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ABSTRACT Bulk integration of Distributed Energy Resources (DERs) into the power grids reduces the sys-
tem’s inherent inertial response.The reduced inertial response causes a high Rate-of-Change-of-Frequency
(RoCoF) and poses formidable operational challenges for the grid frequency stability. Interconnections
around the world comprehend the role and value of the Synthetic Inertia Control (SIC), which is considered
as a subset of the Fast Frequency Response (FFR) and as one of the potential solutions to arrest high
RoCoF in low-inertia power systems. This paper proposes an intelligent SIC model with an adaptive Fuzzy
Logic Controller for a low-inertia microgrid. The proposed Fuzzy-SIC (FSIC) design optimizes the DER
output to fulfill the FFR requirements of the system for various operating conditions. The particle swarm
optimization algorithm is applied to tune the SIC unit parameters along with the secondary Proportional-
Integral-Derivative control. The proposed approach is examined in a control area with distinct degrees
of DERs and load. Case studies and numerical results demonstrate about 87% improvement in RoCoF
and frequency nadir in comparison to the system without a synthetic inertia emulation. Furthermore, the
robustness of the proposed approach is evaluated using various case studies and a time-domain analysis is
conducted to demonstrate the impact of incremental SIC parameters on the system parameters.

INDEX TERMS Distributed energy resources, dynamic frequency control, fast frequency response, fuzzy-
logic, low-inertia microgrid, particle-swarm optimization, synthetic inertia.

NOMENCLATURE
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Af  Change in frequency (Hz))
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Dyj,,  Synthetic damping coefficient of WTG

. . H

Z ,(EO nvetr.smn efficiency of the PV panels Hg. Synthetic inertia coefficient of ESS (p.u. s.)
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Py, Output power of the PV panels (p.u.)

Psic  Power output from SIC unit (p.u.)

P, Power output from WTG unit (p.u.)

P, Output mechanical power of WTG (p.u.)

R Radius of blades(m)

Rsie  Synthetic droop coefficient of ESS (Hz/p.u.)
S Area of PV panels (m?)

T, Ambient temperature (°C)

Ty  Inverter time constant of the ESS (s)

Vi, Speed of the wind (m?)

I. INTRODUCTION
High penetration of uncertain Distributed Energy Resources
(DERs) such as wind and photovoltaics (PV) into the electric
grid22 creates formidable challenges for the security and
stability of the grid. DERs are interfaced through power
electronic converters and are inherently incapable to fulfil
the system frequency response requirements [1], [2]. Hence,
to maintain the system frequency within a prescribed operat-
ing range and control the post-fault high Rate of Change of
Frequency (RoCoF), the Synthetic Inertia Control (SIC) from
DERs is envisaged as a solution [3]. The SIC is considered as
a subset of Fast Frequency Response (FFR), which requires
fast active power delivery within 2 seconds after the system
frequency breaches the safe operating dead bands and should
be maintained for at least 10 seconds [4]. SIC is an emulation
of the inertial response from the source that is inherently
incapable of delivering rotational kinetic energy as provided
by the synchronous generators. The active power output of
DERs can be controlled to mimic kinetic energy in response
to a terminal frequency variation [5], [6]. Several research
works have focused on the control of DERs such as Energy
Storage System (ESS), Wind Turbine Generator (WTG), PV,
Diesel Engine Generators (DEG), etc., for frequency control
[7]-[11]. In case of WTG and PV, the SIC design parameters
require an additional power signal to pull away the PV or
WTG from its maximum power operating point. In case of
frequency deviation, the SIC activation starts, and additional
active power is produced [12], [13]. The impact of synthetic
inertia provision from PV systems on RoCoF and frequency
nadir improvement has been observed in specific systems,
e.g. [14]. The SIC parameters such as droop, damping, and
the inverter time constant impact on the system frequency
response performance, are observed in [15], [16]. It is con-
cluded that hard bounds on the SIC parameters result in
delayed response to reach a steady-state condition. Most
controllers consider droop control and Load Frequency Con-
trol (LFC) to arrest and stabilize frequency deviations [17].
Various computational algorithms and intelligent con-
trollers are investigated for the improvement in topology,
schemes, and parameters for SIC [18]. An LFC design is
proposed in [19]. A multi-area frequency control using adap-
tive FLC is described in [20], while the real-time application
under high wind penetration is discussed by [21]. The work
in [22] extends the frequency control using the adaptive fuzzy
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TABLE 1. System specific comparison of proposed work with existing
research.

