor-controlled phase shifting transformer. These devices are primarily based on an idea of thyristor
switched reactors and capacitors. Devices from the second generation of FACTS include the static synchronous
series compensator (SSSC), static synchronous compensator (STATCOM), interline power flow controller,
and upstream power compensator. These devices are based on the idea of gate turn off thyristor switched
converters. The SVC [9] minimizes the system losses by compensating PQ issues and enhancing the transient
stability. The TCSC [10] improves a dynamic and transient stability of a system in addition to enriching its
power flow. The STATCOM [11] is effective in minimizing the current harmonics and provides a
comparatively better damping characteristics than SVC. Second generation FACTS devices are considered to
be a more appropriate choice in many practical applications. The current harmonics effectuated by non-linear
loads are minimized effectively with the application shunt active filter [12]. However, its performance is
affected by the impact of supply voltage. The fluctuations in system voltage are compensated by using dynamic
voltage restorer (DVR) [13] but it is inept in minimizing higher level voltage sags. Moreover, all these
aforementioned techniques are designed only to solve a specific type of PQ issue. Thereby, a UPFC [14]-[16]
is considered for curtailing PQ issues in this work. This versatile FACTS device, which entails both shunt and
series compensators in its design, ensures power control along with enhancement of the transient stability. The
direct-quadrature (DQ) theory is used for generation of reference current for an UPFC in this work.

The choice of an efficient controller is vital for controlling the working of the UPFC. One of the most
widely used controller application is PI controller [17], which improves the system performance by regulating
the DC quantities with its simple topology. However, it is incapable of handling non-linear and dynamic
operating conditions, resulting in non-zero steady state error. Consequently, techniques such as FLC [18] and
artificial neural network (ANN) [19], which comes under artificial intelligence-based control approaches are
employed. The FLC is suitable for tackling non-linear operating conditions with high accuracy. Its processing
speed is inversely proportional to the number of rules used, thus the FLC provides delayed dynamic response
with the increase in number of rules. The ANN is characterized with quick processing speed but it is not capable
of providing highly accurate outcomes. Thereby a CFLC controller, which offers accurate output within quick
processing time is proposed as a suitable controller approach in this work.

A WECS fed UPFC design with appropriate control approaches is proposed in this work for promoting
decarbonized sustainable energy production along with curbing PQ disturbances. Here, CFLC is used for
stabilizing the WECS output by controlling the PWM rectifier interfaced to the DFIG based WECS. Moreover,
a series and shunt compensators of an UPFC are also regulated with the assistance of CFLC. The proposed
approach is validated to ascertain its effectiveness using MATLAB simulations.

2. RELATED WORKS

An UPFC is developed which adopts a model-free adaptive control approach for improving the
functioning of the WECS as explained in [20]. The proposed work facilitates the effective working in
conditions of wind gusts along with the enhancement of fault ride through capability. The obtained outputs
indicate the simple implementation, rapid response, robustness and adaptive nature. In spite of these merits,
issues related to overshoot occurs in this work.

An optimal reactive power dispatch approach is proposed to deliver power to grid along with ACO
algorithm with ANFIS controller as show in [21]. By allowing for the power sharing between AC zones, the
suggested control technique can regulate the frequency to desired level even when there is little wind power
available. Unfortunately, due to compensating methods and unpredictable nature of control operation, there
occurs specialist challenges.

Sankarganesh et al. [22] introduced UPFC, a novel hybrid device, manages the flow of DC voltage in
the electrical power transmission network. The proposed reference voltage-current estimator's structure allows
for the simultaneous adjustment of reactive power at the basic grid frequency, voltage harmonics, and current
harmonics while minimizing voltage dips and overvoltage. Despite of its merits, oscillation damping of
power occurs.

An evaluation framework was developed to address power quality challenges that have emerged
following an integration of substantial wind farms into inadequate transmission systems as described in [23].
The challenges like voltage profiles, stability, voltage and current harmonics, and power fluctuations at PCC,
which take seasonal variations and heavy loading situations are helped by this research. The work becomes
inappropriate if the main concern is towards power quality issue.
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The results in [24], a system control design for marine motion control susceptible to hostile
environments was presented. This offers a potent and responsive tool for creating reliable control systems that
operate in challenging conditions. Poor state assessment will happen if harsh disruptions and unmodeled
dynamics are not taken into account, which would then lead to decreased control precision.

