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Abstract: Lack of synchronization between high voltage DC systems linking offshore wind farms
and the onshore grid is a natural consequence owing to the stochastic nature of wind energy. The
poor synchronization results in increased system disturbances, grid contingencies, power loss, and
frequency instability. Emphasizing frequency stability analysis, this research investigates a dynamic
coordination control technique for a Double Fed Induction Generator (DFIG) consisting of OWFs
integrated with a hybrid multi-terminal HVDC (MTDC) system. Line commutated converters (LCC)
and voltage source converters (VSC) are used in the suggested control method in order to ensure
frequency stability. The adaptive neuro-fuzzy inference approach is used to accurately predict wind
speed in order to further improve frequency stability. The proposed HVDC system can integrate
multiple distributed OWFs with the onshore grid system, and the control strategy is designed based
on this concept. In order to ensure the transient stability of the HVDC system, the DFIG-based OWF
is regulated by a rotor side controller (RSC) and a grid side controller (GSC) at the grid side using a
STATCOM. The devised HVDC (MTDC) is simulated in MATLAB/SIMULINK, and the performance
is evaluated in terms of different parameters, such as frequency, wind power, rotor and stator side
current, torque, speed, and power. Experimental results are compared to a conventional optimal
power flow (OPF) model to validate the performance.

Keywords: frequency stability; hybrid HVDC system; line commutated converter; neuro-fuzzy
controller; voltage source converter; offshore wind farm

1. Introduction

The production of wind energy is regarded as the leading renewable energy source
because of its reliability, stability, and efficient power generation. In comparison to onshore
wind farms, the wind speed in offshore wind farms (OWFs) is potentially higher and more
stable, which contributes to increased power generation. There are also few restrictions on
the implementation of OWFs compared to onshore wind farms [1–4]. It is anticipated that
the generation of wind energy using OWFs can be nearly 54 GW in the United States [5].
The technical complexities associated with the implementation of offshore platforms and
the process of transferring power from OWF to onshore power grids needs significant
attention [6–8]. Previous studies have shown that the HVDC transmission is superior to
HVAC transmission in terms of improved technical and economic feasibility, sustainability,
and flexibility of integration with larger wind farms located at greater distances [9,10].
Researchers have investigated the application of HVDC systems which utilize voltage
source converters (VSC) [11,12] and line commutated converters (LCC) [13,14] for inte-
grating OWFs. Compared to LCC based power transmission, VSC based systems offer
better advantages in terms of fast response and better control. HVDC systems with VSC
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do not require any external voltage source, and they are independent of active or reactive
power controls [15]. The concept of an offshore wind generating system that combines
the benefits of VSC and LCC in a hybrid multi-terminal HVDC (MTDC) system is gaining
popularity [16]. In these systems, VSC is used to connect with the OWF without using any
communication source, and LCCs are placed near the onshore electrical grid in order to
reduce the energy losses and reduce installation costs.

The work presented in [17] suggested a wind speed correction method based on a
modified HMM (hidden Markov model) that effectively enhanced the accuracy of wind
power forecasts. The incorporation of historical wind speed patterns through the modified
HMM enabled the model to capture complex dynamics and to improve the precision of
wind power predictions. Furthermore, [18] proposed a compensation strategy for wideband
voltage harmonics in DFIG-based wind energy conversion systems. The strategy combined
harmonic detection using a modified SRF-PLL and compensation through a cascaded
control structure. The results demonstrated the successful mitigation of harmonics, leading
to improved power quality and enhanced performance of the DFIG. The research in [19]
introduced a low-pass virtual filter as an effective method for smoothing the output power
of wind energy conversion systems. The filter dynamically adjusted the power output
based on the rate of change in wind speed, resulting in a more consistent power profile.
The proposed approach offers potential benefits for the integration of wind energy into the
power grid, improving system stability and reliability.

The work in [20] demonstrated an approach to construct simplified models for the
dynamic analysis of monopile-supported offshore wind turbines. The proposed models
generated a balance between accuracy and computational efficiency, allowing for efficient
analysis and optimization of OWT designs. The work presented in [21] also proposed a
novel output feedback control design methodology for fixed-time stabilization of high-
order uncertain nonlinear systems. The proposed control approach, which is based on
backstepping, guarantees stability within a specified timeframe. Additionally, the settling
time analysis provides a quantitative measure of system performance.