Ref. RE Adaptive | FR RoCoF | Freq. Steady
(%) (Hz/s) | Nadir | State
(Hz) Freq.
(Hz)
[3] 20-80 | No PFR | - -
[5] 10-40 | No PFR | - - -
[10] upto No PFR | - - 49.7-
20 50.3
[12] 12-30 | No PFR | less 48.4- 49.58-
than 1 48.7 49.75
[13] 10 Droop PFR | 4 49.88- | -
49.93
[19] 20-80 | Yes PFR | - 49-51 49.5-
50.5
Proposed | 40-80 | Yes FFR | less 49.5- 49.8-
work than1 | 50.5 50.2

droop and fuzzy observer integrated into the power system.
The studies conducted in [17]-[22] based on FLC have
shown improvements in controllers, system design, appli-
cation, and their role to stabilize the system. However, the
coordinated DERs control strategies in providing FFR control
under the condition of high RoCoF in low-inertia microgrids
still require wider investigation. Table 1 provides the system
specific comparison of existing research with proposed SIC
strategy.

In [23], the function and utility of ESS with inverter control
is evaluated for FFR capabilities. Studies on the appropriate
ESS size and estimation of optimal parameters to replicate the
Synthetic Inertia (SI) are, however, restricted, [24], [25].The
ESS modest size may not be enough to achieve the required
inertia, while a bigger scale may result in higher invest-
ment and operations costs. Furthermore, the DER emulated
inertia provision must include a self-adaptability or flexi-
bility feature for real-time variations in FFR requirements
[26]-[28]. Hence, this calls for a SIC framework that con-
siders the FFR requirement variation and provides a rapid
response according to the change in RoCoF and frequency
nadir.

In the context of the discussed research challenges, this
paper develops a novel coordinated SIC control provision
from DERs, i.e. WTG, PV, ESS with an inverter, and DEG
for a low-inertia microgrid. The proposed SIC model con-
tains multiple variables that are optimized to arrest high
RoCoF and frequency deviations following a large distur-
bance. The Particle Swarm Optimization (PSO) metaheuris-
tic technique is used to optimize the optimal response of
the DER along with the required SIC and the secondary
Proportional-Integral-Derivative (PID) controller parameters.
Furthermore, Fuzzy-SIC (FSIC) strategy is developed to
incorporate the self-adaptive capability into the proposed
model under several disturbances or load variations. The
proposed SIC controller is tested in various case studies to
emulate the adaptive SI response considering the frequency
deviations and RoCoF.
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FIGURE 1. Frequency response curve after a contingency event.

To address the outlined research challenges, the main con-
tribution of this paper consists of the following:

1) Formulation of an intelligent adaptive FSIC framework
for low-inertia microgrids mapped with FFR requirements
and frequency security constraints, i.e., frequency deviations
and RoCoF.

2) Identification of optimal DER capacity for the SI
response and optimization of various SIC and PID param-
eters (inertia coefficients, droop coefficients, inverter time
constant, controller’s gain) for FFR and secondary frequency
control.

3) Assessment of the feasibility of the proposed FSIC
strategy for the improvement in the frequency security param-
eters, i.e., RoCoF and frequency nadir, under different distur-
bance conditions.

This paper is organized as follows: Section II discusses
the fundamental modelling of the system inertia and the
proposed SIC strategy. In Section III, the DER design param-
eters, the low-inertia microgrid configuration, the intelligent
adaptive FSIC, and the PSO algorithm strategy are described.
Section IV highlights various cases with several combina-
tions of DERs and applied disturbances. It further discusses
the robustness of the proposed intelligent adaptive FSIC in
terms of controlling RoCoF and frequency nadir. Finally,
relevant conclusions are discussed in Section V.