The word in [25], LMI technique is utilized to enhance a dynamic stability of power system with
UPFC and DFIG. A small portion of the total power is provided by power electronic converters. As a result,
losses in power electronic converter are decreased, and system cost is lower because the power electronics are
only partially rated. The search techniques could also get stuck in a local minimum, and the result might not
be the best.

3. PROPOSED SYSTEM DESCRIPTION

The environmental and resource constraints that affect fossil fuel-based energy generation has resulted
in the shifting of focus towards sustainable energy sources for satisfying the ever-increasing energy demand.
Thereby, the generation of power using wind energy is witnessing tremendous growth in recent times.
However, the intermittent nature of wind energy compromises a stability of the power system with an onset of
PQ issues. Hence, a WECS fed UPFC design is proposed in this work as seen in Figure 1, to curb PQ
disturbances and improve the stability of WECS integrated power system.
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Figure 1. Structure of the proposed WECS fed UPFC

The proposed work considers a DFIG based WECS owing to its adaptability, efficiency and flexibility.
The DC output obtained from the PWM rectifier, which is interfaced to the DFIG based WECS is provided to
DC-link of the UPFC. A shunt and series converters of an UPFC are also connected to DC-link. Moreover,
coupling transformers are used to connect these two converters to the power system. The UPFC enhances the
PQ of the system by controlling the phase angle, impedance, voltage, reactive and real power flow. PWM
rectifier is controlled using CFLC, which aids with obtaining a stable distortion free output from the WECS.
The reference current for the UPFC is generated using DQ theory, while CFLC is used for controlling an
operation of the UPFC converters.

4., PROPOSED SYSTEM MODELLING
4.1. Modelling of UPFC

The UPFC design comprises of two converters connected back-to-back through a common DC-link
as illustrated in Figure 2(a). Here, one voltage source converter (VSC) is shunt connected to the bus (i), while
another VSC is series connected to the transmission line. In this work, the output from DFIG based WECS is
also connected to a common DC-link. Both a series and shunt compensators are interfaced to the system via a
series and shunt coupling transformers (T, and Tg;,) respectively. Figure 2(b) presents an equivalent circuit of
UPFC. Shunt impedance and series impedance are represented using the terms Z,, and Z,, respectively. The
power flow problem is solved by using the following NR matrix as (1)-(4).

U1lx] = [B] )
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Where, the phase angle and voltage magnitude vector are specified as X, the Jacobian matrix is specified as J,
the power mismatch of the reactive and active powers are specified as B and the Jacobian matrix elements are
represented as Jps, Jpy, Jov and Jos.
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Figure 2. UPFC: (a) schematic diagram and (b) equivalent circuit

4.1.1. Modelling of series converter

In a transmission line, a reactive and active power flow is controlled using a series compensator by
injecting series voltage of controllable phase angle and magnitude. As illustrated in Figure 3(a), a series
converter is modelled as a current source (I,,;) shunt connected to its impedance by converting a series voltage
source (V;.) on the basis of (9). For representing the UPFC terminals, an auxiliary bus is added and the power
flow direction is realized. Figure 3(b) represents current source as shunt injected current.

linj = % %)

linj = Ixj — Iy = (?—:) - (%) (10)
Here,

Ssp = Psp +JQsp (11)

g = lse = (32) (12)
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The representation of shunt injected current as complex loads is illustrated in Figure 4. The loads are
updated as follows during load flow iterative process as (13) and (14).

Si = Villin;)" (13)
S = =Villimj)" (14)
An active power injected by a series compensator is given as (15).

Pexl = Pse = Re(Vse(lse)*) (15)
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Figure 3. Representation of UPFC series converter on the basis of (a) current source and (b) injected current
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Figure 4. Representation of UPFC on the basis of injected loads

4.1.2. Modelling of shunt converter
The bus voltage is controlled through injection or absorption of reactive power by the shunt converter.
A shunt injected power is expresses as (16) and (17).
Pexz = Psp = Re(Vep,(Isn)™) (16)
Py, + B, =0 (7
The injected reactive power is represented as (18).
Qsn = Xi=1 ViVo(Gin sin 8 — Bip c0s 8;) + Qiload +Q; (18)
The equivalent circuit of shunt converter is illustrated in Figure 5(a) and Figure 5(b) represents the

circuit when load is applied and condenser configuration in seem in Figure 5(c). The shunt current and shunt
voltage is expressed as (19) and (20).