Several pieces of research have addressed the implementation of a hybrid MTDC
system to integrate wind farms. In [22], a hybrid MTDC system was suggested, with one
side of the grid employing LCC and the other containing a VSC. However, the flexibility of
this system was reduced due to poor operational flexibility. A five-terminal hybrid MTDC
was proposed by [23]. The DC voltage of the MTDC in this system was regulated by a
single converter, but the lack of controlling ability and the loss reduced the efficiency of
this system. The flexibility of operating under different conditions was also not discussed.
A hybrid system communicating with wind farms through a VSC based HVDC system
was developed in [24]. Since LCC cannot reverse its direction, this method needs further
exploration. With the rise in the adoption of HVDC systems for bulk power transmission,
the complexities associated with hybrid HVDC systems, such as frequency regulation and
stability, will also increase. Furthermore, the communication between HVDC systems in
OWFs and onshore wind farms pose significant challenges with respect to operational
stability and reliability [25–28]. This problem increases with the rise in the stochasticity of
the wind speed, and, hence, it becomes difficult to control and stabilize the voltage and
frequency of hybrid HVDC systems using conventional controllers. Various techniques
have been proposed for improving the stability of the frequency and the voltage of hybrid
HVDC systems [29–32]. However, the dynamic and stochastic behavior of the HVDC sys-
tem increases the scope of research in this field. There is a need for an effective controlling
strategy that can stabilize the frequency of HVDC systems in OWFs. The frequency stability
problem is closely related to OWF integrated with grid connected systems. Additionally,
the abbreviations used in this paper are presented at the end of the paper.

Review of Previous Works

Multi-terminal HVDC systems offer various benefits and contributes significantly in
the integration of wind farms with power grids. However, maintaining frequency stability
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in interconnected grid systems is a complex task. Various researchers have proposed
different controlling strategies in order to address this problem [33–35]. The frequency
stability problem is more complicated in asynchronously interconnected grids due to
their inherently zero-inertia characteristics. In addition, large-scale power loss increases
the demand for inertia in order to achieve frequency stability [36]. With the increasing
implementation of RES with grid systems, a significant portion of traditional synchronous
units are being replaced by non-synchronous RES, which increases the issues of frequency
instability. Because of this, the frequency-related limitations are added into the system
analysis in order to resolve this issue. The work proposed in [37–39] included governor rate
and preventive security constraints in order to ensure stability after the sudden reduction
in power generation.

Accordingly, research in [40,41] has examined how frequency constraints relating to
power generation using renewable energy sources, notably wind energy, were affected by
inertia response. As can be inferred from these works, most researchers have focused on
controlling the under-frequency consequences caused by interrupted power generation.
The effects of frequency consequences followed by the interruption of a HVDC link is the
least focused. The fast response and the swift controllability of HVDC links strengthen
the operational security of the grid systems. The work presented in [42] discussed the
frequency control strategies in HVDC systems. The characteristics were analyzed based on
the variations in the measurements of the system. The assessment of the MTDC system
with respect to stability was reported in [43]. This work investigates the effect of voltage
stability and factors influencing the potential efficacy of the system. The work also discusses
the control techniques to deal with the issues that result in a complete shutdown of the
system. Other research [44–47] is dedicated to the analysis of different control strategies for
frequency stability enhancement. The authors introduce a novel approach for controlling
T-S fuzzy wind turbine systems, utilizing an adaptive memory-event-triggered static
output control technique. The main objective of the proposed method is to enhance
the control performance of wind turbines by decreasing the computational complexity and
the communication demands [48].

The lack of synchronization between high-voltage DC (HVDC) systems linking off-
shore wind farms and the onshore grid can have a significant impact on both the stability
and the performance of the overall power system. There are some specific ways in which
this lack of synchronization can affect the power system [49], and they are as follows.
Frequency instability: If the offshore wind farms are unable to provide the required amount
of power to the grid due to a lack of synchronization, this can lead to frequency fluctuations
in the power system. This can cause instability in the system, and it could potentially
lead to blackouts. Power loss: If the HVDC systems linking offshore wind farms and the
onshore grid are not synchronized, it can lead to power losses due to inefficient transmis-
sion, which can result in a reduction in the overall power output of the wind farms and
an increase in transmission losses. Grid contingencies: Lack of synchronization can lead
to grid contingencies, such as voltage instability, overloading of transmission lines, and
unbalanced power flows. These types of contingencies can destabilize the power system,
and they can lead to equipment damage or failure [50].