Il. ROLE AND VALUE OF INERTIAL RESPONSE

Inertial response is an inherent property of conventional gen-
erators, which allows for automatic rotational speed modu-
lation based on the system frequency deviation. The kinetic
energy stored in the spinning masses can be utilized to adjust
the active power output according to its consumption to
maintain frequency stability [29]. Since renewable energy
generators lack spinning masses, the inertia of modern power
grids will decrease significantly by replacing the existing syn-
chronous generators with these power-electronics-controlled
generators. Eventually, this issue of inertia will undermine the
power system stability and reliability [30], [31]. Fig.1 shows
a dynamic response of the system frequency for different
time-scale including FFR.
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A. INERTIAL RESPONSE MODELING OF TRADITIONAL
GENERATORS

The equivalent rotating mass of all synchronous generators
with equivalent inertia H,, can be written as [32]:

He — Z?:] Hi : Sbase,i
1 Shase

ey
where 7 is the number of committed generators. The emulated
inertial response stemming from the DERs is a part of the
overall system inertia. The overall system inertia is comprised
of the synchronous inertia stemming from conventional gen-
erators and the SI provision from DERs. as given by Eq. (2).

Conventional RES
n m
Z H;. Sba_yg’i +ZI'I] : Sbase,j
i=1 j=1
Heq = 2)
Shase

B. SYNTHETIC INERTIA CONTROL PROVISION FROM DERs
The SIC strategy is proposed to obtain a collective response
from the DERs in a low-inertia microgrid [2], [3]. Fig. 2 illus-
trates the dynamic structure of the SIC model, consisting of
an ESS with an inverter, a DEG, a WTG, and a PV with
an inertial control scheme that synthesizes the inertia and
damping by managing the active power. The SIC must absorb
or feed in active power for the required inertia compensation.
Here, the State-of-Charge (SOC) for the ESS could be defined
by its nominal capacity (steady state). The simulated power
from a SIC unit may be expressed as follows:

Pgic = Pwtg + Pess 3)

The active power contribution for FFR through WTG can be
given by:

Pwtg =Py, + Pdroop 4

where P,, is the output mechanical power defined in Eq. (7)
and Pgroop can be written as follows:

PdroupZPhw+Pdw+Pkw (5)

Here, Ppy, P4y, and Py, are the output power variables
corresponding to Hyjyy, Dy, and Kgypo. In Eq. (3), Pegy is the
output power of the ESS obtained through the inverter defined
as follows:

— sHgie + Dyie ( Af) (6)

P, =
o 1+ 5Ty Ryie

. METHODOLOGY

A. MODELING OF DERs IN ISOLATED MICROGRID

In this paper, a dynamic model of a low-inertia islanded
microgrid is developed to perform an FFR analysis regarding
SIC from various DERs.
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1) DIESEL ENGINE GENERATOR

The DEG is a quick source of power generation and can serve
a load increment with high sturdiness. The DEG can generate
electrical power according to the grid requirement. The power
output of a DEG can be altered based on the load variation.
The DEG transfer function for SIC is shown in Fig. 2.

2) WIND TURBINE GENERATOR

The WTG is designed as a power variation resource for the
considered low-inertia microgrid. The model is based on the
steady-state power characteristics of the turbine. The output
mechanical power of WTG is given by Eq. (7) as follows [10]:

1
Py = 5 pAC,(, BV @)

Here, p = 1.25kg/m> and A = 7R is the swept area of
the blades in m?. The WTG output power can be specified
as a mix of the power coefficient C;, and also various other
physical elements. Tip ratio A can be obtained as:

5= R X wplade 8)

Vi

where @ = 3.14 rad/s. A generic equation is used to
model C,(A, B). This equation, based on the turbine modeling
characteristics of [33], is:

Cp(h, B) = C1 (C2/rj — C3B — Ca) e~ /M + Co (9)

1 1 0.035

A A+0088 pE41

The coefficients C; to Cg are: C; = 0.5176,C, = 116,
0.4, C4 = 5, Cs = 21 and Cg = 0.0068 [34].

(10)

3) PV PANELS
The output power of the PV panels is determined by:

Py =1 x8 x ¢ x (1 —0.005(T, + 25)) (11

where n ranges from 7% to 19% [35]. ¢ is kept at
1 kW/m? [19]. From Eq. (11), the value Ppy depends on
the solar irradiance as the parameters S and n are constant.
To design a PV module, a single diode model is consid-
ered [22]. A 100 kW PV plant is designed where each PV can
deliver up to 305 W, having an open-circuit voltage V,. =
64.2 V and short-circuit current Iy = 5.96 A.

