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ABSTRACT The increasing integration of renewable energy sources (RESs) into the power system reduces
system inertia, which presents substantial challenges for maintaining frequency stability. Existing studies
have mainly focused on using the load frequency control method (LFC) to stabilize area frequency and
tie-line power by optimizing the parameters of supplementary control for synchronous generators (SGs).
However, these works primarily used simplified first-order transfer functions for wind turbines (WT), high-
voltage direct current (HVDC), and battery energy storage systems (BESS). They neglected dynamic models
and, importantly, the impact of control parameters in supplementary frequency control strategies on the
stability of the studied system. Therefore, this study proposes a novel load frequency control strategy that
coordinates the operation of WT, HVDC, and BESS in conjunction with traditional SGs to participate in
frequency regulation. The proposed strategy develops a comprehensive state-space model that incorporates
accurate models ofWT, HVDC, BESS, and SGs, along with their supplementary control strategies. Then, the
developed state-spacemodel was utilized to investigate the impact of control parameters in the supplementary
frequency control strategies of BESS, HVDC, and WT on system stability. As a result, this work yields
a specific range of coefficients for supplementary strategies to improve stability in the studied system.
Lastly, a two-area interconnected benchmark system is adopted to validate the effectiveness of the proposed
strategy. Based on the suggested parameters, the results demonstrate that the proposed strategy ensures
frequency stability with a high penetration of RESs into the power grid. Furthermore, the results indicate
that incorporating diverse sources, such as HVDC, WT, and BESS, to support SGs in frequency regulation
reduces the impacts of low system inertia. This approach leads to an improved frequency response not only
in areas where disturbances occur but also in other regions, provided that tie-line power interchanges are
maintained in balance.

INDEX TERMS Load frequency control (LFC), area control error (ACE), wind generation, droop control,
HVDC, BESS.

I. INTRODUCTION
In modern power systems, the increasing penetration of
renewable energy resources (RESs) has reduced the overall
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system inertia. The reduced inertia yields the frequency sta-
bility to become more volatile and unpredictable. Contrary to
traditional power plants, using power electronic-based RESs
results in their decoupling from the power system, making
them incapable of directly responding to any frequency
disturbance in an AC system [1], [2]. Thus, the frequency
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nadir (FN) could become lower. In addition, the rate of change
of frequency (ROCOF) is a crucial measure for assessing the
inertia of a power system, particularly in situations when the
use of RESs is high [3]. ROCOF is becoming important in
power systems due to the potential for a significant change
in ROCOF, leading to trigger load-shedding controllers and
even causing a blackout [4].
The load frequency control method (LFC) has been critical

to guarantee the frequency stability and tie-line power
interchanges within the desired limits in interconnected
power systems [5], [6]. Typically, the area control error (ACE)
is calculated by multiplying the area frequency bias by the
frequency deviation and adding the net tie-line flow error.
This ACE value is then utilized as the input for the load
frequency controller, which aims to regulate both the ACE
and the interconnection frequency deviation. To guarantee
frequency stability and maintain balanced tie-line power,
this paper proposes a new coordinated frequency control
strategy for the LFC two-area system to enhance frequency
stability and address the challenges of low inertia systems.
A comprehensive state-space model describing the proposed
LFCmodel is introduced, incorporating the frequency control
strategies of battery energy storage systems (BESS), wind
turbines (WT), high-voltage direct current (HVDC), and
traditional synchronous generators (SG).

A. RELATED WORKS
Various linear and non-linear control methods have been
devised to maintain the tie-line power deviation and
frequency deviation within the expected range, such as
proportional-integral (PI) [7], [8], and proportional-integral-
derivative (PID) [9], [10], and PD–PID cascade con-
trollers [11]. Nevertheless, the dynamic behavior of area
frequency and tie-line power in the interconnected systems
using traditional PI or PID controllers exhibit significant
oscillations and extended settling periods due to constraints
imposed by physical restrictions, uncertainties in the system,
and changes in loading conditions. It is increasingly impor-
tant to tackle the control challenges faced by contemporary
power systems.

The fuzzy approach has been introduced to tackle this
challenge [12], [13]. However, fuzzy techniques generally
require extensive expert knowledge of the system and long
learning processes.

Another method is to use optimal controls [14], [15].
Although optimal controls methods successfully satisfy
the desired performance, the unknown disturbance inputs
are assumed to be norm-bounded with pre-known upper
limits. The authors in [16] and [17] proposed a robust
control for LFC to consider some uncertainties inside a
controlled system, but there are some limitations to its
application, including the high-order model formulation and
difficulties in choosing weight functions. On the other hand,
the system parameters change with the growth of RESs,
directly impacting the previously optimized supplementary
control parameters. This change can lead to oscillations

when frequency events occur. Additionally, while adaptive
controllers have been studied, their complexity has hindered
widespread implementation.

Since there is a growing level of interconnections between
asynchronous areas and a considerable distance between
generation and load centers, HVDC technology emerges
as a highly suitable solution to address these challenges.
Therefore, the authors in [14], [18], [19], [20], and [21]
proposed an integrated hybrid HVAC-HVDC system into
the LFC model. The simplified model for HVDC links was
represented by a first-order transfer function, incorporating a
time constant and gain constant as described in [18], [19],
and [20]. However, the HVDC simplified model did not
support analytical or mathematical procedure and failed to
consider any physical parameters, such as rated capacity,
voltage level, converter impedances, and HVDC loading.
A precise representation of the HVDC tie-line was suggested
for analyzing the LFC model in [14] and [21]. The author
in [22] suggested a virtual inertia approach using derivative
control for the LFC model, which integrates the HVDC
system with BESS. These studies in [14], [18], [19], [20],
and [21] utilize the HVDC model to enhance the control
parameter optimization for the LFC model. However, it is
not included or represented in the LFC state-space modeling.
Consequently, the impact of HVDC on system stability has
not been examined.

The influence of wind power on the LFC of a power system
was investigated in [12], [14], [17], [23], [24], [25], [26], and
[27]. The state-space representation of the dynamic model for
controlling the two-area LFC system was constructed in [23]
and [24]. However, the state-space model does not include the
wind turbine model. In addition, these studies only employed
the state-space model to optimize the control parameters
without using it to examine the stability of the system.