However, there are certain drawbacks that can be inferred from these existing works,
such as poor inertia and stability, increased power loss during the long-distance transmis-
sion of power, and difficulty managing the stochastic nature of wind power. To mitigate
such problems, some innovative control techniques that integrate two methods, such as
VSC–LCC, are implemented in order to achieve frequency stability in DFIG-based offshore
wind farms.

This paper provides a comprehensive analysis of the frequency and the stability of
multi-terminal HVDC systems for OWFs. The proposed approach is designed for analyzing
the stability of HVDC systems for different wind speeds and loads. Since offshore wind
farms are highly susceptible to the variation in the frequency stability, a STATCOM is
employed in this research in order to increase the transient stability of the HVDC system.
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STATCOM is also used to enhance the voltage regulation of the VSC and to maintain the
voltage in phase with the system’s voltage. Furthermore, this study employs an ANFIS
(Adaptive Neuro-Fuzzy Inference System) based controller to optimize generating capacity
by forecasting wind speed and to strengthen the system during fault occurrences. The main
contributions of the proposed research are outlined in the points below:

i. This research presents a coordination control strategy that combines LCC and VSC
with a novel hybrid LCVSV-HVDC system for frequency stability analysis in DFIG
based offshore wind farms.

ii. This research focuses on improving the integration of off-shore wind farms using
hybrid MT-HVDC for large-scale power transmission over long distances.

iii. An ANFIS based controlling technique is used for forecasting the wind speed and to
maximize the power generation.

The proposed control strategy offers several advantages over existing methods in
terms of frequency stability, including the use of a hybrid LCVSV-HVDC system, im-
proved integration of offshore wind farms, and an ANFIS-based controlling technique [51].
Moreover, the proposed control strategy is flexible and adaptable, and it caters to the
ever-changing dynamics of both wind speed and power demand. This adaptability allows
the system to maintain frequency stability under varying operating conditions, thereby
ensuring a reliable power supply and minimizing the impact of disturbances on the overall
grid [52].

The paper is organized further as follows: Section 2 presents the mathematical mod-
eling of the HVDC system. Section 3 elaborates the control strategy used in this work.
Section 4 briefly recounts the results of the simulation analysis, and Section 5 is the conclu-
sion of the paper with the main observations and suggestions for future research.

2. Mathematical Modeling & System Configuration

The DFIG consisting of OWF with a 50 MVAR STATCOM is linked with a bus contain-
ing five wind turbines. In order to provide reactive power to the system as required, the
STATCOM is connected to power inverters. A DFIG-based wind turbine (WT) powers the
OWF, which operates at a variable speed through a gearbox. The mathematical modeling
of HVDC components is discussed in this section.

2.1. Mathematical Model of the WT

The following steps describe the mathematical model of the WT: the rate of change of
kinetic energy is used to determine the wind energy’s power P, and, mathematically, it is
expressed as [53]:

P =
dE
dt

=
1
2

dm
dt

v2
w (1)

Here, dm/dt is the mass flow rate, which is also expressed as ρAvw, and ρ presents air
density and A represents area of wind. Equation (1) can be reduced as follows [53]:

P =
1
2

ρAv3
w (2)

The extracted mechanical power Pw from the wind turbine can be evaluated as the dif-
ference between the wind powers flowing upstream and downstream, and, mathematically,
it is expressed as [53]:

Pw =
1
2

ρAvw

(
v2

u − v2
d

)
(3)

Here, vu is the wind speed measured in meters per second (m/s) upstream at the rotor
blades’ initial point and vd is downstream wind speed at the rotor blades’ ends in m/s. The
mechanical power is affected by various external and internal parameters, such as density,
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power coefficient, and area. Considering these factors, the mechanical power expressed in
Equation (3) can be modified as follows [53]:

Pw = 0.5× ρ× CP ×V3 × A (4)

where Pw is the air flow’s mechanical power in watts and CP represents the power coefficient.
The highest power that the WT can produce is estimated to be 50% or 0.5 times of the power
that is available. The wind turbine’s Tip Speed Ratio (TSR) is specified as follows [53]:

λ =
(Ω× R)

V
(5)

Here, Ω denotes the mechanical velocity of the wind turbine at the rotor shaft in rad/s,
R presents the radius of blade in m, and V represents the air velocity in m/s. The blade pitch
angle β and the TSR values are utilized in order to determine the rotor power coefficient
(CP). The rotor power coefficient is expressed as [53]:

CP =

(
Power Extracted

Wind Power

)
(6)

Equation (4) can be modified as [53]:

Pw = 0.5× ρ× CP(λ, β)×V3 × A (7)

2.2. DFIG-Based OWF Model

The DFIG system in this research is implemented with an RSC controller at rotor
side and a GSC controller at grid side. The DFIG system is coupled with the WT and
the wind speed is varied, and the respective changes in the torque, the grid current, the
stator current, and the power are observed. By means of a rotor-side converter (RSC), a
grid-side converter (GSC), and a DC connection, the stator windings of the DFIG are linked
to the step-up transformer’s low-voltage side, and the rotor windings are connected to the
same side. The RSC and the GSC connected across the input of the AC voltage govern
the functioning of the DFIG system. The main objective of employing the RSC and the
GSC is to concurrently regulate the active and reactive power of the grid. The RSC in a
DFIG-based hybrid HVDC system regulates the rotor current across the d and q axis based
on the stator flux-oriented control.

2.2.1. GSC Controller

The GSC in the DFIG is mainly utilized to control the voltage across the DC connection
and to maintain the unity power factor throughout the operation. The GSC maintains the
stability and the reliability of the multi-terminal HVDC systems, and it thereby maintains
the power balance. The reactive current reference of the GSC is calculated using the
following equation [54].

i∗q.GSC = Kiq

(
Vgrid −V0

)
(8)

where Kiq is the reference value which is set as 2pu/4V, and I*q is the value of the reference
current measured across the ‘q’ axis. The reference current is tracked using an internal
control loop.

2.2.2. RSC Controller

The RSC controller allows the system to operate with unity power factor and to
enhance the accuracy of the voltage regulation process. The current through the DFIG
across the d-q axis denoted as (i q,r,w, i d, r, w) is determined by keeping the voltage and the
active power across the stator winding at the specified values, respectively. In order to
enable the wind turbines to generate desired frequency response, an external control loop
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is added which causes an increment of inertia and damping into the system. Therefore, the
modulation of frequency is determined as follows [54]:

P∗WT = PWT − K f
Droop∆ fWPP − K f

inertia
d
dt

∆ fWPP (9)

where Kf
Droop and Kf

inertia are defined as the coefficients of the droop control and inertia
control. These values are selected to maximize the inertial frequency. ∆fWPP is the frequency
modulation, and it is calculated by the local measurement of the wind turbines.

2.3. Modelling f STATCOM

The output voltage of the STATCOM measured across the d and q axis are expressed
in per unit (pu) as follows [55]:

v qSTAT = VdSTAT × kmSTAT × cos (θbus + αSTAT) (10)

v dSTAT = VdSTAT × kmSTAT × sin (θbus + αSTAT) (11)

where vqSTAT and vdSTAT represent the voltages at the q and d axis output terminals, re-
spectively; αSTAT and kmSTAT represents the STATCOM’s phase angle and modulation
index, respectively; and θbus denotes the phase angle of voltage across the common bus.
The relation between current and voltage in the DC capacitor of STATCOM is given as
follows [55]:

(Cm)p (Vdc STAT) = ωb

[
Idc STAT −

Vdc STAT
Rm

]
(12)

and here, p is presented as differential operator, which changes with time t and is deter-
mined by combining Equations (10) and (11) as follows [55]:

Idc STAT = iq STAT × km STAT × cos(θbus + αSTAT) + id STAT × km STAT × sin(θbus + αSTAT) (13)

where IdcSTAT indicates the DC current in pu, which passes through the positive end of DC
voltage of the STATCOM, and Rm represents the equivalent resistance of the STATCOM.
After implementing RSC, the DC voltage across the STATCOM is regulated by modifying
the phase angle αSTAT, and the AC voltage is governed by varying kmSTAT.

