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Abstract. With the growing penetration level of renewable energy (RE)
systems, the overall inertia of the power system is expected to reduce to
values that expose the system to inadvertent frequency eventuality that
can threaten the stability, security, and resilience of the system. To tackle
this issue, this paper proposes an advanced virtual inertia control strat-
egy in an interconnected power system which considers high renewable
energy penetration and power system deregulation. The virtual inertia
control is capable of providing dynamic inertia support by adjusting the
active power reference of the power electronic converter of an energy
storage system (ESS). This improves the response and stability of the
system during frequency events. The proposed virtual inertia control
strategy is based on the type-II fuzzy logic control scheme. To improve
the accuracy and performance of the proposed controller, the artificial
bee colony algorithm is used for optimal tuning of the input and output
weights of the type-1I fuzzy-based virtual inertia control. The proposed
control strategy is designed to competently perform during load vari-
ation, RE fluctuations, and other power system dynamic disturbances.
The simulation results show its robustness in minimizing the frequency
deviation and maintaining system frequency within specified operating
limits.
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1 Introduction

Major changes have been introduced in the structure of electric power utilities
around the world to improve the efficiency and reliability of power systems [1].
Power system deregulation and increased renewable energy (RE) integration are
the major factors in the restructured power system environment. In this environ-
ment, control is greatly decentralized and Independent System Operators (ISOs)
are responsible for maintaining the system frequency and tie-line power flow
amongst other ancillary services [2]. Generation utilities may or may not take
part in automatic generation control (AGC) or load frequency control (LFC);
these make the task of frequency control more complicated to achieve. Several
works have reported various approaches for LFC design when considering power
system deregulation to improve the frequency response of the system [3-5].

In a similar way to power system deregulation, the structure of the emerging
power system that incorporates RE systems, such as wind and solar plants and
other distributed energy resources, is different from the conventional power sys-
tem. The key technical concern that affects the increasing penetration level of
RE systems is associated with their capability in performing as efficiently and
consistently as conventional generation systems. This is because they affect the
dynamic behavior and response of large power systems differently from their
conventional counterparts [6]. Despite the rapid technological advancements in
the RE industry, the task of frequency regulation remains a challenge, and this
constitutes the limitation of increasing RE share in modern power systems. The
study conducted in [7] predicted that with the current growth rate of RE penetra-
tion, the total system inertia would reduce significantly to values that threaten
system frequency recovery and stability during power imbalance and other power
system contingencies [8]. Therefore, technical methods for providing or emulating
inertia need to be developed.

The virtual inertia control strategy is a promising solution in emulating
the inertia characteristics of a prime mover by deploying an appropriate con-
trol algorithm in the power electronics converter of a dedicated energy storage
system (ESS) [9]. Several control strategies have been adopted in the design
of a virtual inertia control: the authors in [10] proposed a coefficient diagram
method; a dynamic equation and adaptive fuzzy technique were proposed in [11],
a derivative-controlled solar and ESS was proposed in [12], and a model predic-
tive control (MPC) approach was designed in [13] to improve the frequency
regulation capability of low-inertia microgrid systems. The artificial bee colony
(ABC) algorithm was used to tune the derivative-virtual inertia control for wind
energy systems in [14]. Reference [15] adopted the chicken swarm optimization
algorithm in tuning the parameters of an adaptive virtual inertia controller, and
the particle swarm optimization (PSO) was used in [16]. Some artificial intelli-
gence techniques have found application in the design of virtual inertia systems; a
reinforcement learning-based approach was used in [17] and [18] to design a
virtual inertia controller for low-inertia power systems. In [19], a radial basis
function neural network was trained to implement a virtual synchronous gener-
ator. Author of [20] implemented a virtual inertia controller using the wavelet
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fuzzy neural network. These control methods that apply artificial neural net-
works are largely dependent on the availability of data to sufficiently train the
model, therefore, such control methods might result in over-fitting if the training
data is insufficient, thereby compromising the performance of the control system.
The fuzzy logic control is an intelligent control technique that can been used to
improve performance in terms of virtual inertia control because of its high com-
putational efficiency in handling nonlinear complexities that are characterized
with modern power systems [21]. In [22], the type-I fuzzy logic was proposed
for virtual inertia control of an interconnected microgrid with high RE penetra-
tion. Reference [23] augmented a low-inertia wind farm with a type-I fuzzy-based
ESS to improve the primary frequency response of the system. While the type-I
fuzzy system has been successfully implemented, it is less efficient in handling
different power quality threshold requirements and uncertainties. Based on this
limitation, the type-II fuzzy offers an extra degree of freedom to model the
uncertainties that cannot be quantified by two-dimensional MFs of the type-I
fuzzy system [24]. References [25,26] proposed the type-II fuzzy logic system to
mitigate LFC problems in RE-integrated power systems.

