
Optimal Virtual Inertial-Based Power
System Frequency Regulation
Through Multi-Cluster Wind Turbines
Using BWOA
Chao Liu1,2, Qingquan Li1, Xinshou Tian3* and Changgang Li1

1School of Electrical Engineering, Shandong University, Jinan, China, 2China Electric Power Research Institute, Beijing, China,
3Department of China Institute of Energy and Transport Integration Development, North China Electric Power University, Beijing,
China

Large-scale wind power connected to the grid efficiently reduces fossil fuel consumption,
but extremely decreases grid inertial and increases frequency regulation pressure on the
grid. Therefore, various wind farm-based frequency regulation technologies have been
investigated in recent decades. Adaptive inertial droop control of wind turbines was
considered as one of the most effective methods to enhance the inertia of the grid,
because it can solve the decoupling problem between the power of wind farms and power
system frequency. However, the present approaches mainly pay attention to the first
frequency drop (FFD) or ignore the influence of control parameters. Hence, this paper
proposes a black widow optimization algorithm (BWOA)-based step start-up adaptive
inertial droop controller to smooth frequency fluctuation as well as alleviate FFD, the
secondary frequency drop (SFD), and the third frequency drop (TFD). Besides, BWOA is
employed to extract the best parameters of the designed controller under a 150-MW load
increase. Then, the extracted parameters are used in three other load variation events to
evaluate the performance of the proposedmethod inMATLAB/Simulink. Simulation results
indicate that BWOA acquires satisfactory performances on various designed load
variations. Compared with the trial-and-error method, FFD and TFD with BWOA under
load increase are decreased by 10.9% and 12.8% at most, respectively.
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Abbreviations: AC, alternating current; BWOA, black widow optimization algorithm; DFIG, doubly fed induction generator;
DC, direct current; FFD, first frequency drop; MPPT, maximum power point tracking; kdr kin , slopes of kdr,i (MW/Hz) and kin,i
(MW·s/Hz), respectively; M, number of population for BWOA; Pref ,i , output power reference value of the ith wind turbine in
WF1; Pmpp,i , maximum power point of the ith wind turbine under rotor speed ωi ; Δt, time delay of cluster 1 and cluster 2
participating frequency regulation (s); α, stochastic coefficient for imitating the movement constraints of solution; β, γ random
integer uniformly distributed in (); ωi , rotor speed of the ith wind turbine (rad/s); SFD, secondary frequency drop; TFD, tertiary
frequency drop; MT-HVDCs, multi-terminal high voltage direct current system; WHE, water hammer effect; WFs, wind farms;
FSC, WFs participating in frequency regulation; SIoFD , integral of frequency deviation (Hz·s); SIoFVR, integral of frequency
variation rate (Hz); f AC, frequency of AC system (Hz); f ref , reference value of system frequency (Hz); fMFDP , maximum
frequency deviation point (Hz); Itmax, maximum iteration; kdr,i , coefficient of adaptive droop control (MW/Hz); kin,i, virtual
inertial control coefficient (MW·s/Hz).
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INTRODUCTION

As the limited fossil energy is progressively exhausted after
continuous development (Yang et al., 2019a; Xiong et al.,
2020), the high-efficiency and high-quality exploitation and
utilization of renewable energies are considered a promising
solution for energy shortage and environmental degradation
owing to their characteristics of sustainability (Zhang et al.,
2015; Zhang et al., 2021) and low pollution (Yan et al., 2021),
among which wind energy technology is relatively mature (Wang
et al., 2015), highly marketized, and well-stocked (Chen et al.,
2018; Pabitra and Abhik, 2020), and has been widely applied in
areas where traditional power generation is insufficient (Huang
et al., 2021).