4) DER COORDINATION

A coordinated operation of the SIC with the ESS supervises
the additional injection of power with suitable inertia and
damping coefficients after a disturbance. The primary control
must balance the system frequency to a new steady-state value
within a specified time frame. The frequency deviation of an
islanded microgrid is represented by linearizing the dynamic
effects of the load-generation blocks, which include the SIC,
the primary control loop, and the secondary control loop,
as illustrated in Fig. 2.

Af(s) = (Pdeg(s) + Psic(s) + Ppu(s) — PZ(S))

12)

1
2Hs + D

54972

TABLE 2. Microgrid parameters.

Parameter Value | Parameter Value | Parameter Value
D (p.u./Hz) 0.015 | Towtg(s) 2 Tinertia—De (8) 0.1
2H (p.u.s) 0.1667 | Tg (s) 0.8 Tri—pe(s) 0.01
R (Hz/p.u.) 2 Ti(s) 04

A metaheuristic PSO is implemented to obtain the param-
eters of the PID controller (secondary control loop). A small-
signal model of the microgrid comprising conventional units
and DERs with F-SIC unit is shown in Fig.2, while the
relevant parameters are listed in Table 2.

B. PSO FOR SIC PARAMETER OPTIMIZATION

The PSO [36], [37] is used to optimize the SIC parame-
ters due to its high computational efficiency, flexibility, and
robustness of the control parameters [33]. The particle place-
ment upgrade is recognized by utilizing pbest(personal best)
and gbest (global best), which are the most effective fitness
parameter of the j”* particle. After a specified iteration or
a specified stopping condition, the ideal solution is estab-
lished by the value of gbest. The position and velocity of
the j* particle are denoted as x; and v;, specific and global
learning coefficients are termed as ¢ and ¢, while r; and
ry are arbitrary numbers in the range from O to 1. The most
effective and satisfactory outcome following the constraints
defines the fitness of the objective function. Egs. (13) and (14)
are used to upgrade the velocity and position of the particles
as follows:

Viikl =W-Vjitcr-r (pbestj — xj.i)
+cy -1 (gbestj - xj;,') (13)
Xjirl = Xji + Vjir1 (14)

The objective function to determine the gains of PID con-
trollers is taken as J1 which is integral of the square value of
Af as complies with:

Minimize J;

tsimulation
5= / (A1 (15)
0

subject to:
K[;nin’ Kimin’ K;}in < va K, Ky < K;?nax’ Kimax’ Kérinax (16)

The hybrid system is further optimized to determine param-
eters required for the SIC unit. Every possible setting repre-
sents a particle in the search space that changes its parameters,
including the synthetic damping coefficients, the inverter
time constant, and the supplementary control coefficient of
the wind integrated droop control. In the proposed system,
the ESS synthetic droop is also considered. To minimize Af,
a multi-objective function J;, as the integral of the square of
the frequency deviations, is considered. It minimizes over Af,
Dyiry, Ksup2s Rsies Dsie and Ty,
Minimize J;

Isimulation
n= [ wpar (17)
0
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FIGURE 2. Dynamic frequency response model of the low-inertia microgrid with SIC scheme.

subject to:
Af™Y < Af < AfM™ (18)
DM < D, < DT (19)
oy < Kap < Kooy (20)
R < Rie < RG (21)
D?};“ < Dsie < D" (22)
Tip" < Timy < Tjpi™ (23)

Optimization parameters for the PSO are as follows: max-
imum iterations = 15; swarm size = 50; inertia weight =
0.729; ¢ = 1.5 and ¢ = 2. Objective functions Ji, and J,
are minimized for |Af| = 0.2 Hz. The minimum and maxi-
mum ranges for constraints are Dy;,:[0,435], Kgp2:[0,3601,
Rsie:[0.1,0.3], Dy;:[0,0.4] and Tjy,y:[0.1,1]. The generalized
flow of the optimization algorithm is depicted in Fig.3, while
the fitness of both objective functions is presented in Fig.4.