Psp+jQsn\”
Vi = Vi + Zgy (P57%2) (19)
_Vsn=Vi _ (PshtjQsh
ISh - Zgp - ( Vi ) (20)
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Figure 5. Representation of UPFC shunt converter: (a) equivalent circuit, (b) load injection, and
(c) condenser

4.2. CFLC and DQ theory-based control of UPFC

The power components are measured with the application of DQ theory. This time-domain based
approach is relevant for both transient and steady state systems and is applied on generic waveforms of voltage
and current. Moreover, its computational simplicity is also regarded as its major advantage. It mainly comprises
of algebraic calculations aside from those needed to separate mean and alternated values of power component
estimation. The park transformation is used for obtaining d-q coordinates (rotating coordinates) by
transforming a-b-c coordinates.

, [ cos(@) cos ((?) - %n) cos (Q ?) ] v,

I R e @
Vo 1 1 1
2 2

2

cos(@) cos ((Z) - %n) cos ((25 2—”)

L 3 iq
o] =3-sin@ () —sn(o2) 1] "
iy 1 2 : -

Where, the phase shift between the fixed and rotating coordinates is specified as @, while a phase shift between
a line current and voltage is specified as 6. The active and reactive power components are estimated as (24)
and (25).

p= led + ]/qlq (24)
q= Vqu - Vqu (25)

4.2.1. CFLC based compensator control scheme

The compensator control scheme for UPFC using DQ theory and CFLC is illustrated in Figure 6. The
measured currents and voltages are initially low pass filtered to remove high frequency noise components.
Subsequently, power components (reactive and active) are estimated using park transformation and given as
input to the CFLC. The modulation index for the PWM generator, which controls the operation of the
compensators is obtained as output from the CFLC.

The CFCL approach used in this work is the cascaded connection of two FLC controllers. Moreover,
the CFLC is provided with four inputs and has five membership functions. The normal FLC controller with
four inputs and 5 membership functions require 5* = 625 rules, while CFLC requires just 50 rules (5% + 52).
Thus, the computational time is significantly reduced in case of CFLC approach, resulting in quicker response.
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Figure 6. Structure of CFLC and DQ theory-based compensator control

4.3. Modelling of DFIG based WECS

The WECS is a variable power source unlike the conventional power generation systems. Here, the
DFIG is used as the generator technology for WECS due to its excellent efficiency and adaptability. The
structure of the DFIG based WECS is given in Figure 7.
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Figure 7. Structure of WECS fed UPFC

4.3.1. Wind speed model

A wind speed frequency distribution is characterized using Weibull probability distribution. The c-
scale parameter (m/s) and k-form parameter (dimensionless) constitutes this distribution model. The expression
for Weibull distribution is given as (26).

£ =407 O] (29)

Where, the speed and occurrence frequency of wind are specified as v and f,, (v) respectively.
4.3.2. Turbine model

The DFIG generates electrical energy by converting the mechanical energy produced by the turbine
blades. The turbine mechanical power obtained from wind is expressed as (27).

P = Co(L B 2V,? (27)

Where, the terms 8, 4, V,,, A and p represents the blade inclination angle, speed ratio, wind speed, turbine swept
area and air density respectively. The power coefficient is denoted as (28).

21
116 -

Cp(4,8) = 05176 (55— 0.4 — 5) e % +0.00682 (28)
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Where the parameter A; is expressed as (29).

1 _ 1 0035

2 A+0088  B3+1 (29)
4.3.3. DFIG model

The DFIG dynamic modelling in d-q reference frame is expressed as (30).

dgs
dt
dgs
dt
30)
. ap (
Var = erdr + ((’Js - wr)lpqr + 4

1]qr = Rriqr + (ws - wr)lpdr +

( Vgs = Rsiqs + wslpqs +

Ugs = Rsiqs + wsthgs +

dat
Agr
dat

Here,

{lpds = Lsigs + Linlar
{ Ygs = Lsigs + Linigr

wdr = Lr idr + Lmids
klpqr = Lylgr + Linigs

(31

In d-q axis, the stator voltages, currents and flux are represented as vy, vys, lgs, Igss Yas aNd Py
respectively. Similarly, the rotor voltages, currents and flux are represented as vy, Vgr, igrs Lgrs War aNd P,
respectively. The resistance and inductance of the rotor and stator are specified as R,, R, L, and Lg
respectively. The magnetising inductance is specified as L,,,. The electromagnetic torque is given as (32).