The introduction of a coordinating system with SG, BESS,
and WT is presented in [12]. It can guarantee equilibrium
in power transmission and frequency. However, the manage-
ment of the state of charge (SOC) for BESS was not be
considered. An LFC hybrid model integrating SG, WT, PV,
BESS, and HVDC was proposed in [14], [17], [25], [26], and
[27]. These models are applied to represent a high penetration
of RES integrated into power systems nowadays. The results
indicate that these proposed methods can can reduce the
power flow error on the tie-line and enhance frequency
stability. Nevertheless, the WT and PV are presented by
simple first-order transfer functions. These transfer functions
cannot provide an accurate dynamic response of RES in the
LFC structure. In addition, the state-space representation of
the dynamic model for managing the two-area LFC system
was not designed to assess the stability of the suggested
parameter control.

B. MAIN CONTRIBUTIONS
The literature analyses above are summarized in Table 1,
which indicates that various controllers with different opti-
mization strategies have been proposed for the LFC problem.

115086 VOLUME 12, 2024



D.-T. Trinh et al.: Novel Load Frequency Control Strategy for a Modern Power System

TABLE 1. A brief literature survey of load frequency control.

However, the majority of these studies utilized simplified
first-order transfer functions for WT, BESS, and HVDC,
with the purpose of establishing mathematical models to
optimize the parameters of supplementary control for SGs.
These works did not discuss about the load frequency control
strategy that coordinates the operation of WT, HVDC, and
BESS in conjunction with traditional SGs to participate in
frequency regulation. Additionally, when considering a high
ratio of wind power, the rotor speed of WTs should be
managed and the effects of wind speed should be considered.
A simplified first-order transfer function cannot represent the
complete characteristics of a WT. Furthermore, BESS is a
critical power source significantly contributing to frequency
regulation. Consequently, an effective BESS operation should
include SOC management.

The motivation of this work is to propose a comprehensive
LFC strategy to enhance frequency stability and address the
challenges of low inertia systems. The main contributions of
this work are summarized as follows:

1) The proposed LFC strategy coordinates the opera-
tion of WT, HVDC, and BESS in conjunction with
traditional SGs to participate in frequency regulation.

In this work, a simplified model of WT, capable of
analyzing the frequency response in the initial stage
following system disturbances, replaces traditional
first-order transfer functions. Additionally, a BESS
model with SOC management is used to enhance
simulation accuracy in the studied system.

2) The state-space model is developed based on the differ-
ential equations describing the models of WT, HVDC,
BESS, and SGs, alongwith their supplementary control
strategies. Subsequently, the state-space model is
utilized to investigate the impact of control parameters
in the supplementary frequency control strategies of
BESS, HVDC, andWT on system stability. As a result,
this study provides a specific range of coefficients for
supplementary control strategies to ensure the stability
of the studied system.

3) A two-area interconnected benchmark system with a
high wind power penetration is established to validate
the proposed strategy and the recommended param-
eters. The results indicate a noticeable enhancement
in frequency stability when the suggested approach is
implemented.
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FIGURE 1. Single-line diagram of the studied two-area interconnected
system.

C. PAPER ORGANIZATION
The remainder of this article is organized as follows:
Section II provides a representation of the two-area intercon-
nected system. Section III proposes the small-signal model
of the studied system and the LFC strategy for frequency
regulation coordinatingWF, BESS, andHVDC for a two-area
interconnected system. Section IV analyzes the stability of
the state space model of the system. The simulation results
are discussed in Section V. Finally, conclusions are drawn in
Section VI.

II. MODELING OF TWO-AREA INTERCONNECTED SYSTEM
The diagram of the studied system, as presented in Fig. 1,
comprises two areas: Area 1 includes two conventional
hydraulic power stations (G1, G2), while Area 2 contains two
reheat thermal power plants (G3, G4) [22], [28], [29]. The
two areas are interconnected by hybrid HVAC and HVDC
systems. To accurately analyze the frequency response in the
context of power systems that significantly integrate RES, the
wind farm (WF) is merged into bus 8 in Area 2. Furthermore,
to efficiently address the disturbance caused by the growing
RES and enhance the performance of the WF, the BESS is
coordinated with the WF at bus 8 of Area 2.

A. CONVENTIONAL POWER PLANTS
In Area 1, there are two hydraulic power plants, referred
to as G1 and G2. These power plants are simplified
and represented by a transfer function that describes the
hydraulic turbine and its governor considering transient droop
compensation, as shown in Fig. 2 [28]. The power deviation
of the governor x1 can be expressed as

sx1 = −
1

TG1R1
1f1 −

1
TG1

x1 +
1
TG1

1ug1. (1)

where R1 is the droop coefficient of the governor, TG1 is the
time delay of valve adjustment in the governor, and 1ug1 is
the governor control signal. The power output of hydraulic
turbine x2 is given in (2).

sx2 = −
RP

TG1RTR1
1f1 +

RP (TG1 − TR)
RTTRTG1

x1

−
RP
RTTR

x2 +
RP

TG1RT
1ug1. (2)

where RT is temporary droop, RP is the permanent droop
and TR denotes reset time. The output power deviation of the

hydraulic turbine is

s1PSG1 =
2RP

TG1RTR1
1f1 +

2RP (TR − TG1)
RTTRTG1

x1

−
2
Tw

1PSG1+
(

2
Tw

+
2RP
RTTR

)
x2+

2RP
TG1RT

1ug1.

(3)

where Tw is referred to as the water starting time.
Using a methodology similar to Area 1, the transfer

function of two thermal power plants is represented by the
reheat steam turbine and its governor is shown in Fig. 2
[24], [28]. The power deviation of the governor x3 can be
mathematically represented as

sx3 = −
1

R2TG2
1f2 −

1
TG2

x3 +
1
TG2

1ug2. (4)

where R2 is the droop coefficient of the reheat governor, TG2
is the time delay of valve adjustment in the governor, and
1ug2 is the governor control signal. The power output of
steam turbine x4 is given in (5).

sx4 =
1

TCH
x3 −

1
TCH

x4. (5)

where TCH is the time constant of main inlet volumes and
steam chest. The output power deviation of the reheat steam
turbine can be given in (6).

s1PSG2 = −
1
TRH

1PSG2 +
FHP
TCH

x3 +
TCH − FHP
TRHTCH

x4. (6)

where TRH is the time constant of reheat, and FHP fraction
of total turbine power generated by high pressure sections.
The characteristics for the hydraulic and thermal power plant
models utilized in this study are presented in Section VI-A.