However, currently extensively used wind turbines (WTs) are
connected to the grid by direct current (DC) transmission (Yang
et al., 2018a; AyyaraoTummala, 2020; Thakallapelli et al., 2020;
Gu et al., 2021). The rotor speed of WTs is decoupled from the
system frequency, which is tough to provide effective inertial
support for the power grid and gravely threatens the safe and
stable operation of the power system (Yang et al., 2018b). Besides,
the doubly fed induction generator (DFIG) has become the most
widely used wind generator because of its advantages of wide
range of running speed, small size, and low cost. Unfortunately,
DFIG cannot respond to the system frequency disturbance
similar to traditional synchronous generators (SG) (Yang
et al., 2016). In order to maximize the utilization of wind
energy, WTs generally adopt maximum power point tracking
control (Yang et al., 2018c), which lack the active-standby
capacity traditional generators can provide. Moreover, if the
additional standby capacity of electric active power brought by
wind turbine grid connection is only provided by conventional
units, the operating cost of the system will greatly increase and
may result in the waste of fossil energy (Wei Yao et al., 2015; Zhou
et al., 2020; Li et al., 2021). In summary, it is enormously

significant to study the frequency characteristics and frequency
regulation control of large-scale wind power grid connection
(Yang et al., 2019b; Tan et al., 2021).

In recent years, multifarious frequency regulation control
strategies through wind farms (WFs) have been developed,
which can be mainly divided into energy storage control, de-
loading control, rotor speed control, and droop control (Nguyen
and Mitra, 2016; Yang et al., 2021). In particular, Wen et al.
(2016), Gan et al. (2019), Jami et al. (2020), Kadri et al. (2020),
and Zhang et al. (2020) achieved frequency regulation of
alternative current (AC) side by releasing the energy of energy
storage devices. However, introduced energy storage devices
rapidly increased costs. Besides, Vidyanandan and Senroy
(2013), Zhang et al. (2018), and Yao et al. (2019) adopted de-
loading control to implement primary frequency regulation,
which reserved backup power but seriously impeded the
efficient engagement of wind energy. Similarly, rotor speed
control (Boyle et al., 2021) was suggested to provide the same
frequency support. Besides, the active power-frequency droop
feature was introduced into the outer loop control in many
studies (Arani and MohamedYasser Abdel-Rady, 2015; Van de
Vyver et al., 2016; Vennelaganti and Chaudhuri, 2018; Sun et al.,
2021). The droop control solves the coupling problem between
the power of the flexible DC system and the frequency of the AC
power grid. Unfortunately, the inverter still cannot provide
inertia and achieve primary frequency regulation as well as
resist load disturbance like the SG insufficient capacity
(Haileselassie et al., 2011; Pipelzadeh et al., 2012). In view of
the main problems existing in droop control, the virtual
synchronous generator technology came into being (Morren
et al., 2006). By simulating the characteristics of SG through
mechanical and electromagnetic equations, the inverter performs
inertia, damping characteristics, and primary frequency
regulation capability in the literature (Lee et al., 2015). In Fu
et al. (2017), the inertia control link was introduced into the

FIGURE 1 | Relationships between wind energy utilization coefficient and tip speed ratio under various pitch angles.
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FIGURE 2 | Schematic diagram of test system: A three-area four-terminal VSC-MT-HVDC-based WFs and AC system.

FIGURE 3 | Step start-up adaptive inertial droop control scheme for the ith WT.

Frontiers in Energy Research | www.frontiersin.org March 2022 | Volume 10 | Article 8489053

Liu et al. Optimal Virtual Inertial

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


virtual governor to provide inertia response and implement
primary frequency regulation.

Nevertheless, the aforementioned studies only paid attention
to suppressing the first frequency drop (FFD) of the power
system. Actually, the secondary frequency drop (SFD)
phenomenon is inevitable during the recovery process of wind
turbine speed, which is even more grievous than FFD when the
active power is seriously insufficient. Accordingly, Xiong et al.
(2021) developed a two-level combined control strategy based on
integrated offshore WFs to provide appropriate frequency
support and alleviate SFD. However, the crucial parameters of
the controller were determined via the trial-and-error method,
which made it difficult to maintain high accuracy and reliable
stability, and was also time-consuming.