Based on the literature, no previous work has reported the development of
advanced control strategies for virtual inertia emulation in large power systems
with high penetration of RE systems in the deregulated environment. Therefore,
the contributions of this paper are: the design of a new type-II fuzzy-based
virtual inertia control strategy to improve the frequency response and stability
of power systems; the performance of the proposed type-II fuzzy-based virtual
inertia controller is improved by tuning its weights with the ABC optimization
algorithm, the cost function used in the optimization process is formulated to be
model-dependent such that the proposed virtual inertia system does not behave
as a continuous infinite energy source; the proposed optimal type-II fuzzy-based
virtual inertia control strategy is implemented in the emerging power system
environment which considers high RE penetration and deregulation.

The remainder of this paper is structured as follows: Section 2 presents the
small-signal modelling of power system for frequency response analysis in the
restructured environment, Sect. 3 presents the concept of inertia and the pro-
posed optimized type-II fuzzy logic for inertia emulation, Sect. 4 discusses the
simulation results of the proposed control strategy and Sect. 5 presents the con-
clusion.

2 System Modeling

2.1 Dynamics of Power System Deregulation

In the formulation of the frequency response model of the interconnected power
system in the restructured environment, it is important to include the dynam-
ics of the open-energy market scenarios that occur between power vendors—
generating companies (GENCOs) and vendees—distribution companies (DIS-
COs). For an interconnected power system with N control areas, the contract
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participation matrix (CPM) between GENCOs and DISCOs can be defined as

Cpfn Cpflz Cple

cpfor cpfaz -+ epfan

CPM = (1)

cpfn1 cDfn2 <+ cDfan

where cpf,n is the contract participation factor of the n'® GENCO of the NI
area. The sum of the elements in each column of the CPM must be equal to
1. Furthermore, there could exist a scenario where there is exchange of power
between interconnected areas via tie lines at scheduled values during steady-
state operation. In this scenario, the GENCOs in Area i are in a power purchase
contract with the DISCOs is Area j; therefore, the non-diagonal elements of the
CPM are non-zero. The scheduled tie line power flow to Area i for NV intercon-
nected control areas can be written as

N n n N
AP =" (Z cpfk]) APp,, =Y | Y epfin | APp, (2)

i=1 \k=1 k=1 Jj=1
J#i J#i

where APp,_, and APp,_; are the total power demand (contracted) of DISCOs
in Areas 7 and j respectively, given that {i, 7 € N}.

2.2 Small-Signal Modelling of Modern Power System

In this subsection, the frequency response model of a modern power system is
presented using small-signal derivations. The system model takes into account
the deductions from the previous subsection. The frequency response model
shown in Fig. 1 represents the small signal derivation of the i*" control area
of an interconnected power system in the restructured power system environ-
ment. The frequency response of Area ¢ resulting from the net active power

generation and demand is

1

Afi= oo
f 2H18+D1

(APm, + APresi - A-Ptie,i - APD7) (3)
where H is the total inertia constant of the synchronized rotating masses, D is
the damping parameter, AP,, is the total change in mechanical power of the
GENCOs, AP, is the total change in power of the RE systems, AP;;. is the
change in tie line power flow, and APp is the total load change in Area 3.
The change in output mechanical power of the GENCOs in the i*? area is
given by
n n 1
AP, = Z APy, = Z T 7120 (4)
j=1 j=1 J
where T} is the time constant of the turbine and AP, is the change in input set-
point to the turbine, i.e., adjustment of speed governor set point. It is important
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Fig. 1. Frequency response model of a power system in the restructured environment.

to note that unlike the traditional power system environment, the dynamics of
the speed governor must include a setpoint resulting from power system deregu-
lation (contracted power) [27]. Therefore, the response of the speed governor of
the GENCO in the restructured system can be obtained from

1 -1
AP, =——— [ —A APy+. + AP, 5
g sTngl(R fHoAPye+ ) (5)

where T is the time constant of the governor, R is droop parameter for primary
frequency control, ¢ is the generator participation index (o € {0,1} and > o =
1) for the GENCOs in Area ¢ participating in LEC while APy, is the change in
control signal from the secondary frequency controller and AP, is the change in

the set point due to deregulation. The AP, for the n'" GENCO in the Area i
can be expressed as

N
APC/L.," - Z Cpfn,’LAPDL (6)
i=1
The LFC action for the restructured power system is different from the conven-

tional power system because it takes into formulation the scheduled inter-area
power flow, AP:". The LFC action for Area i can be deduced from

tie

- K;
s

A]lec,i = (61Af1 + Aptie,i) (7)
where K; and (3; are the integral gain of the LFC and frequency bias of Area i
respectively, and

AP = AP + APye (8)

ie,t tie,i
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For the hybrid tie line interconnection considered in this study, inter area power
flow to Area i from Area j is given

271—,-Tij ch
S 14 sTy.

apuei = )@r-ap) Q
where Tj; is the synchronizing coefficient of the ac tie line between Areas ¢ and j,
and Kg4. and Ty are the gain and time constant of the dc line between Areas i
and j respectively.