C. FUZZY-SIC (FSIC) STRATEGY

The FLC system, also referred to as an intelligent control sys-
tem, is widely used in various fields [18]. An advantageous
feature of the FLC is being able to provide an optimal solution
with low training data. It can provide flexibility and optimal
solutions for imprecise and incomplete data, nonlinear dis-
turbances, and uncertainty. A general structure of the FLC
system is shown in Fig. 5 [33], [38]. The fuzzy controller
inputs are the crisp values of RoCoF and frequency deviation.
The FLC outcome is a normalized crisp value. First, the
preprocessing is executed to change the dimension of scale
inputs. Then, the fuzzification is carried out to modify the real
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FIGURE 3. PSO algorithm for SIC parameter optimization.

inputs to the fuzzy values. The Mamdani [39] reasoning is
used in the interface procedure. Inputs 1 and 2 are created as:
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FIGURE 5. Dynamic structure for the fuzzy logic scheme.

Input1l = Af - K and Input2 = Af - K. Input signals Af and
Af are merged and fuzzy rules are implemented to determine
optimal Hg, and H;, values. An inference connection C,
as defined in Eq. (24), can be obtained from the knowledge
base developed by the database and the rules. The database
includes a summary of input as well as output variables
making use of fuzzy sets [40]. The rules base is the control
approach of the system. K and K, are scaling factors with
values K1 = K> = 1.

CY :1FijisFyand iris Fa...iyis Fy
THEN Y isDV,j=1,....m (24)

where iy, i3 .. .1, is the input vector, Y is the output vector,
while DY is the control output, n refers to the number of fuzzy
variables, m is the number of rules, and (Fi, F...F,) is
defined as a fuzzy set. Various Membership Functions (MFs)
for the input and output of the FSIC are proposed in Fig. 6.
In this work seven MFs are considered for inputs and output.
This is because more number of fuzzy sets allow to capture
and segregate the input into different classifications and gives
a response with a high resolution. Both the inputs and output
have two trapezoidal and five triangular MFs. The operating
range of fuzzy input variables are Af : [—0.2,0.2] and Af :
[—0.2, 0.2], while the ranges of Hy;, and Hg;,, are [0, 0.3] and
[30, 37], respectively. The bounds ranges were determined
by internal model control technique [41]. The grade of every
membership is signified by p. Linguistic variables defined
for the input and output fuzzy subsets are as follows: NL is
negative large, NM is negative medium, NS is negative small,
Z is zero, PS is positive small, PM is positive medium, and
PL is positive large. The applied rule can be read as ’if Af is
NL and Af is NL, THEN Y is PL.

The rules of FSIC are created by determining the opera-
tional points (P; — Pg) and area (A — A4) of the dynamic
response using the conventional control, as shown in Fig.7.
When Af and Af are negative, i.e. area Aj, P, is negative,
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02 - Af > 0.2
02 - Af > (.2
0 - He > 0.3
30 - Hg > 37

FIGURE 6. MFs of input and output variable.

Time (s)

FIGURE 7. Dynamic system response to construct fuzzy rules.

implying P; > Psc, indicating a decrease in the system

inertia. Therefore, to make P, (power error) or Af zero, the

emulated inertia i.e., SI should be positive. Hence Y will be

positive, as a result, rules 1, 2, 3, 8, 9, 10, 15, 16, and 17,

as shown in Table 4, get activated. Whenever the responses

Af and Af are zero, i.e., point Pg, Y will be constant or

zero (will depend upon the system requirement and design

strategy). As a result, Rule 25 is necessary to keep the
steady-state error response stable and zero. The remaining

rules are built the same way, using Fig. 7 and Tables 3 and 4.

The fuzzy linguistic output is obtained by the fuzzy inference

mechanism using the rules. The results obtained from the

rules are forwarded for defuzzification. The modified crisp
value is obtained as:

Z}zzl X - (x;)
Z;:l M (x)
Using Eq. (25), Hy, and Hg;, are obtained using the

proposed control algorithm and MFs. Hence, the proposed

fuzzy-based SIC offers adequate inertia with self-adaptive
capability from the ESS. An ESS, such as a battery, would
be required for both the SIC and frequency droop man-
agement to deliver continuous active power in response to

a grid frequency deviation [42]. Additionally, it provides

low-frequency rapid damping, which results in the over-

shoots/undershoot occurred by integrating the DERs at dif-
ferent penetration levels, as well as load levels.