2.4. HVDC Rectifier Model

A power electronic converter is used for connecting the OWF-HVDC system with the
onshore grid system. A fast-switching IGBT is used as a switching device for the rectifier.
The DC voltage equation for the converter is given as follows [55]:

dird
dt

= −Rr

Lr
ird +

1
Lr

VBd −
1
Lr

Vrd + ωirq (14)

dirq

dt
= −Rr

Lr
irq +

1
Lr

VBq −
1
Lr

Vrq + ωird (15)

dVdcr
dt

=
VBdird + VBqirq − Rr

(
i2rd + i2rq

)
CdcrVdcr

− (Vdcr −Vdci)

CdcrRdc
(16)

where Rst presents the resistance and Lst indicates reactance of the transformer in the
rectifier; Cdcr and Rdc are defined as the capacitance and resistance of the DC link of HVDC;
and Vdcr represents the voltage at the DC connection of the HVDC system.
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When the currents flowing through the d-q axis are considered, regardless of the
resistance of the stator, the following equations are used to calculate the active and reactive
power of the stator in terms of the rotor current [53,54]:{

Ps = − LmVs
Ls

iqrw

Qs =
v2

s
ωs Ls
− Lmvs

Ls
idrw

(17)

where Ps is active power, Qs is reactive power, ωs is the speed of the stator, vs is the stator
voltage, and Ls is the reactance of the stator.

3. Proposed Control Strategy of Hybrid LCVSC-HVDC System

A dynamic coordination control technique is implemented for the OWFs and power
converters to achieve desired performance in terms of energy generation. In this research,
the LCVSC is utilized for regulating the AC voltage and the frequency across the offshore.
Here, the VSC is assumed as an ideal AC power supply, which can effectively absorb the
generated wind energy. The schematic structure of the proposed hybrid multi-terminal
HVDC system with LCVSC is demonstrated in Figure 1.
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Figure 1. Schematic layout of the LCVSC-HVDC system.

The energy produced by the OWF is provided as an input to the wind turbine, which
is linked to the DFIG through gearbox, as illustrated in Figure 1. The speed of the rotor
is controlled by the DFIG, and the gearbox maintains the rotor speed and is synchronous
with the speed of the DFIG. The hybrid MTDC system with the LCC and the VSC controller
stabilizes the frequency of the MTDC. The transient stability is maintained using a STAT-
COM, which is connected between the AC load and the DFIG. The speed and frequency of
the system varies throughout the operation in order to control the speed of the DFIG. The
mechanical torque (Tm), generator torque (Tg), and reference signals (Pref and Vref) drive and
control the operation of DFIG. A coordination control strategy combines Line Commutated
Converter (LCC) and Voltage Source Converter (VSC) systems for enhancing the frequency
stability of hybrid Multi-Terminal HVDC systems. The proposed control strategy utilizes
the strengths of both LCVSC systems by combining them in a hybrid MTDC system. The
primary objective of the proposed coordination control strategy is to address the frequency
stability issues, which may arise due to the integration of renewable energy sources into
the power grid. The flowchart represented in Figure 2 demonstrates the study process of



Processes 2023, 11, 2049 8 of 21

the control strategy for a hybrid Multi-Terminal HVDC system, which combines the LCC
and the VSC controllers in order to stabilize frequency.
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3.1. Inner and External Control Loop

An inner and outer control loop are included in the proposed control approach in
order to estimate the frequency and the voltage control of the DFIG and to obtain the
adequate switching (reference) signals for the HVDC, the DFIG, and the VSC. The internal
control loop is designed to generate appropriate switching signals for the RSC in DFIG, for
the HVDC and for the STATCOM inverter.