With the growing share of RE systems in the modern energy mix, they are
to contribute to frequency control according to the grid code specifications. For
the i*" area in NV interconnected control areas, the change in total output power
of the RE system resulting from droop control and fluctuation can be derived
using

1
1+ STres_j

- 1
APresi = Z AP, = (K Af; + AP:;;’) (10)
j=1 T‘CS]’

where T, is the time constant, K,.s; is the droop parameter and AP is
the variation in output of the RE system. Finally, the change in demand in
Area i that impacts the frequency response of the system is the summation of

contracted and non-contracted demand can be mathematically expressed as
APDi = APD(:,i + APDuc,i (11)

The equations derived in (3) to (11) can be used to obtain the state space model
for small signal stability analysis. For the i*® control area, we can write the
state-space model as .

Xi=A;X; + B;U;

12
Y; =CX; (12)

where A, B, and C are the system, input, and output matrices respectively with
appropriate dimensions while X, U are state and input vectors respectively that
are given as

X’i = [Afz Apmi Apgi APtie,i Ap'res,i]T

13
Ui = [APjjes APp,)" (13

3 Proposed Virtual Inertia Control Strategy

3.1 Virtual Inertia

The virtual inertia concept is proposed to emulate the damping and inertia
characteristics of conventional synchronous generators, therefore maintaining or
increasing the overall inertia of the system. This facilitates the increased pene-
tration of RE systems into the energy mix without compromising the frequency
stability of the system. In this work, virtual inertia control as a new ancillary
service in which inertia emulation is achieved using the combination of an ESS,
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Fig. 2. Small-signal model of virtual inertia strategy.

power electronic converter, and an appropriate control strategy is proposed. The
ESS acts as an inertia unit that injects instantaneous active power into the sys-
tem to reduce the rate of change of frequency (RoCoF) and frequency deviation.
The derivative control strategy is the kernel of the virtual inertia control, it
can modify the output of the ESS depending on the RoCoF during a frequency
event or disturbance. The block diagram of the derivative-based virtual inertia
control is presented in Fig. 2. The output of the ESS is constricted between
the minimum and maximum active power rating of the ESS which gives the
practical operating condition of the ESS and ensure it does not behave as an
infinite energy source. The equation for the dynamic inertia emulation using the
derivative control strategy can be derived as:

APy — Ho, ( 1 ) d(Af) (14)
1+ sT.,s dt

where AP,; is the virtual power that contributes to the inertia response of the
system, T, is the time constant of the low pass filter acting as ESS converter,
and H,; is the virtual inertia gain. The choice of H,; is very important because
it significantly affects the response of the virtual inertia controller. Large values
of H,; will repress the frequency deviation with smaller overshoot and under-
shoot but increase the settling time of the frequency while smaller values of
H,; will quickly restore the frequency of the system but with high oscillation
and amplitude of deviation. This makes the conventional virtual inertia control
strategy with fixed inertia gain perform poorly under dynamic frequency events.
Therefore, this work proposes the application of the type-II fuzzy logic system to
calculate the appropriate inertia gain, thus developing an adaptive virtual iner-
tia controller that can perform efficiently and optimally under various operating
conditions.

3.2 Type-II Fuzzy Logic System

The control structure has three basic stages: input processing (fuzzification) that
converts the crisp input to fuzzy input; an inference engine that determines the
fuzzy output based on some complex calculations and rule base; and output
processing (type-reduction and defuzzification) that reduces and converts the
type-1I fuzzy output to crisp output [28]. The type-1I fuzzy set (FS) F where
l € L and can be characterised as

F={((I,m),pz(,m) |Vl € LN¥meJ Cl01]} (15)
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where pz(l,m) is a type-II membership function (MF), [ is a primary variable,
m is the secondary variable in which 0 < pz(l,m) < 1 and J; is the primary
membership of [.

F can also be expressed as

o /l / _ pem)/m) <) (16)

where [ [ denotes union over all possible I and m. When there are no uncer-
tainties, the type-II FS reduces to a type-I FS such that the secondary variable
becomes pp(l) and 0 < pp(l) < 1.