Practically, the change in power of thermal or hydropower
plants can only occur at a specified maximum rate. That
means each thermal or hydropower plant has the specified
maximum allowable rate of change in the power output
of a generator, typically measured in MW/min or %/min.
Therefore, to ensure an accurate system frequency response
due to physical limitations, the generation rate constraint
(GRC) is considered in this work. The GRC plays a
significant role in LFC model, it limits the speed at which
generation can respond to frequency deviations. The GRC for
the reheat thermal generation unit is set at a rate of 10 %/min
(0.00167 pu/s) for both rising and decreasing rates. The GRC
for hydraulic power generation is specified as 270 %/min
(0.045 pu/s) for the growing rate and 360 %/min (0.06 pu/s)
for the decreasing rate [19], [25].

B. AREA CONTROL ERROR
Considering the assistance provided by the HVDC system,
the ACE signal for both Area 1 and Area 2 in Fig. 2 can be
calculated as follows:

ACE1 = B11f1 + 1Ptie,eqv + 1PDC (7)

ACE2 = B21f2 − 1Ptie,eqv − 1PDC . (8)
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FIGURE 2. LFC model of a two-area interconnected system in the presence of WT, HVDC, and BESS.

where B1 and B2 are the frequency deviation coefficients,
1PDC is the additional output power of the HVDC system,
and 1Ptie,eqv denotes the total tie-line power variation in a
hybrid system.

C. TIE-LINE POWER MODEL
The tie-line power will be generated by hybrid HVAC-HVDC
system. The total tie-line power variation in a hybrid system
is given in (9).

s1Ptie,eqv = 2π (TAC + TDC ) (1f1 − 1f2) . (9)

where TAC is the AC synchronization coefficient of the
AC line, and TDC is the DC synchronization coefficient
of the HVDC system. The comprehensive computation of
the AC and DC synchronization coefficient is provided in
section VI-B.

D. LOAD FREQUENCY CONTROL
The detailed transfer function model of the power system
under study in Fig. 1 is depicted in Fig. 2. The frequency

deviation of the hybrid power system in Area 1 can be given
in (10).

s1f1 = −
D1

2H1
1f1 +

1
2H1

(1PSG1 − 1PL1 − 1Ptie,eqv).

(10)

where H1 and D1 are equivalent inertia constant and load
damping in Area 1, respectively.1f1 represents the frequency
deviation, 1PSG1 is the output power of the hydraulic power
plant, and 1PL1 is the non-frequency-sensitive load change.
Similarly, the frequency deviation in Area 2 can be expressed
as

s1f2 = −
D2

2H2
1f2 +

1
2H2

(1PSG2 + 1PWT − 1PESS

+ 1Ptie,eqv − 1PL2 − 1PDC ). (11)

where H2 and D2 denote equivalent inertia constant and
load damping in Area 2, respectively. 1f2 is the frequency
deviation, 1PSG2 is the output power of the thermal power
plant, 1PWT is the output of the WF, 1PESS is the output of
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FIGURE 3. The control methodology BESS integrates management SOC.

the BESS, and1PL2 represents non-frequency-sensitive load
change in Area 2.

E. BATTERY ENERGY STORAGE SYSTEM
The BESS is designed to respond to grid frequency deviations
based on the droop algorithm. The output power of BESS
(1PESS ) can be yielded in (12).

s1PESS = −
1

TESS
1PESS +

KESS
TESS

1f2. (12)

where KESS is the droop coefficient of the BESS, and TESS is
the time constant of the BESS. KESS is a function based on
the state of SOC and the maximum droop coefficient Kmax ,
which is determined as Kmax =

1
RESS

. In discharging mode,
KESS = 0 due to the output of the battery is equal to 0 when
the SOC value is in the range [0, SOCmin]. In contrast,KESS =

Kmax when the state of SOC in the range
[
SOChigh, SOCfull

]
optimized output power of ESS. The KESS ∈ (0,Kmax] when
the state of SOC in range

[
SOCmin, SOChigh

]
. The droop

gain KESS in discharging mode when SOC in the interval[
SOCmin, SOChigh

]
is determined in (13) [30].

KESS = Kmax

{
1 −

(
SOC(t) − SOChigh
SOCmin − SOChigh

)n}
(13)

Contrary to droop gain in discharging mode, if the SOC
value in the range [0, SOClow], the battery need to charge
maximum power if which can, we have KESS = Kmax . When
the SOC value is in the range

[
SOCmax , SOCfull

]
, the battery

do not need charging,we have KESS = 0. The KESS ∈

[Kmax , 0) when the state of SOC in range [SOClow, SOCmax].
The droop gain KESS in charging mode when SOC in the
interval [SOClow, SOCmax] is determined in (14).

KESS = Kmax

{
1 −

(
SOC(t) − SOClow
SOCmax − SOClow

)n}
(14)

A comprehensive strategy that adjusts the output active
power of BESS and manages SOC can be summarized in
Fig. 3. The relationship between SOC and droop coefficient
KESS in charging and discharging mode with different
coefficient n is depicted in Fig. 4.

FIGURE 4. BESS droop coefficient KESS with different n. (a) Discharging
mode. (b) Charging mode.

FIGURE 5. Schematic diagram of the interconnected two-area power
system considering a hybrid HVAC-HVDC and INEC strategy.

F. HVDC SYSTEM
The interconnected two-area power system considering a
hybrid HVAC-HVDC system has been shown in Fig. 1.
According to [14] and [21], HVDC system can be modeled
as a series composition of two voltage sources E1, E2, and
their corresponding phase angles are θ1 and θ2, respectively.
The equivalent two-area power system can be represented
in Fig. 5(a). The relationship between the variations in the
frequency of interconnected areas and the deviations in the
power of the HVDC link is defined by (15) [21].