The equations of the internal control loop are defined below as [55]:

X(t) = f (x) + gu(x)u(t) (18)

y = h(x) (19)

The state of the system, input, and vectors for Equation (17) are given as follows [55]:

X =
[
id STAT , iq STAT , ird, irq, Vdcr, idrw, iqrw

]
(20)
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u =
[
Vdst, Vqst, Vdr, Vqr, Vdrw, Vqrw

]
(21)

y =
[
id STAT , iq STAT , idr, Vdcr, Ps, Qs

]
(22)

The external loop is designed to control and determine the torque and to control the
speed of the wind turbine, which represents the operation of the mechanical part of the
turbine. The nonlinear equations defining the external control loop is given as follows [55]:

X(t) = f (x) + gu(x) u(t) + gT(x)e(t) (23)

y = h(x) (24)

3.2. ANFIS Controller for Wind Speed Forecasting

Optimal use of the available wind resources is achieved with accurate wind speed fore-
casts, which improves power output projections. By assuring a more stable and predictable
power supply from offshore wind farms, this in turn may help to maintain frequency
stability. Superior performance is provided by the adaptive Neuro-Fuzzy Inference System
(ANFIS) based regulating approach in terms of both predicting wind speed and maximizing
power output. The ANFIS model, also known as the Adaptive Neuro-Fuzzy Inference
System, is a model that combines the concepts of artificial neural networks (ANN) with
the Fuzzy Inference System (FIS). The operating principle of the FIS of the ANFIS works
follows a set of fuzzy IF-THEN rules, and it has a learning potential that can evaluate
nonlinear systems. The ANFIS in this work tunes the control parameters of the DFIG, and
the ANN in the ANFIS will provide an accurate prediction of wind speed. If ‘p’ and ‘q’
are the inputs and ‘f’ is the output of the ANFIS, the output of the first order FIS with two
IF-THEN rules is given as follows:

Axiom 1: IF ‘p’ is X1 & ‘q’ is Y1; THEN f1 = a1x + b1y + z1
Axiom 2: IF ‘p’ is X2 & ‘q’ is Y2; THEN f2 = a2x + b2y + z2
Here, the terms a, b, and z are defined as the parameters for the first-order differential

equations, which are updated continuously during the learning process. The architecture
of the ANFIS controller is presented in Figure 3.
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Figure 3. Architecture of ANFIS controller.

The architecture of the ANFIS possess five layers. The initial layer performs fuzzifica-
tion wherein it selects the membership functions (MF) based on the given input. The second
layer generates the rules for generating the firing strength. The third layer normalizes the
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firing strength and the normalized strengths are fed as input to the fourth layer, which
returns the values by performing defuzzification. The returned values are accepted by
the fifth layer, which generates the final output. The membership function of the fuzzy
logic controller lies between 0 and 1, and it is mathematically evaluated, as shown in the
equation below [48]:

µPj(x) =
1

1 + [(
(
x− rj

)
P−1

j )
2
]
b−3

j
(25)

µPj(x) = exp[−[ (
x− rj

Pj
)

2
]bj (26)

where Pj, rj, and bj are defined as the membership function parameters.
The parameters of the FIS are optimized using a back propagation technique, and the

tuned parameter values are converted into fuzzy values depending on the membership
functions and respective parametric values. Four main parameters, such as the base,
inference engine, fuzzification, and defuzzification, are used in the design of the FIS. The
design parameters of the FIS have a direct impact on the fuzzy inference systems. The
membership functions of the FIS are decided using a trial-and-error approach, and the value
of these functions is between 0 and 1. The following sections address both the effectiveness
of the suggested control approach and the findings of the simulation analysis.

4. Results and Discussion
4.1. Experimental Details and System Configuration

An asynchronous DFIG model is modeled and simulated in this paper. The coordina-
tion control strategy that combines LCC and VSC enhancing frequency stability of hybrid
HVDC (MTDC) systems is implemented in the Simulink. The proposed model is illustrated
in Figure 4, and the parameters used in the design of DFIG are demonstrated in Table 1.
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Table 1. Modeling parameters for the DFIG.

Modeling Parameter Values

Operating Frequency (f ) 50 Hz
Speed of the rotor (N) 1500

Input voltage (Vs) 415 V
Stator Current (Is) 1760 mA

Electromagnetic Torque (Tem) 12,732 N
No of Poles 2

Rotor Voltage (Vr) 2070 V
Stator Resistance (Rs) 2.6 × 10−3 Ω
Stator Inductance (Ls) 0.087 × 10−3 H

Mutual Inductance (Lm) 2.5 × 10−3 H
Rotor Resistance (Rr) 2.9 × 10−3 Ω

Bus Voltage (Vbus) 1150 V
Switching Frequency (fsw) 4 × 103 Hz

Switching Period (Ts) 0.25 ms

A high voltage and high current switching device IGBT are considered to achieve fast
switching of the power electronic converter. To reduce the high voltage spikes across the
load in a three-level bridge converter, a series of RC snubber circuits are placed in parallel
with every switching device. The snubber resistance (Rs) and snubber capacitance are
selected as 5000 Ω and 1 × 10−6 F, respectively.