For addressing these tricky obstacles, a black widow
optimization algorithm (BWOA) (Hayyolalam and
PourhajiKazem, 2020)-based parameter optimization method
is developed to automatically extract the optimal parameters
of step start-up adaptive inertial droop controller and reduce
FFD, SFD, and even third frequency drop (TFD) in this paper.
Furthermore, the main contributions of this paper can be
summarized as follows:

• Each wind farm is classified into two clusters, i.e., cluster 1
and cluster 2, which are put into frequency regulation at the
moments of load variation and rotor speed recovery,
respectively, to accomplish step start-up;

• Adaptive inertial droop control scheme is designed to
significantly enhance the system inertia and organically
establish the relationships between the power of the
flexible DC system and grid frequency;

• BWOA is applied to accurately and quickly identify eight
optimal parameters of the designed controller, upon which
five critical frequency characteristics are comprehensively
considered as the fitness function, e.g., the integral of
frequency deviation and frequency variation rate, FFD,
SFD, as well as TFD;

• Two typical simulation tests under various load increases
and decreases are set to evaluate the effectiveness and
superiority of the proposed strategy.

The remainder of this paper is organized as follows. Modeling
and Control Scheme chiefly introduces step start-up adaptive
inertial droop control schemes. Then, Parameter Design of
Step Start-up Adaptive Inertial Droop Controller via BWOA
provides in detail the controller parameter optimization
framework based on BWOA. Besides, the effectiveness of the
proposed method is evaluated and validated in Case Studies.
Finally, Conclusion thoughtfully summarizes conclusions and
presents perspectives for future work.

MODELING AND CONTROL SCHEME

Modeling of Wind Turbine
According to aerodynamic principles (Shkara et al., 2018), the
power captured by WT can be expressed as

Pin � 1
2
ρSv3 � 1

2
ρπR2v3 (1)

where ρ, S, and v represent air density, the area swept by the blade
of WT, and wind speed, respectively; R is the radius of the blade
of WT.

Furthermore, the output power of WT can be calculated as

Pout � Pin · Cp(λ, θ) � 1
2
ρπR2v3Cp(λ, θ) (2)

where λ and θ denote tip speed ratio and the pitch angle of WT,
respectively; λ � ωR/v, ω stands for the rotational angular speed

FIGURE 4 | General dynamic characteristics of system frequency under load increase.

TABLE 1 | The range of optimized parameters.

Parameters kdr,i,0 MW/Hz kin,i,0 MW · s/Hz kdr MW/Hz kin MW · s/Hz

Lower limits −110 −135 −155 −155
Upper limits −20 −30 10 20
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of WT in rad/s; Cp(λ, θ) is wind energy utilization coefficient
(Slootweg et al., 2003), which satisfies the following expression:

Cp(λ, θ) � c1 · (c2
λi
− θc3 − c4) · ec5λi + c6 (3)

1
λi
� 1
λ + 0.08β

− 0.035

θ3 + 1
(4)

where c1 � 0.5176; c2 � 116; c3 � 0.4; c4 � 5; c5 � −21; c6 �
0.0068.

From Eqs. 3, 4, one can know that the wind energy
utilization coefficient Cp of WT is determined by λ and θ,
and the relationships of Cp between λ and θ are illustrated in
Figure 1. It can be seen from Figure 1 that the wind energy
utilization coefficient increases and then decreases with the
increase of tip speed ratio for a certain pitch angle. Besides,
the maximum wind energy utilization coefficient decreases
with the increase of pitch angle. Therefore, maximum power
output can be achieved by controlling the angular speed of
WT under different wind speeds. Furthermore, the pitch
angle θ of WT remains as 0° for capturing maximum
power output, and rated wind speed is settled as 12 m/s in
this paper.