1PtieDC12 (s) =
2πTDC

s
(1f1 (s) − 1f2 (s)) . (15)

where TDC = TDC12TDC21/ (TDC12 + TDC21) denotes the
HVDC equivalent synchronization coefficient. TDC12 and
TDC21 are the converter AC/DC synchronizing coefficient.

The inertia emulation control strategy (INEC) strategy
harnesses energy stored in HVDC-link capacitors to provide
the frequency regulation that can be obtained as follows [21]:

1VDC =
2HVSCSVSC
NCDC f0V 2

DC0

1f . (16)
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FIGURE 6. A simplified model for the PMSG-based WT for frequency
studies.

whereHVSC is the inertia time constant of HVDC, SVSC is the
rated power capacity ofVSC inverters, f0 refers to the nominal
frequency, VDC0 denotes rated DC voltage, N represents the
number of capacitors in the HVDC link, and CDC is the DC
capacitance.

The voltage reference expression in (16) directly indicates
that the voltage deviation 1VDC links with the power
system’s frequency deviations 1f . Fig. 5(b) illustrates the
comprehensive transfer function block diagram of the DVIC,
which is used to harness stored energy from the HVDC
system.

G. WIND POWER GENERATION
A simplified model has been demonstrated to be capable of
analyzing the frequency response of the permanent magnet
synchronous generator (PMSG)-based WT in the initial
seconds following system disturbances [31], [32], [33]. It is
crucial to underscore that this model is valid for a short
period after a disturbance and is employed in the frequency
analysis. This simplified model is depicted in Fig. 6 for
the PMSG-based WT and described by the following state
equations [31], [32], [33]:

s1iqs = −
1
T1

1iqs +
X2
T1

1vqs. (17)

s1ωr = −
X3

2HWT
1iqs +

1
2HWT

1Tm. (18)

1vqs =
(
1Tref X1 − 1iqs

) (
kpω +

kiω
s

)
. (19)

where iqs, vqs, 1ω, HWT , and 1Tm are stator quadrature
current, stator quadrature voltage, deviation rotational speed,
inertia constant ofWT, and aerodynamic torque, respectively.
All parameters in these state equations are defined in Table 2,
where Lm, Llr , and Lls are the magnetizing inductance, rotor
inductance, and stator inductance, respectively.Rs is the stator
resistances. The mechanical power Pm extracted from wind
energy is given in (20).

Pm =
ρ

2
πR2v3ωCp(λ, β). (20)

FIGURE 7. WT power-speed characteristics and maximum power point
operation.

TABLE 2. PMSG-based WT simplified model parameters and
specifications [32], [33].

where ρ is the air density, R is the rotor blade radius, vω is
the wind speed, λ is the tip speed ratio, β is the pitch angle,
and Cp is the power coefficient. The tip speed ratio can be
determined as follows:

λ =
ωrR
vω

. (21)

The power coefficient Cp is a function between λ and β,
which can be defined in (22) [27].

Cp(λ, β) = 0.22
(
116
λi

− 0.4β − 5
)
e−12.5/λi . (22)

1
λi

=
1

λopt + 0.08β
−

0.035
β3 + 1

. (23)

where λopt is the optimal tip speed ratio. The pitch angle is set
to β = 0 to maximize the output power of WT in this work.
Hence, Cp is the function of λ only and reaches the maximum
Cp,max at the optimal tip speed ratio λopt as described in (24).

Pmppt =
πρR5Cp,max

2λ3opt
ω3
r = koptω3

r . (24)

where Pmppt is the active power reference determined by the
MPPT algorithm, and kopt is the MPPT curve coefficient.
The operation characteristics of WT as a function of rotor
speed ωr and the mechanical power Pω are presented in
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TABLE 3. The lookup table of each point on the power-speed curve.

FIGURE 8. The relationship between system frequency and DC voltage
VDC for different values. (a) Varying HVSC with total capacitance
0.5 mF x 2. (b) Varying CDC with HVSC = 4.

Fig. 7, while the corresponding relationship between them is
shown in Table 3. The linearized expression for the MPPT
algorithm in (24) concerning the rotor operating pointωr0 can
be described as follows:

1Pmppt = 3 koptω2
r01ωr . (25)

In this study, the WT utilizes the droop strategy to provide
its ability to contribute to frequency regulation. The droop
control strategy output power is proportional to the system
frequency deviation 1f , which can be given in (26).

1PD = −KD1f . (26)

where KD is the droop coefficient. Under normal conditions,
a WT will use the MPPT algorithm to control active power
delivery to the grid. The power deviation reference integrates
droop controls during an FS state, as presented in (27).

1Pref = 1Pmppt + 1PD = 3koptω2
r01ωr − KD1f2. (27)

The mechanical torque 1Tm =
Pm
ωr

is linearized at the
operation point and is given as follows [27], [32], and [33].

1Tm = τ11ωr + τ21vω. (28)

where τ1 =
∂Tm
∂ωr

is the intrinsic rotor damping, and τ2 =
∂Tm
∂vω

is a perturbation caused by the variations in wind speed.

The details of τ1 and τ2 are thoroughly discussed in [27].
Substituting (28) into (18), the deviation rotational speed is
rewritten in (31).

s1ωr = −
X3

2HWT
1iqs +

τ1

2HWT
1ωr +

τ2

2HWT
1vω. (29)

The WT output power based on the state variable iqs and
ωr is given in (30) [23], [33].

PWT = −X3iqsωr . (30)

The Taylor series expansion of a Wind Energy Conversion
System (WECS) is estimated around its Maximum Power
Point (MPP), as given in (31).

1PWT = −X3ωr01iqs − X3iqs01ωr . (31)

where ωr0 and iqs0 are the rotor speed at the MPPT point and
GSC current, respectively.

III. THE PROPOSED MODEL
A. THE PROPOSED COORDINATED FREQUENCY
REGULATION STRATEGY FOR THE LFC MODEL
Fig. 2 presents the LFC two-area interconnected system
model, as seen in Fig. 1, and an extensive explanation of
the control strategies for SGs, BESS, HVDC, and WT.
By implementing the INEC strategy in (15) to modify
DC voltage, the energy stored in HVDC-link capacitors is
harnessed to improve system inertia. The output power of
HVDC 1PDC can be given in (32).