Hy = (25)

IV. SIMULATION RESULTS AND ANALYSIS
A dynamic model of a low-inertia microgrid is developed
without and with a SIC unit. The parameters of the microgrid
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TABLE 3. Fuzzy rule criteria.

P1 Ay P2 A P3 As P4 Ay Ps Pe
Af |0 Negative | Negative | Negative 0 Positive | Positive | Positive 0 0
A f | Negative | Negative | 0 Positive Positive | Positive | 0 Negative Negative | 0
Y Positive | Positive | Positive | Positive/0/Negative | Negative | Negative | Negative | Positive/0/Negative | Positive | 0
TABLE 4. Rule base for FSIC. TABLE 7. Optimized SIC unit coefficient.
Af Parameter Value (PSO) Value (FA)
Y T T D0 (puH2) 4338 435
Dg;e (p.u./Hz) 0.30 0.39
NL [ PL  8PL 15PL | [22PM| [29PM 36PS 43 Z Ksup2 (s) 3589 3574
Aq P1.Ps Ay Tinw (5) 0.80 0.70
NM |[2 PL 9PM 16PM | |23PM | |30PS 37 Z 44NS Rgie(Hz/p.u.) 0.26 0.24

NS ||3 PL 10PM  17PS 24 PS 31 Z 38NS  45NM
* >z [apmPriiem 8PS | 2s ZP"|32NS 30NM Pagnn
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TABLE 5. DER power ratings.
DER Rated Rated Load(p.u.)
Power(kW) Power(p.u.)
Wind 800 0.8
PV 100 0.1 Varying Load
Diesel 160 0.16 0.2-0.8
ESS 40 0.04
TABLE 6. Optimized PID controller gain.
K, K; Kq
4.698 4.983 2.964

are provided in Table 5. Optimal parameters of the PID
controller are evaluated from the Eqgs. (15) and (16) using
PSO as given in Table 6. The dynamic model of the hybrid
microgrid with a SIC unit is modeled, and the coefficients of
the SIC unit are obtained to minimize the frequency deviation
and RoCoF according to Egs. (17)-(23). The optimality of
the parameters obtained for dynamic performance is also
verified by the Firefly Algorithm (FA) [43] for the same no.
of populations and iterations. FA utilizes the flashing light
of fireflies that be can be formulated in such a way that it
is associated with the objective function to be optimized.
The details can be found in [43]. The parameters for FA are:
no. of population = 50, iterations = 15, Light Absorption
Coefficient = 1, Attraction Coefficient Base Value = 2,
Mutation Coefficient = 0.2, Mutation Coefficient Damping
Ratio = 0.98. The coefficients of the optimized SIC unit are
listed in Table 7. The MATLAB/Simulink platform was used
for the modelling and analysis.

The output power of the PV corresponding to Eq.(11) for
varying temperatures, as well as variable irradiance using
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boost converter topology through MPPT, is shown in Fig.8.
The PV power generation is considered with a constant irra-
diance of 1000 W/m? at a constant temperature of 25°C.
The dynamic performance of the system was tested for three
different cases.

A. CASE I

In this study, the proposed system is simulated for three
different conditions. The simulation time of 100 s and the
participation of the DEG, the ESS, the WTG (4 units), and the
load are considered. Step disturbances of 0.2 p.u. and 0.5 p.u.
are applied at O s and 40 s. Further, the subsystem contains
the DEG, the WTG (8 units), the PV, and the load. Step
disturbances of 0.2 p.u. and 0.6 p.u. are applied at 0 s and 40 s,
respectively. The PV generates 0.1 p.u. at 0 s and 0.07 p.u.
at 40 s. The system is further tested for a step disturbance
of 0.6 p.u. and 0.8 p.u. at 0 s and 40 s, respectively. In this
condition initially all WTG are assumed to be in operation,
while 4 units are supposed to fail at 40 s. The PV power output
at 40 s is 0.1 p.u. The dynamic performance of the system
frequency is depicted in Fig. 9.