4.2. Simulation Results

The simulation results of the RSC with respect to rotor speed, torque, Vs, iqr, idr, Is,
Vdr_ref, Vgr_ref, and Ir are discussed in the figures below. The time period of the simulation
is t = 10 s. The simulation results demonstrate the stability of the system when the wind
turbine rotor speed rises from 7.5 rpm to 10 rpm at t = 3 s, and the corresponding changes
in the RSC parameters can be observed in Figure 5.

Figure 5a–c present the transient responses of rotor speed, torque, and stator voltage,
respectively. The transient response of the abovementioned parameters demonstrate that
the system attains the stability after the changes occur in the rotor speed. Moreover,
Figure 5d–i exhibit the transient responses of the rotor q-axis current, the rotor d-axis
current, the stator current, the rotor d-axis voltage, the rotor q-axis voltage, and the roto
current, respectively. These parameters all show a transient rise, and they subsequently
move toward stability.

It can be observed from Figure 5 that all of the parameters mentioned in the text above
swiftly attain the stable condition when the disturbance occurs, and hence improve the
overall performance of the system.

The grid side output is illustrated in Figure 6.
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From Figure 6, it is also clear that when the disturbance occurs, the various system
parameters of grid side also acquire stability in a very short amount of time.

Additionally, the transient behaviors of bus voltage, reactive power, and stator voltage
on the grid side are depicted by the Figure 6a–c respectively. As the rotor speed varies, these
parameters acquire stability, as presented in the Figure 6. Figure 6d–i present the transient
responses of the grid side converter d-axis current, the grid side converter q-axis current,
the grid converter current, the grid side converter d-axis voltage, the grid side converter
q-axis voltage, and the active power generated, respectively. A transient increment happens
as the rotor speed varies, and, finally, all of these parameters show stability.

The frequency stability using the proposed controller approach is shown in Figure 7. It
can be observed from Figure 7 that regardless of initial disturbances, the frequency attains a
constant state soon after a specific amount of time. The stability of the waveform depicting
the variation in the frequency can be observed after 1–2 s of time.



Processes 2023, 11, 2049 13 of 21Processes 2023, 11, x FOR PEER REVIEW 13 of 22 
 

 

 
Figure 6. Grid side output. 

The frequency stability using the proposed controller approach is shown in Figure 7. 
It can be observed from Figure 7 that regardless of initial disturbances, the frequency at-
tains a constant state soon after a specific amount of time. The stability of the waveform 
depicting the variation in the frequency can be observed after 1–2 s of time. 

Figure 6. Grid side output.

Processes 2023, 11, x FOR PEER REVIEW 14 of 22 
 

 

 
Figure 7. Frequency stability using proposed control approach. 

The output of converter is DC side on offshore and travels 100 km, and LCC is used 
in HVDC for bulk power transmission over long distances. On the other hand, VSC-based 
HVDC is also a solution for long-distance power transmission, especially for off-shore 
wind plants and for supplying power to remote regions. 

The proposed LCVSC-HVDC is connected with a 12 pulse three-level bridge con-
verter, which transfers power from one end to another end with a 1000 km long cable. 
STATCOM is implemented using power inverters for injecting the reactive power when-
ever it is required by the system. STATCOM improves the transient stability of the system, 
which can be observed in Figure 8 below: 

Figure 7. Frequency stability using proposed control approach.



Processes 2023, 11, 2049 14 of 21

The output of converter is DC side on offshore and travels 100 km, and LCC is used in
HVDC for bulk power transmission over long distances. On the other hand, VSC-based
HVDC is also a solution for long-distance power transmission, especially for off-shore wind
plants and for supplying power to remote regions.