1PDC =
2HVSCSVSC IDC
NCDC f0V 2

DC0

1f2. (32)

where 1PDC is DC power flow through the system. The time
constant HVSC can be presented in (33).

HVSC =
NCDC f0VDC01VDC

2SVSC1f
. (33)

In practice, the maximum allowable DC voltage deviation
is± 0.1 p.u [34]. Therefore, this study set the limitation of DC
voltage reference in the interval [0.9, 1.1] p.u. To evaluate the
effect of DC voltage and system frequency on the emulated
time constant HVSC , their trends containing different HVSC
values for variable f and VDC are drawn in Fig. 8. It can
be seen from Fig. 8(a) that a larger HVSC leads to a larger
VDC for a given f , as a larger HVSC means more significant
energy is exchanged with the grid when the grid frequency
changes. Furthermore, the effect of different values of CDC
with fixed HVSC is investigated in Fig. 8(b). It is shown that
the DC-link voltage changes within a smaller range with
a larger capacitance compared to the case with a smaller
capacitance.

To guarantee a precise frequency response of the system
despite physical limitations, the GRC is considered during
SG operation. Furthermore, the droop method, rotor speed,
and MPPT algorithm are incorporated into the advanced
WT control strategy to generate additional power at varying
wind speeds. On the other hand, the adaptive strategy and
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integrated SOCmanagement are utilized to regulate the BESS
output power. The rated power of BESS is 50 [MW] in this
work. The energy rating of BESS is determined based on the
duration of primary frequency regulation (PFR) as specified
in the grid code. Assuming BESS can provide PFR at a rated
power of around 15 minutes [35], and charging efficiency
equals discharging efficiency of 0.85 [3], [36], then the rated
energy of BESS is yielded as [36]:

EBESS =

∫ t+900
t PBESS (t)

√
ηcdt

3600
+

∫ t+900
t PBESS (t) dt

3600
√

ηd
.

(34a)

EBESS =
900 ∗ 50 ∗

√
0.85

3600
+

900 ∗ 50

3600
√
0.85

∼= 24 [MWh] .

(34b)

The rating of BESS is designed as 50 MW/24 MWh in this
work.

B. THE PROPOSED STATE-SPACE OF LFC THE TWO-AREA
INTERCONNECTED SYSTEM
To perform a detailed analysis of the two-area power system,
a complete state-space model of the studied system is
expressed as follows:

ẋ = Ax + B1u+ B2ω. (35)

where x refers to the state variable, u, and ω are the control
and disturbance variables, respectively. A denoted the state
matrix, B1 and B2 are the control and disturbance matrix,
respectively. The 15 state variables have been considered for
the state-space analysis given as follows:

x =


1f1, 1PSG1, x1, x2, 1PESS ,

1Ptie,eqv, 1f2, 1PSG2, x3,
x4, x5, x6,

1ωr , 1iqs, 1vqs


T

. (36)

where x5 =
∫
ACE1 and x6 =

∫
ACE2. The specific

parameters of the systemmatrix are provided in section VI-C.
The disturbances variables can be given as follows:

ω =
[
1PL1 1PL2 1vω

]T
. (37)

The control variables can be yielded in (38).

u =
[
1ug1 1ug2

]T
. (38)

IV. SYSTEM ANALYSIS
To investigate the effects of frequency control strategies
implemented by HVDC, BESS, and WT on the system under
study, this section focuses on three primary aspects. The first
part examines the impact of BESS droop gain on the stability
of the system. The second part evaluates the system stability
by analyzing the influence of theWT at different wind speeds
and the variable droop coefficient. Finally, the impact of the
DC capacitance on the system stability is considered.

TABLE 4. Eigenvalues and participation factor analysis.

The state space model given in (35) has 15 eigenvalues,
denoted by λi, i = 1, . . . , 15. For stability analysis, fixed
KESS = 10 and wind speed vω = 10.5 m/s is considered.
To validate the effectiveness of system parameters and
highlight their robustness against operation point change, the
participation factor analysis is performed to determine the
participation of the state variable in modes of eigenvalue
λi, shown in Table 4. The eigenvalues are in the left
half-plane of the complex plane, indicating that the system
is stable with the control parameters and system parameters
used. The extensive investigation of system stability with
varying KESS in the operation range will be discussed in
Section IV-A. Similarly, in Section IV-B, the system stability
examination with KD and wind speed in different values
will be considered. Furthermore, section IV-C investigates its
effect on system stability in terms of energy stored in the DC-
link capacitor.

A. SYSTEM STABILITY ANALYSIS WITH VARIATION IN
BESS DROOP COEFFICIENT
In this section, the dynamic effects of varying BESS droop
KESS on frequency control in the studied system is analyzed.
The main objective is to evaluate system stability when the
KESS operates in the interval [0,Kmax].
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FIGURE 9. The dominant mode of the BESS strategy when KESS increases
from 1 to 20.

FIGURE 10. The dominant mode of the WT strategy when KD increases
from 1 to 13.

The system eigenvalue trajectory considering variation in
KESS from 1 to 20 is depicted in Fig. 9. The results indicate
that system stability is ensured when all eigenvalues affected
by changes in KESS are located on the left of the imaginary
axis. AsKESS increases, λ6−7 and λ8−9 move to the left on the
s-plane, improving the dynamic response due to the damping
and speed response increase. Similarly, when KESS increases,
λ5 moves away from the imaginary axis and increases the
response speed of the system. In addition, λ4 moves toward
the right and reduces the response speed. In summary, the
results indicate that the BESS strategy with varying KESS in
the operation range [0,Kmax] can maintain system stability.

B. SYSTEM STABILITY ANALYSIS WITH VARIATION
CONDITIONS IN WT
The increased wind power penetration in the grid necessitates
its involvement in frequency regulation. Therefore, it is

FIGURE 11. The dominant mode of the WT strategy when wind speed vω

increases from 5 to 12 m/s.

essential to evaluate the control parameters within each of
those strategies. In addition, system stability needs to be
evaluated at different wind speeds. Therefore, the effects
of control parameters and different wind speeds on system
stability will be investigated in this section.