For large disturbance and high renewable penetration level,
the applied control strategy is efficient and controls the devi-
ations within the lowest time frame. The zoomed plot in
Fig. 9 shows the steady-state frequency. Perturbations occur
due to the fluctuations in the WTG and the PV power output.
The corresponding SI response is delivered by the controller
to rapidly stabilize the system. The graphical response depicts
the improvement in the frequency deviations, the RoCoF,
and the frequency nadir. The frequency security parameters
without and with SIC are analyzed in detail in Table 8.

In Case I, the RoCoF is minimized, resulting in a sharp
decline in the frequency nadir. Fig. 10 depicts the frequency
security parameters and the corresponding improvement in
the RoCoF and reduction in frequency nadir. Under the fixed
operation of DEG and constant step load change, the SI
requirement is also steady. On the other hand, variable RES
power output results in variable SI to minimize the frequency
deviations. FSIC provides the required variable SI to maintain
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the system stability. The SI response provided by the ESS
and the WTG for Case I is shown in Fig. 11.

The self-adaptive feature of FSIC is analysed in com-
parison to a fixed value of the emulated inertia. The sim-
ulation time of 10 s is considered with step disturbance of
0.5 p.u. at 0 s. An individual comparative assessment for
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TABLE 8. Frequency nadir improvement and RoCoF analysis for case I.

Subsystem with dis- | A f(Hz)| Af(Hz)| % Im- | Withoutf With

turbance (p.u.) with- with prove- | SIC SIC
out SIC ment Ro- Ro-
SIC CoF CoF
(Hz)/(s) | (Hz/s)
Pycy=0.16, 0.069 |0.009 |86.84 |0.77 0.40

Prytg=0.4, Pess=0.04
and P;=0.2 (at 0 s)
Pgeg=0.16, 0.104 0.013 86.72 1.12 0.61
Pytg=0.4, Pess=0.04
and P;=0.5 (at 40 s)
Pgey=0.16, 0.069 0.009 87.05 0.77 0.41
Pwig:()-&
Pess=0.04, Ppy=0.1
and P;=0.2 (at 0 s)
Pgeg=0.16, 0.12 0.016 86.73 1.29 0.70
Pyytg=0.8,
Pess=0.04, Pp,=0.07,
and P;=0.6 (at 40 s)
Pycy=0.16, 0.06 0.009 87.05 0.77 0.41
Pyytg=0.8,
Pess=0.04, and
P;=0.6 (at 0 s)
Pgeg=0.16,Py14=0.4, | 0.17 0.023 86.53 1.99 0.97
Pess=0.04, Pp,=0.01,
and P;=0.2 (at 40 s)

Hg. = 0.01 and Hy,, = 30.2 (obtained by the PSO)
corresponding to FSIC scheme is shown in Fig. 12.

Since the power output of the PV and the WTG fluctu-
ates, the system load conditions are variable. Therefore, the
adaptive inertia rather than the fixed one should be emulated
in the system to minimize the system frequency deviations.
It is observed that the FSIC strategy is capable of rapidly
arresting and stabilizing the frequency deviation as compared
to the fixed SI capacity. The graphical results depict that lower
frequency nadir and RoCoF can be achieved by adaptive
FSIC.

B. CASE Il

In this case, the system dynamic performance for 100%, 60%,
and 40% of H and D parameters are analysed. The system is
assumed to have lost its inertia and damping up to a certain
level. A step disturbance of 0.2 p.u. is applied at O s and the
obtained results are shown in Figs. 13 and 14.

VOLUME 10, 2022



S. Nema et al.: Adaptive Synthetic Inertia Control Framework for DERs in Low-Inertia Microgrid

IEEE Access

0.3
0.152
OISM
© 0.2 0148 211 »
|7}
m T
0‘1 0.2 .|
0.1 ‘f 1
0 %40 402 404 406 408 4l
0 20 40 60 80 100
Time (s)
(@)
36 ‘
35" 4
E 34 Mo w02 404 406 408 4‘1
2} ¥
I 336
1| =i
| B4 21 2 LY .
0 20 40 60 80 100
Time (s)
(b)

FIGURE 11. SI from (a) ESS (b) WTG for Case I.