Step Start-up Adaptive Virtual Inertial Droop
Control Scheme
As shown in Figure 2, a three-area four-terminal voltage source
converter-based multi-terminal high voltage direct current
system (VSC-MT-HVDCs) combined with WFs and AC
system is adopted as the test system, which consists of two
WFs, a VSC-MT-HVDCS, and an AC system (Vennelaganti
and Chaudhuri, 2018; Xiong et al., 2021), among which each
WF includes five equivalent WTs that transmit electricity to the
AC system together. In this paper, the rotor angular speeds of
WT1–WT5 in WF1 are determined as 0.90 pu, 0.95 pu, 0.85 pu,
1.00 pu, and 1.05 pu, respectively. Besides, the rotor angular
speeds of WT6–WT10 are also settled as 0.90 pu, 0.95 pu,
0.85 pu, 1.00 pu, and 1.05 pu, respectively. Note that only
WTs of WF1 participate in frequency support through step
start-up adaptive inertial droop control scheme after
frequency events (e.g., load increase or decrease) while all
WTs of WF2 merely operate in maximum power point (MPP)
states. Meanwhile, WTs in the WF1 are categorized into
different clusters in a certain ratio according to their rotor
angular speeds. For instance, under load increase, WT2,
WT4, and WT5 belong to cluster 1 while cluster 2 involves
WT1 and WT3 if the cluster classification ratio is settled as 6:
4. On the contrary, under load decrease, WT1–WT3 are
classified as cluster 1 while WT4 and WT5 are cluster 2 if
the classification ratio is also 6:4.

For the ithWT, furthermore, the step start-up adaptive inertial
droop control scheme is demonstrated in Figure 3, among which
the active power reference value Pref ,i of the ith WT mainly
consists of three parts, i.e., MPP under real-time rotor angular
speed ωi of this WT, inertial control, and droop control, which is
reacted after a certain time delay Δt for matching with WTs of
another cluster. In other words, cluster 1 and cluster 2 are utilized
to respectively support system frequency in a certain order.
Meanwhile, both coefficients of inertial control and droop
control are adaptively varied with ωi, respectively. Besides,
fAC stands for the frequency of the AC system, which is
measured in VSC1 in this paper; fref � 50Hz, ωmin � 0.70pu,
and ωmax � 1.20pu.

Compared with the conventional droop control method that
adopts constant coefficients, adaptive inertial droop control
coefficients vary with real-time rotor angular speed ωi of
WT, which can not only guarantee rotor operating within a
safe condition but also effectively utilize wind energy and timely
adjust states (i.e., absorb or generate power) of WT, among
which the variation rate of AC system frequency fAC is used as
the input signal of inertial control while the input signal of
droop control is the frequency deviation. Owing to the
frequency deviation being small while frequency variation
rate being large in the primary stage of frequency response,
inertial control can rapidly provide frequency support (Kayikci
and Milanovic, 2009). Besides, droop control is utilized to
simulate the primary frequency regulation capability of SGs,
which can improve steady-state frequency in the later stage after
frequency events.

TABLE 2 | Parameter optimization pseudocode of controller based on BWOA.

I: Input
1 input size M of population, maximum iteration Itmax, upper limits UB, and lower
limits LB
II: Initialization

2 Set t = 0
3 Produce initial population via Eqs 1, 2
4 Compute fitness values Fitness of all individual in initial population through
Eq. (8)
5 Acquire current best solution Xb

�→(t) and corresponding fitness value Fbest
according to fitness values
6 Execute pheromone operation using Eq. 4
III: Opimization

7 WHILE t≤Itmax

8 Create m and β

9 FOR l = 1: N
10 Generate new solution Xl

→(t + 1) of Xl
→(t) via Eq. 3

11 IF1 pheromone ph(l) of Xl
→(t) < 0.3

12 Generate new solution Xl
→(t + 1) of Xl

→(t) utilizing Eq. (5)
13 END IF1
14 Check and modify new solution Xl

→(t + 1) make it within [LB, UB]
15 Calculate fitness value Fnew(l) of Xl

→(t + 1) through Eq. (8)
16 IF2 Fnew(l) < Fitness(l)
17 Accept new solution Xl

→(t + 1)
18 Fitness(l):= Fnew(l)
19 END IF2
20 IF3 Fbest < Fitness(l)
21 Xb

�→(t + 1): = Xl
→(t + 1)

22 Fbest:= Fitness(l)
23 END IF3
24 END FOR
25 Execute pheromone operation using Eq. 4
26 t: = t + 1
27 END WHILE

IV: Output
28 Output best solution Xb

�→(t) of controller parameter

Frontiers in Energy Research | www.frontiersin.org March 2022 | Volume 10 | Article 8489055

Liu et al. Optimal Virtual Inertial

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


Additionally, more information about modeling
parameters of the whole system and control strategy of
VSC stations can be obtained from the literature (Xiong
et al., 2021).