As shown in Fig. 10, onceKD increases, λ6−7 move toward
the right of the imaginary axis, and both the response speed
and damping ratio of the system decrease. Similarly, as KD
increases, λ15 also move toward the right and decreases the
response speed. Concerning the eigenvalue λ8−9, it is evident
that the system becomes unstable when the dominating
eigenvalues are in the right half-plane of the complex
plane, which occurs when KD > 10. The eigenvalue λ8−9
approaches the imaginary axis and intersects the real axis
when KD exceeds 10. Thus, the value of KD less than 10 is
chosen to guarantee the stability of the system.

Another comparison regarding the eigenvalue of the
systems with different wind speeds is presented in Fig. 11.
It can be observed that eigenvalue λ15 moves away from the
imaginary axis with increasing wind speed 5 to 12 m/s, which
improves the system stability. As wind speed increases, λ6−7
moves away from the imaginary axis, and both the response
speed and damping ratio of the system increase. Overall, the
system stability will be ensured within the operational range
of wind speed with system parameters and control parameters
used.

High penetration of wind power in power grids reduces
system inertia, leading to more unpredictable frequency
stability. Therefore, the change in WT inertia HWT will be
considered to evaluate the effects of high penetration of WT
on system stability. Fig. 12 depicts the system eigenvalue
trajectory considering variation inHWT from 1 to 4. As shown
in Fig. 12, when HWT increases, λ15 moves toward the right
of the imaginary axis. As HWT increases, the eigenvalues
λ8−9 move away from the imaginary axis and improve the
dynamic response. Therefore, it can be concluded that the
increasing inertia of WTs improves response speed and more
stable system behavior through trajectories of λ14−15.

C. SYSTEM STABILITY ANALYSIS CONSIDERING HVDC
Besides BESS and WTs, the HVDC system serves as
another resource for frequency control, aiding the SGs in
maintaining system stability. Therefore, the HVDC should
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FIGURE 12. The dominant mode of the WT strategy when WT inertia HWT
increases from 1 to 4.

TABLE 5. Eigenvalues for different DC capacitance.

also be investigated for its effect on system stability. The
INEC method, as outlined in Section II-F, harnesses the
energy held in the DC-link capacitors to modify the DC
voltage and generate the active power supplied to the power
system. Hence, it is crucial to assess the impact of the DC
capacitance value on the stability of the system. Table 5
presents the eigenvalues for different DC-link capacitances.
The results indicate that the eigenvalues are located on the
left of the imaginary axis. However, there are no significant
changes because the variations in the DC link voltage of the
HVDC system are limited, and the stored energy in the DC
link may not be enough to affect system stability.

V. SIMULATION
A. SIMULATION SETUP
A two-area interconnected system is presented in Fig. 1
used to evaluate the increasing RES effect on system
frequency. The system includes four SGs with a rated
capacity of 900 MW, together with an equivalent wind farm

TABLE 6. Simulation Scenarios.

TABLE 7. Study cases in scenario 1.

with a capacity of 600 MW. The loads are located at buses
7 and 8, demanding a total active power of 2734 MW,
including 976 MW in Area 1 and 1767 MW in Area 2. The
specifications for SG can be seen in Section VI-A. Table 2
displays the characteristics of wind turbines.

The HVDC system in this work is positioned in parallel
with the AC line, as shown in Fig. 1 and Fig. 5 [19], [21],
[22]. The system comprises of two terminal VSC-HVDC
converters, each with a rated capacity of 400 MW and a
pole-to-pole rated DC link voltage of 300 kV. 400 MW of
active power is expected to be transmitted from Area 1 to
Area 2, which will utilize the HVDC link to transfer 200MW
of active power. The synchronization coefficient is further
addressed in Section VI-B. The three scenarios, including a
sudden generation loss combining different parameters and
wind speed conditions, will be utilized to demonstrate the
effectiveness and robustness of the proposed strategy. The
detailed simulation scenarios are presented in Table 6.

B. SCENARIO 1: A CONSTANT WIND SPEED WITH
SUDDEN GENERATION LOSS
A constant wind speed of vω = 10.5 m/s (30% of wind power
penetration) is considered in the first scenario. Four control
strategies were used to demonstrate the effectiveness of the
proposed LFC model and parameter, namely Case 1: without
additional control, Case 2: with HVDC inertia control,
Case 3: withWT inertia control, Case 4: HVDC+WT+BESS,
as presented in Table 7. Fig. 13 illustrates the simulation
results when Area 2 has a 0.08 pu generation outage at 10 s.
Fig. 13(a) and (b) show the system frequency response in
Areas 1 and 2, respectively. It is clearly seen that Case 4 uses
simultaneous HVDC+WF+BESS, resulting in the frequency
nadir being the highest among the four cases in both areas.
The significant integration of wind turbines into the power
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FIGURE 13. Simulation results of scenario 1. (a) System frequency in
Area 1. (b) System frequency in Area 2. (c) Power deviation of SG in
Area 1. (d) Power deviation of SG in Area 2. (e) Power deviation of tie-line.

systemwill lead to a decrease in system inertia. Consequently,
without any further inertia support from external sources,
the FN in Case 1 is the lowest compared to the other three
scenarios. The energy stored in the limitation in the DC-link
capacitor of HVDC leads to the frequency quality with inertia
support by HVDC not significantly improving, as shown in
Fig. 13(b). The additional active power by HVDC and its
DC voltage participating in frequency regulation is shown
in Fig. 14(c) and (c). In addition, by releasing the KE of
WT, the amount of significant active power contributed to
frequency regulation, as depicted in Fig. 14(e). As a result,
the FN in Areas 1 and 2 has risen substantially. However,
the substantial augmentation in the power of WT results
in a notable reduction in rotor speed, which impacts the
functioning of the WT. Therefore, the BESS is integrated to
reduce the stress on WTs in Case 4. Specifically, a decrease
in the rotor speed of WTs in Case 4 is improved compared to
Case 3, as presented in Fig. 14(f). The active power of BESS

FIGURE 14. Simulation results of scenario 1. (a) BESS power. (b) SOC.
(c) Power deviation of HVDC. (d) DC-link voltage at HVDC. (e) Power
deviation of WT. (f) Rotor speed.

and its SOC are shown in Fig. 14(a) and (b). Notably, when
detecting a frequency drop, the BESS can quickly ramp up
its output power to the rating. Thereby, it directly helps SG
in Area 1 in decreasing the active power sent on the tie-line
to provide additional power for Area 2, leading to improved
FN in Area 1. The change in mechanical power of SG in both
areas are shown in Fig. 13(c) and (d).