When all pz(l,m) = 1, F is said to be an interval type-II FS [29]. The
interval type-II FS reduces (16) to

F_/ZGL/%]I (Lm) JC0,1] (17)

Due to the uncertainty associated with the interval type-II F'S, the boundary of
uncertainty in the type-II MF is defined as the footprint of uncertainty (FOU).
The outer boundary (z) of the FOU is the upper membership function (UMF)
and the inner boundary (i) is the lower membership function (LMF) so that

FOU(F) = | J /i (18)

leL
fp() =FOU(F) Viel (19)
pa(1) =FOU(F) Vi€l (20)

The rule structure for the type-II fuzzy logic is similar to the type-I fuzzy, for a
fuzzy logic structure with a K number of rules, the n*" rule can be expressed in

the form:

R, :If l; is Flﬁn and ...[; is Fm ... and I is Fl’n 1)
Then y is Y,

where n = (1, 2, ..., K). This type reduction block maps the type-II FLC into
a type-I FLC by computing the centroid of the interval type-II FLC associated
with each fired by using

Yip = 1/ {ypa'“ayq} (22)

where y, and y, can be calculated using

_ N
Yy = Z?:l Yilg (yi) + Z¢=p+1 Yilp (vi)
p = P _ N
doimt Fip (W) + 2 g (42)

(23)

N _
S ity (i) + N g Vil (u)
N _
Sy () + N o e ()

Yq = (24)
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Fig. 3. Proposed virtual inertia control strategy.

The switching point P and @ in (23) and (24) are iteratively determined using
the Karnik-Mendel (KM) algorithm [30]. The crisp output y is computed by the
defuzzifier using

y<) = 3 (D) + (0] (25)

3.3 Adaptive Virtual Inertia Based on Type-II Fuzzy Logic Control

In this subsection, the proposed virtual inertia control method based on the
type-II fuzzy system is developed as shown in Fig. 3. The inputs to the type-II
fuzzy logic system are the frequency deviation, Af and its derivative, Af. These
inputs are firstly normalized with the weights W; and W5 respectively so that
the final inputs to the type-II fuzzy logic system are

Input 1 =W, - Af (26)

Input 2= Ws - Af (27)

The normalized inputs are then fuzzified using the membership functions. In this
work, the triangular membership function is used because of its ease of compu-
tation, few design parameters, and less complexity in practical realization when
compared to other types of membership functions. Due to these reasons, seven
triangular membership functions are chosen to define the universe of discourse of
the type-1I fuzzy system. They are defined using the linguistic variables: Nega-
tive Big (NB), Negative Medium (NM), Negative Small (NS), Zero (Z), Positive
Small (PS), Positive Medium (PM), and Positive Big (PB). The corresponding
membership parameters of the seven linguistic variables are determined from
(23) and (24). The fuzzified inputs which are the embedded fuzzy sets within
the FOU are processed in the inference engine to generate appropriate fuzzy
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Table 1. Fuzzy rule table

Af

Af PB |PM|PS |Z |NS |[NM|NB
PB |[NB |[NB |[NB |[NB |[NM NS |Z
PM |NB |[NB |[NB [NM|NS |Z |PS
PS |[NB NB NM NS (Z |PS |PM

NS I[NM|NS |Z PS |PM |PB | PB
PM|NS |Z |PS |[PM PB |PB |PB
NB|Z |PS |PM PB |PB PB |PB

outputs with the aid of the fuzzy rules given in Table 1. The inference engine
uses the min and max methods for the Meet and Join operations respectively.
The Meet and Join operations map the fuzzified inputs into fuzzy outputs with
the strength of the fired rule(s). The output of the inference engine is a type-II
fuzzy set that cannot be directly converted to the crisp output, that is, virtual
inertia gain. The type-reducer is used to convert the type-II fuzzy set to type-I
fuzzy set using the KM algorithm, the smallest and largest centroids are com-
puted using (23) and (24). The type-I fuzzy output is then converted to the
normalized virtual inertia gain using (25). The normalized virtual inertia gain
is scaled with weight W3 to generate the actual inertia gain, H,;. The values
of the input and output weights (WW;, Wa, W3) are critical in the design and
performance of the fuzzy logic system for the proposed application; therefore,
the ABC optimization algorithm is employed to determine their values. Due to
space limitation, detail of the ABC can be accessed in [14]. The cost function
used in the optimization process is a two-fold objective function that computes
the derivative of the frequency deviation and absolute frequency deviation. For
the it control area with virtual inertia capability, the cost function can be for-

mulated as
T

Cs. = 3 (1anonp + BACL =20 = 1) 29

t

n=1
where t is the time between the actual present and previous frequency mea-
surement. It is specified as the sample time of the controller. The values of the
weights for the type-1I fuzzy controller are presented in Table ?7. The proposed
optimized type-1I fuzzy-based virtual inertia control system can recalculate the
inertia gain to track the frequency to a zero steady-state value. Therefore, fre-
quency deviation in Area ¢ given in (3) can be written as

1

Afi= oo
f 2H28+D1

X (A-Pml + Apresi — APtie,i — APDI + APM) (29)
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4 Simulation and Discussion

In this section, the efficiency of the proposed type-II fuzzy-based virtual inertia
controller is validated through extensive simulation in MATLAB. The test sys-
tem for the simulation is the conventional two-area power system model that is
used for frequency stability studies [31]. The model is updated to include the
dynamics of modern power systems such as hybrid tie line transmission, power
system deregulation, and unequal area capacities. In Area 2 of the test system,
one of the conventional plants has been replaced with a RE system to simulate
high penetration of RE and reduced equivalent inertia; therefore, the proposed
virtual inertia strategy is implemented in Area 2 and its robustness is evalu-
ated against the conventional and type-I fuzzy-based virtual inertia methods
proposed in [32] and [22] respectively, it is important to mention that the two
methods in the literature were redeveloped to satisfactorily fit the system used
in this work.