PARAMETER DESIGN OF STEP START-UP
ADAPTIVE INERTIAL DROOP
CONTROLLER VIA BWOA
Mathematical Description of BWOA
Inspired by the courtship behaviors of spiders, Hayyolalam and
PourhajiKazem (2020) proposed a novel meta-algorithm,
namely, BWOA, which obtained satisfactory performance not
only in test functions but also in engineering optimization
applications (Adrián et al., 2020).

In order to ensure the global searching ability of BWOA, the
population with N individuals is initialized as

X �

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

x1,1

x2,1

..

.

xl,1

..

.

xN,1

x1,2

x2,2

1
xl,2

1
xN,2

/ x1,D

/ x2,D

1 ..
.

/ xl,D

1 ..
.

/ xN,D

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(1)

where D represents the dimension of the problem to be solved;
each row of candidate solution matrix X determines a current
location (corresponding to a solution) of a spider. Thus, the lth
individual can be presented as

Xl
�→ � (UB − LB) · rand + LB � [xl,1, xl,2, / xl,D ] (2)

where UB and LB denote the upper bound vector and the lower
bound vector of optimized parameters; rand is equal to a random
number from 0 to 1.

Besides, the fundamental update rules of BWOA during
iteration can be mathematically described as

⎧⎪⎪⎨⎪⎪⎩ Xl
�→(t + 1) � Xb

�→(t) −m · Xr
�→(t) if rand()≤ 0.3

Xl
�→(t + 1) � Xb

�→(t) − cos(2πβ) · Xl
�→(t) others (3)

where Xl
�→(t + 1) and Xl

�→(t) denote new solution and the old one
for the lth individual in the (t + 1) th iteration, respectively;
Xb
�→(t) and Xl

�→(t) stand for the best solution and a random
solution in the previous iteration, respectively, with r ≠ l; m is
defined as a random float number from 0.4 to 0.9 while β is
randomly generated in the interval of [−1.0,1.0].

Furthermore, pheromones of female spiders decide their
mating rates with males, which can be calculated by

ph(l) � Fitnessmax − Fitness(l)
Fitnessmax − Fitnessmin

(4)

where ph(l) represents the pheromone value of the lth female
spider, which is a float number from 0 to 1; Fitnessmax, Fitnessmin,
and Fitness(l) denote fitness values of the worst, the best, and the
lth females, respectively. For minimum optimization problems,
female spiders [like Xl

�→(t)] with low pheromone [ph(l)≤ 0.3] are
difficult to mate with males, which will be replaced according to
Eq. 5 to improve the quality of the population, as follows:

Xl
�→(t + 1) � Xb

�→(t) − 1
2
(Xr1

��→(t) − (−1)σ ·Xr2

��→(t)) (5)

FIGURE 5 | Parameter optimization flow chart of controller based on
BWOA.
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whereXr1

��→(t) andXr2

��→(t) are two different search agents randomly
selected in the current population; σ stands for a random binary
number, which is equal to either 0 or 1.

Parameter Extraction Process of the
Controller via BWOA
In order to acquire the best performance of frequency
regulation, an optimal parameter extraction process of
step start-up adaptive inertial droop controller based on
BWOA is proposed in this section. On the one hand, this
paper primarily concentrates on dynamic response
characteristics of system frequency fAC after an increase
in load illustrated in Figure 4, i.e., FFD, SFD, and TFD, that
reflect local details, among which fFFD, fSFD, and fTFD

represent the nadirs of FFD, SFD, and TFD, respectively.
Specifically, cluster 1 is immediately put into operation
after frequency event at t0 (i.e., Δt equal to 0 for WTs of
cluster 1) while cluster 2 is launched when the rotor angular
speeds of cluster 1 start to recover at tI, i.e., Δt is 0 for WTs
of cluster 2.