Tem = 2P (Pasiqs — Pasias) (32)
The active and reactive stator output is given as (33) and (34).

Py = 2 (Vasias — Vasigs) (33)

Qs = 2 (Vgsias = Vasiqs) (34)
The active and reactive rotor output is given as (35) and (36).

Py =2 (Variar — Varigr) (35)

Qr = ;(Uqr idr ~ Var iqr) (36)

Here, the number of poles is represented using the term p. The output from the DFIG is converted to DC voltage
using PWM rectifier, while the rectifier is controlled using CFLC based closed loop control.

4.4. CFLC based control for WECS

The CFLC is used for error compensation and it control the switching operation of PWM rectifier
interfaced to the WECS. The CFLC is mainly employed in the WECS to stabilize its output and always ensure
a constant fluctuation free output from the WECS. As mentioned above, the effectiveness of CFLC in offering
quick and accurate dynamic response, accredits to its choice as an appropriate controller. The structure of the
CFLC includes two FLCs, which are series connected as seen in Figure 8. The duty ratio range for FLC 2 is
narrowed down by FLC 1. The FLC replicates the operation of an expert human operator. It simulates human
reasoning to obtain definite solution for problems involving inadequate and imprecise data.

The actual output voltage of the PWM rectifier V., is compared to the reference voltage V,..; to
estimate the error e. An obtained error and its change rate (ce) are provided as input to the FLC. The fuzzifier
of the FLC converts e and ce in to linguistic fuzzy sets. An evaluation of control rules in the rule base and
generation of fuzzy sets are subsequently done by an inference engine using fuzzified measures. The final
defuzzification block converts the fuzzy set obtained as output in to crisp value. The fuzzy rules are expressed
as (37).

Intelligent controller based WECS fed unified power flow ... (Polishetty Vinay Kumar)
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R;:If eis A;, ce is B; then 6m,, is C; (37)
Where the fuzzy sets are represented as A;, B; and C;. The standardized values of error and its change rate is

[-1,1], while [-1,1] is the range of m, n. A maximum of 25 rules is obtained for every combination of e and ce.
The rule base is given in Table 1. The inference engine result is given as (38) and (39).

Z; = min{p.(e), fiee(ce)}. C; (38)
Z; = WG (39)

Where, the modulated signal’s rate of membership is specified as C; and the weighting function precise rule is
given as ;.
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Figure 8. CFLC approach

Table 1. FLC rule base

Fuzzy Rules e

ce ZE PS ZE ZE ZE NS

*ZE=Zero, PS=Positive Small, PB=Positive Big, NB=Negative Big and NS=Negative Small

5. RESULTS AND DISCUSSION

A WECS fed UPFC design with novel control approaches that supports both sustainable energy
generation and PQ disturbances minimization is proposed in this work. The proposed WECS fed UPFC model
is tested for its performance with the aid of MATLAB. Figure 9 represents the simulation setup of the proposed
work and Table 2 gives the parameter specifications for the simulation model.
i)  Case 1: Step magnitude -0.3

The proposed WECS fed UPFC design is tested for its effectiveness in both voltage sag and voltage
swell conditions. Case 1 evaluates the practicability and applicability of the proposed WECS fed UPFC while
encountering Voltage sag and the concerned waveforms are given in Figure 10 and Figure 11. Thereby, a 400
V source voltage encounters a 0.3 p.u voltage sag between 0.1s and 0.2s as seen in Figure 10. The input current
experiences an increase in magnitude to 50 A during the occurrence of voltage sag. For obtaining a clear
understanding about the source voltage and current waveform during case 1, a single phase (phase A) of both
these parameters are also considered. On observing the load side waveforms, it is concluded that the proposed
WECS fed UPFC design successfully compensates the voltage sag, since both the load voltage and load current
waveforms are stable in nature. Moreover, due to the accurate compensation of voltage sag, unity power factor
is maintained. Figure 10 also gives the real power and reactive power waveforms. Figure 11 illustrates the
reference voltage and current signals in addition to an actual voltage and current signals of an UPFC. The
reference signals for the compensators are generated with the assistance of DQ theory and CFLC. It is observed
that the compensators generate the necessary voltage for compensating the voltage sag condition.
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Figure 10. Case 1 simulation waveforms
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Table 2. Specifications for simulation