4.1 Eigenvalue Analysis

In this section, the stability of the test system is analyzed by inspecting the
properties of its eigenvalues. For a system to be stable, all the real parts of its
eigenvalues have to be negative (on the left half of the complex s-plane).

Table 2. Eigenvalues of system model

Mode | Eigenvalue

A —17.2118

X2 | —17.7078

Xs | —13.0658

X | —1.3063+j7.0956
Xs | —1.3063—7.0956
X¢ | —1.1801+j3.8124
Az | —1.1801—j3.8124
Xs | —3.9736

Xo | —3.2251

Ao | —0.99414j0.5724
A1 | —0.99414j0.5724
A2 | —0.7513
A3 | —0.4281
s | —0.1033
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In Table 2, the eigenvalues of the test system are presented, it can be observed
that all the eigenvalues have a negative real part, therefore, indicating an asymp-
totically stable system. It can be seen that the modes A\; and Ay which corre-
sponds to Af; and Afy respectively are in a better region of stability with
high magnitudes in the real parts of their eigenvalues. The complex modes of
the eigenvalues (As—7 and A1p11) indicate that the system will oscillate before
reaching steady-state during small perturbations.

4.2 Load Variation

In this scenario, the effectiveness of the proposed virtual inertia control strategy
is demonstrated. A step load change of APp,. = 0.1p.uin Area 2 at 10 s is sim-
ulated to illustrate the frequency response of the system during load variation.
Figure 4(a) and (b) show the frequency deviation and derivative of frequency
deviation in Area 2 under this contingency.

= No Virtual Inertia

== Conventional Virtual Inertia

s Ty pe-l Virtual Inertia 4

= Ty pe-|l Virtual Inertia
|

8 10 12 14 16 18 20 22 24
Time(s)
(@)

= No Virtual Inertia

== Conventional Virtual Inertia

= Type-l Virtual Inertia

= Ty pe-|l Virtual Inertia
I

dA f,/dt (p.uls)

14 16 18 20
Time(s)
(b)

Fig. 4. (a) Frequency deviation in Area 2 (b) rate of change of frequency deviation in
Area 2 under step load variation.

Generally, it can be observed that the frequency response of Area 2 is
improved when the virtual inertia control is incorporated into the system com-
pared to the absence of virtual inertia in the system. More specifically, the pro-
posed type-II fuzzy-based virtual inertia control method outperforms the type-
I fuzzy-based and conventional virtual inertia control methods with the least
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8 10 12 14 16 18 20 22 24
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Fig. 5. Frequency deviation in Area 1 under step load variation in Area 2.

amplitude of frequency deviation, transient excursions, and fastest recovery of
the derivative of frequency deviation with damped oscillations and minimal over-
shoots. The performance of the proposed type-II fuzzy virtual inertia control
strategy can be demonstrated by observing the change in active power of the
ESS AP,;, as shown in Fig. 6. It can be seen that with the proposed virtual
inertia strategy, the ESS is capable of injecting high instantaneous active power
needed to suppress the frequency deviation when compared to other virtual
inertia control methods. It is important to mention that virtual inertia elements
are zero net energy devices during steady-state operation, this criteria must the
considered in the design of the intelligent control systems to implement virtual
inertia devices such that they do not become an infinite energy source. Due to
the interconnection that exists between Areas 1 and 2, it is consequential that
the perturbations in Area 2 affect Area 1 and vice versa. Therefore, it is impor-
tant to observe the frequency response of Area 1 due to the contingency in Area
2 for this scenario as shown in Fig. 5. It can be observed while the presence of
virtual inertia in Area 2 helps to reduce the frequency deviation amplitudes and
oscillations, the proposed type-II fuzzy-based virtual inertia achieved the least
amplitude of frequency deviation with a smooth transition to zero steady-state
deviation.

0.08 T T T T T T T T T
Conventional Virtual Inertia

0.06 s Ty pe-| Fuzzy Virtual Inertia i
Type-ll Fuzzy Virtual Inertia

0 5 10 15 20 25 30 35 40 45 50
Time (s)

Fig. 6. Output power of ESS under step load variation.
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4.3 High Renewable Energy Fluctuation

In this scenario, a more severe contingency is considered to show the robustness
of the proposed virtual inertia control strategy. With the high penetration of RE
systems, it is practical that the overall systems inertia and damping characteris-
tics are affected, and with the high fluctuation of the RE sources, the frequency
response of the system can be significantly affected.