On the other hand, the integrals of frequency deviation and
frequency variation rate (SIoFD and SIoFVR, respectively) are also
considered, which principally manifest global information of
system frequency fluctuation, among which SIoFD and SIoFVR
can be respectively expressed as

SIoFD � ∫∣∣∣∣50 − fAC

∣∣∣∣dt (6)

SIoFVR � ∫∣∣∣∣∣∣∣dfACdt

∣∣∣∣∣∣∣dt (7)

As indicated in Eq. 8, each indicator is assigned a coefficient
according to the relative significance, and they are added up as the
fitness function.

Ffit(SIoFD, SIoFVR , fFFD, fSFD, fTFD)
� min{(10AIoFD + 100AIoFVR + 200fFFD + 100fSFD + 100fTFD) · 50} (8)
Additionally, parameters of the controller for different

WTs within the same cluster are identically designed
for reducing the complexities of the problem and
enhancing the search efficiency of BWOA. Therefore,
optimized parameters can be further refined as
X � [k1dr,i,0, k1in,i,0, k1dr, k1in, k2dr,i,0, k2in,i,0, k2dr, k2in], in which the
superscript 1 and 2 stand for cluster 1 and cluster 2, respectively.
Besides, the lower and upper limits of optimized parameters are
demonstrated in Table 1.

Finally, the parameter optimization pseudocode and flow
chart of step start-up adaptive inertial droop controller with
BWOA are explicitly exhibited in Table 2 and Figure 5,
respectively, among which N and Itmax denote the size of
population and maximum iteration, respectively.

CASE STUDIES

In this section, parameters of step start-up adaptive inertial droop
controller are carefully optimized via BWOA through 10 times
independent running under load increase 150MW. Additionally,
two simulation tests (i.e., load increase and decrease) are designed
to evaluate and validate the effectiveness of the optimized
parameters. All case studies are carried out by MATLAB/
Simulink environment with variable-step solver (e.g., DAESSC).
Besides, the number of population N and the maximum iteration
Itmax are set as 5 and 8, respectively. Note that all load variation
occurred at the fifth second. Meanwhile, wind turbine cluster 1 and
cluster 2 are put into frequency regulation at the moments of load
variation and rotor speed recovery, respectively, i.e., Δt � 0s for
cluster 1 and Δt � 5s for cluster 2.

Table 3 provides optimal control parameters obtained by various
approaches under a 150-MW load increase, i.e., without WFs
participating in frequency regulation (without FSC), trial and error
(Xiong et al.), and BWOA. Note that the symbol “/” stands for no
value, which is also applicable for the rest of the tables of this paper.

Load Increase
The dynamic frequency responses acquired by different methods
under various load increase variations are elaborately depicted in
Figure 6. One can easily observe that the system frequency based on
BWOAoptimization performs the least fluctuation in all load increase
scenarios compared with those of other methods. Furthermore,
BWOA-based parameter optimization method efficiently
suppresses the FFD, SFD, and TFD of system frequency, which
can dramatically ensure grid stability and reliability.

Furthermore, quantitative comparison results of frequency
drop based on different strategies under three typical load
increase situations are tabulated in Table 4, where the least
frequency drop is highlighted in bold. In general, the trial-
and-error method acquired the least FFD followed by BWOA
and without FSC. However, the performances of the trial-and-
error method on suppressing SFD and TFD were inferior to those
of BWOA. In particular, compared with the trial-and-error
method, the FFDs and TFDs obtained by BWOA are reduced
by 10.9%, 9.8%, and 8.9%, as well as 12.8%, 12.2%, and 11% under

TABLE 3 | Optimal control parameters obtained by different methods under load increase 250 MW.