C. SCENARIO 2: A CONSTANT WIND SPEED WITH
SUDDEN GENERATION LOSS CONSIDERING DIFFERENT
DROOP COEFFICIENT OF WT
This section aims to demonstrate the proposed strategy
can fulfill different droop coefficients based on the system
stability analysis in section III. b. Figs. 15 and 16 show
the simulation results when Area 2 experiences a 0.08 p.u
generation loss occurring at 10 s with a constant wind speed
of 11.5 m/s. The system frequency in Areas 1 and 2 are
illustrated in Fig. 15(a) and (b). It can be seen that the FN
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FIGURE 15. Simulation results of scenario 2. (a) System frequency in
Area 1. (b) System frequency in Area 2. (c) Power deviation of SG in
Area 1. (d) Power deviation of SG in Area 2. (e) Power deviation of tie-line.

in case KD = 10 is the highest among all the cases. This
is because, with KD = 10, the WT can release more kinetic
energy, which can be clearly observed in Fig. 16(a). However,
the significant increase in the power of wind turbines leads to
a noticeable decrease in rotor speed, as seen in Fig. 16(b).
The outcomes indicate that the highest reduction in rotor
speed occurs when the value of KD is 10, followed by
KD = 6, and when KD is 2, the impact on rotor speed
is minimal. The reduction of rotor speed will reduce wind
energy harvest. Fig. 16(c) displays the power reference
generated by the MPPT algorithm once WT participates in a
frequency regulation. The total wind energy loss associated
with rotor speed recovery is quantified as the energy loss.
The result indicates that the wind energy loss for rotor speed
recovery is S1 = 0.2262 p.u, S2 = 0.6782 p.u, S1 = 1.13 p.u,
respectively. The change in mechanical power of SG in both
areas are shown in Fig. 15(c) and (d). The active power of
BESS and its SOC are shown in Fig. 16(d) and (e).

FIGURE 16. Simulation results of scenario 2. (a) Power deviation of WT.
(b) Rotor speed. (c) Captured wind power. (d) BESS power. (e) SOC.

D. SCENARIO 3: VARIABLE WIND SPEEDS AND SUDDEN
GENERATION LOSS
A variable wind-speed profile was designed to verify the
effectiveness and robustness of the proposed strategy [37].
Fig. 17(a) depicts the wind-speed profile for this scenario.
The initial wind speed is 11.5 m/s, gradually decreasing
starting from the time at 10 s, while a sudden generation loss
occurs in Area 2 at 40 s. At the initial stage, the wind speed
decreases from 11.5 to 10.5 m/s, and the system frequency
in both areas slightly declines. The SG, HVDC, and BESS
collaborate to offer frequency control. After that, at 40 s,
a sudden increasing load occurs, causing a significant decline
in frequency. Fig. 18(b) indicates that the system frequency
reaches the lowest value around 59.5 Hz in the case without
WT control, while the FN is significantly improved when the
participation of WT. This can be clearly seen in Fig. 17(b);
the increasing output power of WT appears at the time of
40 s to participation in frequency regulation. In addition,
the rising power of WT directly supports the SG in Area 1,
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FIGURE 17. Simulation results of scenario 3. (a) Wind speed curve.
(b) Power deviation of WT. (c) Rotor speed. (d) BESS power. (e) SOC.

reducing the increasing power to support Area 2, as shown
in Fig. 18(c). As a result, the frequency nadir in the case of
WT joins to frequency regulation also improves in Area 1.
Moreover, as depicted in Fig. 17(d), BESS can support a
fast response to reduce the burden of SGs for supporting
frequency regulation no matter how wind speeds change.
Finally, the SOC of BESS is depicted in Fig. 17(e), where
a stable operation of BESS is ensured during the entire
simulation.

After three simulation scenarios, it can be concluded
that the proposed coordinated strategy can fulfill different
wind speeds and various disturbances. The simulation
results from Scenario 2 indicate that the droop coefficient
significantly impacts both the increase in output and the
rotor speed recovery of the WT. In addition, Scenario 1
demonstrates that with a high integration of RES into
the power grid, incorporating diverse sources such as
HVDC, WF, and BESS to support SGs in frequency
regulation can enhance the FN, and improve frequency
stability.

FIGURE 18. Simulation results of scenario 3. (a) System frequency in
Area 1. (b) System frequency in Area 2. (c) Power deviation of SG in
Area 1. (d) Power deviation of SG in Area 2. (e) Power deviation of tie-line.

VI. CONCLUSION
A novel LFCmodel coordinating control among HVDC,WF,
BESS, and SG has been proposed in this work to address the
limitations of existing studies. These existing studies mainly
used simplified first-order transfer functions of WT, BESS,
and HVDC to obtain the parameters of supplementary control
for SGs. The proposed strategy establishes a comprehensive
state-space model, including all the dynamic models and
their control strategies of the BESS, WT, HVDC, and SG
within the LFC model. From the state-space model, the
control parameters used in the LFC strategy, such as the
droop coefficient of the BESS strategy, the influence of
wind speeds on the WT, different virtual inertia coefficients,
the variation in the droop coefficient of the WT control,
and the impact of the DC capacitance in the HVDC
control strategy, were investigated for their effect on system
stability. The investigation concerning about the coefficient
impact of frequency regulation on system stability yielded
a specific range of coefficients to guarantee stability for the
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studied system. According to the recommended parameters,
the outcomes reveal that with a high penetration of RES
into the power grid, the proposed strategy can improve
frequency stability. Additionally, the results indicate that
incorporating diverse sources such as HVDC, WF, and BESS
to support SGs in frequency regulation improves the problem
of low system inertia, leading to an FN that is higher
not only in the area where disturbances occur but also in
other areas when tie-line power interchanges are maintained
in balance. Moreover, the proposed strategy demonstrates
that it still performs well with load changes under wind
speed changes. However, this study mainly concentrates on
determining BESS specifications based on specific technical
power requirements without incorporating economic anal-
ysis. Future research will integrate identifying the optimal
size of BESS installations with economic analyses, stability
analysis, and the application of a customized algorithm for
fine-tuning the relevant variables.