0 5 10 15 20 25 30 35 40 45 50
Time (s)

Fig. 7. Net fluctuation of RE power in Area 2.

The high RE fluctuation in Area 2 as shown in Fig. 7 is used to replicate this
contingency, and Figs. 8 and 9 show the behaviour under this contingency. From
Fig. 8(a), it is shown that the frequency deviation in Area 2 fluctuates above
and below zero steady-state due to the nature of the disturbance. It shows that
the proposed type-II fuzzy-based virtual inertia control strategy has the least
amplitude of frequency deviation when compared to the type-I fuzzy-based and
conventional virtual inertia control strategies. The derivative of the frequency
deviation shown in Fig. 8(b) shows the effectiveness of the proposed type-II
fuzzy-based virtual inertia strategy in achieving faster response to keep the rate
of change of frequency deviation within zero with the lowest transient excursion.
This good frequency response is a result of the rapid absorption/charging (neg-
ative AP,;) and injection/discharging (positive AP,;) by the ESS as shown in
Fig. 9(a). It shows that the proposed type-II fuzzy-based virtual inertia control
strategy can efficiently adjust the virtual inertia gain, H,;, to varying values as
a function of the system contingency. The adjustment of the virtual inertia gain
can be seen in Fig. 9(b). While the conventional virtual inertia control strat-
egy has a fixed gain and the type-I fuzzy-based virtual inertia control strategy
adjusts the virtual inertia gain around the fixed inertia gain, the proposed type-II
fuzzy-based virtual inertia strategy can adjust the virtual inertia gain to values
that improve the frequency response and stability of the system.



360 A. Aluko et al.

Y
<1-0.05 s No Virtual Inertia ¥
[ Conventional Virtual Inertia

Type-l Fuzzy Virtual Inertia
[ ===Type-ll Fuzzy Virtual Inertia

.01 L I L I L I

0 5 10 15 20 25 30 35 40 45 50

Time (s)
(@)
@ 02
.
e
= 0
©
:N No Virtual Inerti
< -0.2 _C:n\::r:‘liaon:elr\‘l';tual Inertia
T s Ty pe-| Fuzzy Virtual Inertia
I I L 1 1 1 1|~ Type-ll Fuzzy Virtual Inertia

0 5 10 15 20 25 30 35 40 45 50
Time (s)

(b)

Fig. 8. (a) Frequency deviation in Area 2 (b) rate of change of frequency deviation in
Area 2 under RE fluctuation.

4.4 Parameter Variation

In system design, inaccurate parameter estimations, the variation of system
parameters with time, and the removal of some systems components can reduce
the efficient performance of the system practically. Therefore, it is important to
test the robustness of the control systems during design with parameter vari-
ations. In this scenario, the robustness of the proposed type-II fuzzy-based
virtual inertia control strategy is tested by simulating the contingencies in
Sect. 4.2 and 4.3 under these parameter variations in Area 2: Ry = —30%,
Dy = =50%, Hy = —50%, Ty = +25%, Ty, = +20%, Ko = —30%, and
B2 = +25%. It can be observed from Fig. 10(a) that with the absence of vir-
tual inertia, there is serious frequency deviation with high oscillations. With
the conventional and type-I fuzzy-based virtual inertia control strategies, the
frequency dip is improved by 32% and 30% respectively with noticeable oscilla-
tions. However, the application of the proposed type-II fuzzy-based virtual iner-
tia control strategy significantly improves the frequency dip by approximately
70% with damped oscillations. Furthermore, the rate of change of frequency
deviation rapidly settles to zero with the proposed virtual inertia strategy when
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compared to other virtual inertia control strategies as seen in Fig. 10(b). The
improved performance in the frequency response is due to the adaptive prop-
erty of the type-II fuzzy controller in selecting the virtual inertia gains as shown
in Fig. 11(b) which helps to dynamically adjust the output active power of
the ESS as shown in Fig. 11(a) when compared to the conventional and type-
I fuzzy-based virtual inertia control strategies. It is shown that the proposed
type-1I fuzzy-based virtual inertia control strategy is robust so that it efficiently
performs during parameter variations and maintains the frequency stability of
the system in severe scenarios.

0.04 T T T T T x x T
=== Conventional Virtual Inertia
w==Type-| Fuzzy Virtual Inertia
0.02 === Type-Il Fuzzy Virtual Inertia

A Pvi (p.u)

Time (s)
(@

=== Conventional Virtual Inertia
we=Type-l Fuzzy Virtual Inertia
=====Type-Il Fuzzy Virtual Inertia

5
Time (s)
(b)
Fig. 9. (a) Output power of ESS (b) Virtual inertia gain under RE fluctuation.

From the results presented in the section, it can be appreciated that a prop-
erly designed conventional virtual inertia control strategy can perform as rela-
tively efficiently as the type-I fuzzy-based virtual inertia control strategy; how-
ever, the proposed type-II fuzzy-based virtual inertia control strategy signifi-
cantly outperforms both control strategies.
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Fig. 10. (a) Frequency deviation in Area 2 (b) rate of change of frequency deviation
in Area 2 under parametric variation.
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Fig. 11. (a) Output power of ESS (b) Virtual inertia gain under parametric variation.