Control
parameters

k1
dr,i,0 k1

in,i,0 k1
dr k1

in k2
dr,i,0 k2

in,i,0 k2
dr k2

in

No FSC — — — — — — — —

Trial and error (Xiong et al., 2021) −60.00 −60.00 −100.00 −150.00 −100.00 −60.00 −100.00 −150.00
BWOA −28.89 −47.43 3.71 −18.09 −31.88 −125.73 8.89 −124.03
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FIGURE 6 | Frequency response acquired by different methods under various load increase variations: (A) 50 MW load increase; (B) 150 MW load increase; (C)
250 MW load increase.
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TABLE 4 | FFD, SFD, and TFD obtained by various methods.

Frequency events Approaches Transient frequency characteristics

FFD (Hz) SFD (Hz) TFD (Hz)

A 50-MW load increase No FSC 0.0588 — —

Trial and error (Xiong et al.) Xiong et al. (2021) 0.0428 0.0412 0.0400
BWOA 0.0458 0.0367 0.0349

A 150-MW load increase No FSC 0.1644 — —

Trial and error (Xiong et al.) Xiong et al. (2021) 0.1197 0.1091 0.1069
BWOA 0.1224 0.0984 0.0939

A 250-MW load increase No FSC 0.2569 — —

Trial and error (Xiong et al.) Xiong et al. (2021) 0.1916 0.1598 0.1575
BWOA 0.1958 0.1455 0.1401

The least frequency drop is highlighted in bold.

FIGURE 7 | Frequency response acquired by different methods under a 50-MW load decrease.

FIGURE 8 | Transmitted active power of VSC1 acquired by different methods under a 50-MW load decrease.

Frontiers in Energy Research | www.frontiersin.org March 2022 | Volume 10 | Article 8489059

Liu et al. Optimal Virtual Inertial

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


50 MW load increase, 150 MW load increase, and 250 MW load
increase, respectively.

Load Decrease
So as to confirm the effectiveness of control parameters acquired by
BWOA in load decrease, Bus 1 of the test system experienced a 50-
MW load decrease at 5 s, which was used as a simulation case. In this
frequency event, cluster 1 (i.e., WT1, WT2, and WT2) is
immediately started up at the fifth second while cluster 2
(i.e., WT4 and WT5) is launched at the 10th second. The
simulation results are demonstrated in Figure 7 and Figure 8. It
can be seen from Figure 7 that three control schemes caused 0.0641-,
0.0597-, and 0.0613-Hz frequency increases, respectively. Although
frequency increase with the trial-and-errormethod is lower than that
with BWOA at the sixth second, two obvious frequency fluctuations
occur with the former one in the following procedures, which are
caused by superabundant active power injection corresponding to
Figure 8. Therefore, obtained optimal control parameters by BWOA
are applicable to load decrease with low-frequency fluctuation.

CONCLUSION

Lastly, three main conclusions can be concluded in this paper, as
follows:

• A step start-up adaptive inertial droop controller is carefully
designed to support the frequency of the grid system based on
two WFs including 5 WTs, respectively, upon which WTs in
WF 1 are classified into two clusters according to their speeds,
i.e., cluster 1 and cluster 2. For the sake of accomplishing step
start-up, the former one immediately participates in frequency
regulation when load variations occur while the latter operates
at the moment of rotor speed recovery of the former;

• BWOA is successfully used to extract eight optimal
parameters of the designed controller under 150 MW
load increase with high accuracy, fast speed, and

powerful stability, where five reasonable frequency factors
are comprehensively considered to set up the fitness
function, e.g., the integral of frequency deviation and
frequency variation rate, FFD, SFD, as well as TFD;

• Simulation results indicate that the optimal control
parameters are also applicable tests under various load
increases and decreases. Compared with the trial-and-
error method, FFD and TFD with BWOA under load
increase are decreased by 10.9% and 12.8% at most,
respectively, which significantly verify the effectiveness
and superiority of the proposed method.

A BWOA-based parameter optimization strategy can significantly
enhance the performance of the controller, then smooth frequency
fluctuation and improve power quality under various load variations.
Therefore, it may be efficient to optimize other controller parameters
and may even be applied to other complex optimization issues.
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