Parameters Values
Source Current 0-30 A
Source Voltage 330-470 V
Load Resistance 100 Q
Load Inductance 10 mH

ii) Case 2: For step magnitude +0.3

The dynamic working of the proposed WECS fed UPFC is assessed under voltage swell in case 2.
The source voltage is impacted by voltage swell of 0.3 p.u between 0.1 s to 0.2 s. Unlike case 1, a minimization
of current magnitude is observed during voltage swell as seen in Figure 12. Variations are seen in source current
in accordance to the voltage swell is better understood by considering the phase A of both these parameters as
seen in Figure 12. Our proposed WECS fed UPFC is also capable of balancing voltage swell condition, since
both the load voltage and load current waveforms are observed to be steady. A real and reactive power
waveforms during voltage swell condition is also given in Figure 12.

The reference signals required for mitigating the voltage swell condition is obtained using DQ theory.
The reference current is generated in the dq reference frame and is used to control the current of the proposed
system. The series compensator generates the necessary voltage signal of opposite phase to compensate voltage
swell as seen in Figure 13. The shunt converter would inject reactive power to maintain the load voltage at the
reference level, while the series converter would inject voltage to mitigate the sag.
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The DFIG output voltage waveform is given in Figure 14(a), it is square type waveform, which is not
uniform in nature due to the variations in wind speed. This variable DFIG output is fed to the PWM rectifier
and a stable output is generated with the assistance of CFLC as illustrated in Figure 14(b). The output waveform
of the PWM rectifier in a DFIG system is a pulsating DC waveform with a ripple frequency equal to the
switching frequency of the rectifier. The magnitude of the DC voltage is controlled by the amplitude of the AC
output voltage of the DFIG, while the duty cycle of the rectifier switches is controlled by a PWM technique to
produce the desired DC voltage level. Moreover, it is also noted that a stable DC voltage is maintained as seen
in Figure 14(c).

Due to the effective compensation of PQ disturbances, the power factor is maintained as unity.
Thereby a lower THD value of 2.55% is obtained using the proposed technique as indicated in Figure 15. The
THD of the proposed UPFC is significantly reduced with the aid of the adopted control approach. The THD
obtained with the CFLC is comparatively very less than THD values obtained using FLC and PI controllers as
noted in Figure 16.
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Figure 12. Case 2 simulation waveforms
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Figure 13. Case 2 compensator waveforms
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Figure 14. Temporal behavior of key voltage parameters in DFIG: (a) output voltage,
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Int J Pow Elec & Dri Syst, Vol. 14, No. 4, December 2023: 2148-2162



Int J Pow Elec & Dri Syst ISSN: 2088-8694 O 2161

F (50Hz) = 4.348 , THD=2.55%
T T T T T

045 T T T

o
=
g

T

1
o
i
=

4.67

2
=
=
@

T

L

w

o

2

=
T

2l 4
0.025 -

3

‘Il J“l“llh I‘I|“||||I“|hm||”||||‘ “Il .

e
=
ra
T
=
i
o

THD (%)

Mag (% of Fundamental)
g
w

0.005

e
=]
= =
T
-
—
—

0 100 200 300 400 500 600 7ag 00 200 1000
Frequency (Hz)
Figure 15. THD waveform Figure 16. THD comparison

6. CONCLUSION

The modern-day power network is becoming increasing complex due to the influx of several
sustainable energy sources along with the increase in quantity of power electronic devices and nonlinear loads.
This increase in complexity along with the deregulation of power sector has come at the cost of system
instability due to increase in PQ issues. Hence, a WECS fed UPFC that provides the much need stability to the
power system along with facilitating a large-scale expansion of wind energy is proposed. The WECS output is
made stable with the employment of CFLC, which offers faster error compensation. Moreover, in case of
UPFC, the reference signals for the compensators are generated using DQ theory. DC-link voltage is
maintained constant using CFLC. The simulation model for the proposed WECS fed UPFC with intelligent
control approaches is developed in MATLAB and its capability in solving voltage sag and voltage swell
condition is ascertained. The proposed approach is efficient in ensuring a PQ and a unity power factor is
produced, according to the results. Consequently, the THD of the proposed work is also very low at a value of
2.55%, which further accredits to the significance of the proposed PQ enhancement technique.
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