5 Conclusion

This paper presents a new virtual inertia control system using a type-II fuzzy logic
control strategy. The proposed virtual inertia control strategy is used in the con-
trol loop of a dedicated ESS to improve the frequency response of a system with
a high penetration of renewable energy sources in a restructured power system
environment. The ABC optimization algorithm is utilized to tune the weights of
the proposed controller to improve its performance. The robustness of the pro-
posed controller is assessed under several operating scenarios and compared with
the type-I fuzzy and conventional virtual inertia control strategies. The simulation
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results show the effectiveness of the proposed strategy to improve the frequency
response of the system, thereby enhancing its stability and resilience.

References

1.

2.

10.

11.

12.

13.

14.

15.

Tyagi, B., Srivastava, S.: A decentralized automatic generation control scheme for
competitive electricity markets. IEEE Trans. Power Syst. 21(1), 312-320 (2006)
Bevrani, H.: Robust Power System Frequency Control, vol. 85. Springer, Heidelberg
(2014). https://doi.org/10.1007/978-0-387-84878-5

Donde, V., Pai, M., Hiskens, I.A.: Simulation and optimization in an AGC system
after deregulation. IEEE Trans. Power Syst. 16(3), 481-489 (2001)

Sahu, R.K., Sekhar, G.C., Panda, S.: De optimized fuzzy PID controller with
derivative filter for LFC of multi source power system in deregulated environment.
Ain Shams Eng. J. 6(2), 511-530 (2015)

Alhelou, H.H., Hamedani-Golshan, M.-E., Zamani, R., Heydarian-Forushani, E.,
Siano, P.: Challenges and opportunities of load frequency control in conventional,
modern and future smart power systems: a comprehensive review. Energies 11(10),
2497 (2018)

Kumar, V., Pandey, A., Sinha, S.: Grid integration and power quality issues of
wind and solar energy system: a review. In: International Conference on Emerging
Trends in Electrical Electronics and Sustainable Energy Systems (ICETEESES),
pp. 71-80. IEEE (2016)

Hoke, A.F., Shirazi, M., Chakraborty, S., Muljadi, E., Maksimovic, D.: Rapid active
power control of photovoltaic systems for grid frequency support. IEEE J. Emerg.
Sel. Top. Power Electron. 5(3), 1154-1163 (2017)

Dreidy, M., Mokhlis, H., Mekhilef, S.: Inertia response and frequency control tech-
niques for renewable energy sources: a review. Renew. Sustain. Energy Rev. 69,
144-155 (2017)

Tamrakar, U., Shrestha, D., Maharjan, M., Bhattarai, B.P., Hansen, T.M.,
Tonkoski, R.: Virtual inertia: current trends and future directions. Appl. Sci. 7(7),
654 (2017)

Ali, H., et al.: A new frequency control strategy in an islanded microgrid using
virtual inertia control-based coefficient diagram method. IEEE Access 7, 16979—
16990 (2019)

Pradhan, C., Bhende, C.N., Samanta, A.K.: Adaptive virtual inertia-based fre-
quency regulation in wind power systems. Renew. Energy 115, 558-574 (2018)
Saxena, P., Singh, N., Pandey, A.K.: Enhancing the dynamic performance of micro-
grid using derivative controlled solar and energy storage based virtual inertia sys-
tem. J. Energy Storage 31, 101613 (2020)

Sockeel, N., Gafford, J., Papari, B., Mazzola, M.: Virtual inertia emulator-based
model predictive control for grid frequency regulation considering high penetration
of inverter-based energy storage system. IEEE Trans. Sustain. Energy 11(4), 2932—
2939 (2020)

Aluko, A.O., Dorrell, D.G., Pillay Carpanen, R., Ojo, E.E.: Heuristic optimization
of virtual inertia control in grid-connected wind energy conversion systems for
frequency support in a restructured environmentd. Energies 13(3), 564 (2020)
Othman, A.M., El-Fergany, A.A.: Adaptive virtual-inertia control and chicken
swarm optimizer for frequency stability in power-grids penetrated by renewable
energy sources. Neura. Comput. Appl. 33(7), 2905-2918 (2020). https://doi.org/
10.1007/s00521-020-05054-8


https://doi.org/10.1007/978-0-387-84878-5
https://doi.org/10.1007/s00521-020-05054-8
https://doi.org/10.1007/s00521-020-05054-8