The proposed LCVSC-HVDC is connected with a 12 pulse three-level bridge converter,
which transfers power from one end to another end with a 1000 km long cable. STATCOM is
implemented using power inverters for injecting the reactive power whenever it is required
by the system. STATCOM improves the transient stability of the system, which can be
observed in Figure 8 below:
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Figure 9 shows an illustration of the change in wind speed over time. Based on the
findings of the simulations, it can be deduced that the system control technique is useful in
lowering the levels of system disturbances. The stability in wind speed and power output
can be observed after the initial set-up time. The adaptive Neuro-Fuzzy Inference System
(ANFIS) based controlling technique offers superior performance in both forecasting wind
speed and maximizing power generation. Accurate wind speed forecasting leads to better
power output predictions and to optimal utilization of available wind resources. In turn,
this contributes to frequency stability by ensuring a more consistent and reliable power
supply from offshore wind farms. The performance of the ANFIS in terms of forecasting
the frequency, power, and voltage at various speeds is shown in Figures 10–12 accordingly,
which are presented below.
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Figure 10. Frequency prediction using ANFIS.

These predictions are measured by using the oscilloscope meters, as shown in the
Simulink model of Figure 4. As the wind speed varies, the adaptive Neuro-Fuzzy Inference
System (ANFIS) based controller accurately predicts the frequency, power, and voltage.

The stability of the wind speed and power validates the performance of the suggested
control technique. Here, the reactive power of the inverter is equal to the reactive power of
load (i.e., Qinv = Qload) with different AC loads connected with each other.
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4.3. Comparative Analysis

The proposed system was evaluated based on various parameters to assess its perfor-
mance. These parameters included frequency, wind power, rotor and stator side current,
torque, speed, and power. During the simulation in MATLAB/SIMULINK, these param-
eters were carefully measured in order to ensure accurate performance evaluation. The
experimental set-up used to validate the performance of the proposed approach was com-
pared with the conventional optimal power flow (OPF) model. This comparison approach
was evaluated under different operating conditions, including varying wind speeds and
power outputs. The performance of the proposed enhanced frequency optimal power flow
(EFOPF) is compared with the conventional OPF method, and the results of the comparative
analysis is discussed in the simulation graphs shown below. The simulation is conducted
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for two different conditions: the maximum frequency is 50.5 Hz (fmax) and the minimum
frequency is 49.5 Hz (fmin).

The frequency fluctuations that are depicted in Figures 13 and 14 demonstrate that the
existing OPF offers a solution that pushes the frequency nadirs of the two grid systems be-
yond the permissible contingency bands for various time periods, and this is demonstrated
by the fact that the solution is provided by the Figures. However, the suggested EFOPF
solves this issue by utilizing a dynamic coordination control technique for HVDC systems,
and, as a result, it is able to attain superior performance in comparison to the OPF method
that is currently in use.
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5. Conclusions

A novel controlling approach was suggested for stabilizing the frequency of the multi-
terminal HVDC systems connected with a DFIG-based OWFs. The proposed dynamic
control strategy incorporated both the LCC and the VSC to enable bulk transmission of
power over long distances. The regulated voltage and power allow large-scale power
transmission using the proposed HVDC system. Simulation analysis was used to evaluate
the effectiveness of the newly established approach, wherein the model was simulated with
respect to different parameters, such as wind speed, variation in frequency, and grid side
and rotor side voltage. By implementing an ANFIS controller to predict the wind speed,
the dynamic performance of the HVDC system was enhanced. According to the findings,
the suggested method delivered superior frequency stability performance in comparison
to the existing technique. In future, this research intends to explore different frequency
control strategies for asynchronous AC grids based on artificial intelligence-based methods
to handle over- and under-frequency disturbances.
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Abbreviations

DFIG Double Fed Induction Generator
AC Alternating current
DC Direct current
HVAC High voltage alternating Current
HVDC High voltage direct current
LCC Line-commutated converters
VSC Voltage Source Converters
MTDC Multi-terminal direct current
HMTDC Hybrid multi-terminal direct current
RSC Rotor side controller
GSC Gird side controller
OPF Optimal power flow
OWFs Offshore wind farms
GW Gigawatt
MW Megawatt
ANFIS Adaptive Neuro-Fuzzy Inference System
WTs Wind turbines
EFOPF Enhanced frequency optimal power flow
MT-HVDC Multi terminal high voltage direct current
LCVSC Line-commutated voltage source converters
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