APPENDIX
A. NOMINAL PARAMETERS FOR TWO-AREA
INTERCONNECTED SYSTEM
P1 = P2 = 1800 MW, Ptie,ACmax = 400 MW, Ptie,DCmax =

400 MW, f0 = 60 Hz, H1 = 6 MWs/MVA, H2 = 4
MWs/MVA, D1 = D1 = 8.33∗10−3 puMW/Hz, R1 = R2 =

2.4 Hz/puMW.

B. SYNCHRONIZATION COEFFICIENT CALCULATIONS
1) AC SYNCHRONIZATION COEFFICIENT CALCULATIONS
The maximum power transfer capability of the AC line
is Pmax,AC = 400 MW. The rated capacity of area 1 is

P1 = 1800 MW. In this work, the loading of the AC
line is considered 50%. Therefore, the AC synchronization
coefficient is TAC = 0.1925.

2) DC SYNCHRONIZATION COEFFICIENT CALCULATIONS
The maximum power transfer capability of the DC line is
Pmax,DC = 200 MW. The rated capacity of area 1 is P1 =

2000MW, and area 2 is P2 = 2000MW. This work considers
the DC line loading to be 50%. Hence, the equivalent DC
synchronization coefficient is TDC = 0.09625.

C. STATE SPACE MODEL MATRICES
For a two-area restructured power system model intercon-
nected via hybrid AC/DC, the system matrix A is of the
order of 15 × 15, and its non-zero (aij) elements are
given as:

a1,1 =
−D1

2H1
, a1,2 =

1
2H1

, a1,6 = −
1

2H1
;

a2,1 =
2RP

TG1RTR1
, a2,2 = −

2
Tw

, a2,3 =
2RP (TR − TG1)

RTTRTG1
,

a2,4 =
2
Tw

+
2RP
RTTR

;

a3,1 = −
1

R1TG1
, a3,3 = −

1
TG1

;

a4,1 = −
RP

TG1RTR1
, a4,3 =

RP (TG1 − TR)
RTTRTG1

, a4,4 = −
RP
RTTR

a5,5 = −
1

TESS
, a5,7 =

KESS
TESS

A =



a1,1 a1,2 0 0 0 a1,6 0 0 0 0 0 0 0 0 0

a2,1 a2,2 a2,3 a2,4 0 0 0 0 0 0 0 0 0 0 0

a3,1 0 a3,3 0 0 0 0 0 0 0 0 0 0 0 0

a4,1 0 a4,3 a4,4 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 a5,5 0 a5,7 0 0 0 0 0 0 0 0

a6,1 0 0 0 0 0 a6,7 0 0 0 0 0 0 0 0

0 0 0 0 a7,5 a7,6 a7,7 a7,8 0 0 0 0 a7,13 a7,14 0

0 0 0 0 0 0 0 a8,8 a8,9 a8,10 0 0 0 0 0

0 0 0 0 0 0 a9,7 0 a9,9 0 0 0 0 0 0

0 0 0 0 0 0 0 0 a10,9 a10,10 0 0 0 0 0

a11,1 0 0 0 0 a11,6 a11,7 0 0 0 0 0 0 0 0

0 0 0 0 0 a12,6 a12,7 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 a13,13 a13,14 0

0 0 0 0 0 0 0 0 0 0 0 0 0 a14,14 a14,15

0 0 0 0 a15,5 a15,6 a15,7 a15,8 0 0 0 0 a15,13 a15,14 a15,15



(39)
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a6,1 = 2π (TDC + TAC ) , a6,7 = −2π (TDC + TAC ) ;

a7,5 = −
1

2H2
, a7,6 =

1
2H2

, a7,7 = −
D2

2H2

−
HVSCSVSC IDC
NCDC f0V 2

DC0

1
2H2

,

a7,8 =
1

2H2
, a7,13 =

X2PWT0
2H2

, a7,14 =
X2ωr0
2H2

;

a8,8 = −
1
TRH

, a8,9 =
FHP
TCH

, a8,10 =
1
TRH

−
FHP
TCH

;

a9,7 = −
1

R2TG2
, a9,9 = −

1
TG2

;

a10,9 =
1

TCH
, a10,10 = −

1
TCH

;

a11,1 = B1, a11,6 = 1, a11,7 =
2HVSCSVSC IDC
NCDC f0V 2

DC0

;

a12,6 = −1, a12,7 = B2 −
2HVSCSVSC IDC
NCDC f0V 2

DC0

;

a13,13 =
τ1

2HWT
, a13,14 = −

X3
2HWT

;

a14,14 = −
1
T1

, a14,15 =
X2
T1

;

a15,5 =
KDX1Kpω
2H2ωr0

, a15,6 = −
KDX1kp,ω
2H2ωr0

, a15,7 = −
KDX1kp,ωD2

2H2ωr0
+

KDX1kp,ω
2H2ωr0

2HVSCSVSC IDC
NCDC f0V 2

DC0
−

KDX1ki,ω
ωr0

, a15,8 = −
KDX1kp,ω
2H2ωr0

, a15,13 =

3Koptωr0X1kp,ωτ1
2HWT

−
KDX1kp,ωX3iqs0

2H2ωr0
+ 3Koptωr0X1ki,ω, a15,14 =

3Koptωr0X1kp,ωX3
2HWT

−
KDX1kp,ωX3ωr0

2H2ωr0
+
kp,ω
T1

−ki,ω, a15,15 = −
kp,ωX2
T1

,
(39) as shown at the bottom of the previous page.
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