364

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

A. Aluko et al.

Kerdphol, T., Rahman, F.S., Watanabe, M., Mitani, Y.: Optimization of virtual
inertia control considering system frequency protection scheme. In: Virtual Inertia
Synthesis and Control. PS, pp. 227-247. Springer, Cham (2021). https://doi.org/
10.1007/978-3-030-57961-6_9

Saadatmand, S., Shamsi, P., Ferdowsi, M.: Adaptive critic design-based reinforce-
ment learning approach in controlling virtual inertia-based grid-connected invert-
ers. Int. J. Electr. Power Energy Syst. 127, 106657 (2021)

Skiparev, V., Belikov, J., Petlenkov, E.: Reinforcement learning based approach for
virtual inertia control in microgrids with renewable energy sources. In: 2020 IEEE
PES Innovative Smart Grid Technologies Europe (ISGT-Europe), pp. 1020-1024
(2020)

Yao, F., Zhao, J., Li, X., Mao, L., Qu, K.: RBF neural network based virtual
synchronous generator control with improved frequency stability. IEEE Trans. Ind.
Inform. 17(6), 4014-4024 (2020)

Lin, F.J., Tan, K.H., Shih, C.M.: Distributed generator with virtual inertia using
intelligent controller for grid-connected microgrid. In: 2020 IEEE International
Conference on Fuzzy Systems (FUZZ-IEEE), pp. 1-8 (2020)

Datta, M., Senjyu, T.: Fuzzy control of distributed PV inverters/energy storage
systems/electric vehicles for frequency regulation in a large power system. IEEE
Trans. Smart Grid 4(1), 479-488 (2013)

Aluko, A.O., Dorrell, D.G., Pillay Carpanen, R., Ojo, E.E.: Frequency control of
modern multi-area power systems using fuzzy logic controller. In: IEEE PES/IAS
Power Africa, pp. 645-649 (2019)

Zhang, S., Mishra, Y., Shahidehpour, M.: Fuzzy-logic based frequency controller
for wind farms augmented with energy storage systems. IEEE Trans. Power Syst.
31(2), 1595-1603 (2016)

Khooban, M., Gheisarnejad, M., Vafamand, N., Boudjadar, J.: Electric vehicle
power propulsion system control based on time-varying fractional calculus: imple-
mentation and experimental results. IEEE Trans. Intell. Veh. 4(2), 255-264 (2019)
Yesil, E.: Interval type-2 fuzzy PID load frequency controller using Big Bang-Big
Crunch optimization. Appl. Soft Comput. 15, 100-112 (2014)

Gheisarnejad, M., Khooban, M.-H., Dragicevic, T.: The future 5G network based
secondary load frequency control in maritime microgrids. IEEE J. Emerg. Sel. Top.
Power Electron. 8(1), 836-844 (2019)

Aluko, A.O., Dorrell, D.G., Carpanen, R.P.; Ojo, E.E.: Heuristic secondary fre-
quency control of AC/DC interconnected power system in a deregulated environ-
ment. In: International SAUPEC/RobMech/PRASA Conference, pp. 1-6. IEEE
(2020)

Mendel, J.M., John, R.I.B.: Type-2 fuzzy sets made simple. IEEE Trans. Fuzzy
Syst. 10(2), 117-127 (2002)

Mendel, J.M., John, R.I., Liu, F.: Interval type-2 fuzzy logic systems made simple.
IEEE Trans. Fuzzy Syst. 14(6), 808-821 (2006)

Liang, Q., Mendel, J.M.: Interval type-2 fuzzy logic systems: theory and design.
IEEE Trans. Fuzzy Syst. 8(5), 535-550 (2000)

Kundur, P.: Power System Control and Stability. McGraw, New York (1994)
Rakhshani, E., Remon, D., Cantarellas, A.M., Rodriguez, P.: Analysis of deriva-
tive control based virtual inertia in multi-area high-voltage direct current inter-
connected power systems. IET Gener. Transm. Distrib. 10(6), 1458-1469 (2016)


https://doi.org/10.1007/978-3-030-57961-6_9
https://doi.org/10.1007/978-3-030-57961-6_9

	Virtual Inertia Control Strategy for High Renewable Energy-Integrated Interconnected Power Systems
	1 Introduction
	2 System Modeling
	2.1 Dynamics of Power System Deregulation
	2.2 Small-Signal Modelling of Modern Power System

	3 Proposed Virtual Inertia Control Strategy
	3.1 Virtual Inertia
	3.2 Type-II Fuzzy Logic System
	3.3 Adaptive Virtual Inertia Based on Type-II Fuzzy Logic Control

	4 Simulation and Discussion
	4.1 Eigenvalue Analysis
	4.2 Load Variation
	4.3 High Renewable Energy Fluctuation
	4.4 Parameter Variation

	5 Conclusion
	References