0
x107
3 ==FSIC
~ 0.02 R0 == Constant Hsie
E'QOI 0,021 r |
qa -0.022 1
-0.023
-0.02 05 I
002 004 006 .
0 2 4 6 8 10
Time (s)
=FSIC

== Constant Hsiw

Time (s)
(b)

FIGURE 12. FSIC performance with (a) fixed Hj, (b) fixed Hgj,,, .

There is a high-frequency nadir due to low system inertia
and damping. However, the proposed FSIC scheme offers
FFR and stabilizes the system frequency rapidly. The FSIC
injects the required active power response into the system
rapidly. Fig. 14 shows the emulated power required at low
inertia and damping. The proposed controller possesses a
higher injection rate as compared to the system condition.

C. CASE Il
Unlike a real synchronous machine, the parameters of SIC
can be attuned to improve the dynamic frequency response
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TABLE 9. Impact of the SIC parameter on the system performance.

Parameter Hsie Dsie Rsie Tinv (S)
(p.u. s) (p.u./Hz) (Hz/p.u.)

RoCoF Decreases | Decreases | Decreases | Increases
Frequency Nadir | Lower Lower Lower Raise

Overshoot Increases Decreases | Increases Increases
Undershoot Lower Lower Lower Raise
Frequency Drop | Lower Lower Lower Raise

Settling Time | Longer Longer Longer Longer

of the system. In this case, the dynamic effects of SIC coef-
ficients, specifically of the ESS, are investigated to achieve
stable and robust performance of the system. The subsystem
is composed of the DEG, the load, and the ESS-based FSIC.
Simulation time is 20 s and a step disturbance of 0.2 p.u.
is applied at 2 s. A comparative assessment of the system
dynamics for different values of Rgje, Dsie, Tiny and Hgje of
the ESS is observed as shown in Fig. 15. By reducing Rg;,, the
inverter-based ESS unit produces more inertia power with a
faster response time. However, from Fig. 15.(a) the system
response leads to a longer stabilization time following the
disturbances. It is found that an increased Hj;, results in a
decreased system frequency nadir/ overshoot significantly,
leading to an enhanced performance and stability of the sys-
tem (Fig. 15.(b)). However, if Hy, is further increased, the
system frequency would require a longer time to settle, result-
ing in a lower damping performance. To resolve this issue,
Dii. may be increased for moderating an appropriate damping
property and attaining an earlier stabilizing time. However,
a large increase of Dy;, causes a large overshoot effect. If Dy,
is increased too much, an additional overshoot could occur.
Fig. 15. (d) analyzes the system frequency response against
the variations of Tj,,. An increased Tj,, causes high RoCoF
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and frequency nadir. For a high value Tj,,, the response time
is slower than the conventional generating unit. The change in
SIC parameters highlights the requirement of the optimal size
of the DERs like ESS for the FFR provision. A detailed time-
domain analysis for incremental changes in SIC coefficients
is shown in Table 9.

V. CONCLUSION

This paper proposes an intelligent adaptive FSIC scheme
and implements it to the dynamic model of a low-inertia
microgrid. The proposed adaptive controller responds to the
variation in frequency security parameters like RoCoF and
frequency deviation and provides the required FFR by a coor-
dinated control of DERs for different loading and operating
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conditions. The SIC and PID controller parameters are opti-
mized in a manner to credibly respond to the abrupt dis-
turbances in the presence of different levels of DER. It is
observed that there is an 87% improvement in the system
frequency dynamics performance for various disturbances
and loading conditions as compared to the cases with no FSIC
provision. This clearly shows the robustness of the proposed
control scheme. Moreover, the dynamic performance of the
system is analysed for the 100%, 60% and 40% inertia and
damping adequacy. The simulation results and various case
studies demonstrate the efficiency of the proposed SIC strat-
egy and contribution of DERs, specifically the ESS, to the
improvement in the SI response and the rapid frequency
stability to counter the variability of the wind and PV power
output. Furthermore, the impact of SIC parameter is analysed
to showcase the improvement in the system performance
parameters. The performance indices developed in this paper
can strongly assist in the evaluation of the DER design param-
eters for the FFR with different operating conditions in low
or zero-inertia grids.
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