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Abstract: The contribution of power generation from converter-dominated renewable energy sources
(RES) has increased enormously. Consequently, the system inertia is decreasing, and it impacts
the frequency of the system. With large-scale integration of power electronic inverter-based power
generation from RES, inertia from energy storage devices would be unavoidable in future power
grids. In this paper, the inertia emulator is formed with a supercapacitor (IE–SC) to improve inertia
in a low inertia grid. To emulate the inertia in a low inertia grid, this paper proposes a fuzzy logic
controller-based emulated inertia controller (FL-EIC) for an inverter attached to IE–SC. The proposed
fuzzy logic controller estimates the inertial power required based on the frequency deviation and
rate of change of frequency (ROCOF). The output of the fuzzy controller adds to the conventional
emulated inertia control (EIC) technique to alter the load angle for the power electronic inverter
of IE–SC. Specifically, the proposed FL-EIC achieves inertia emulation by proportionally linking
the time derivative of the grid frequency and frequency deviation to active power references of
IE–SC. A comparison of the conventional EIC and FL-EIC is carried out to prove the effectiveness of
the proposed FL-EIC. Furthermore, real-time simulations with the help of the OPAL-RT real-time
simulator (OP 5700) are presented to validate the advantage of the FL-EIC.

Keywords: frequency control; inertia; fuzzy logic; supercapacitor; emulated inertia control;
hardware-in-loop

1. Introduction

To minimize emissions and generate power from renewable energy, several countries’
initiatives on the environment are directed at reaching wide-scale incorporation of non-
synchronous generation into the grid [1]. RES such as solar and wind are connected to
the grid through a power electronic converter since power generation from renewable
energy sources (RES) is not compatible with the grid. As a result, RESs dependent on
power electronic converters are a key component of the current power system. However,
more penetration of RES in the power system influences its stability since power electronic
converter-based RES decouples the sources from loads [1]. As a result, grid operators face
difficulty in preserving frequency stability due to a decrease in inertia with the advent of
power electronic converter-based RES.

Frequency control strategies must operate, so that equilibrium between generation
and demand is met to preserve frequency stability in the grid [2]. The frequency response
of the power system can be classified into various time frames:

• Initially, an underlying behavior called inertial frequency response derives energy
from the spinning masses to oppose the frequency deviation from nominal frequency.
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• In the next step, governor systems are triggered to hold the frequency variance at an
appropriate level (primary control).

• Finally, a secondary control system is carried out to restore the frequency to its nominal value.

Figure 1 illustrates the various time frames for frequency control of the power system.
It is clearly shown that the frequency dip is less when the power generation is only from
synchronous generators. It is high if the penetration of RES is more in the power system.
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In the contingency event, the frequency nadir (the lowest point of frequency) and
rate of change of frequency (ROCOF) are directly correlated with the inertia of the system.
Higher ROCOF and frequency deviations under frequency events can cause the protective
relay to operate at the generating stations and further cascade outages. Hence, it is crucial to
increase the inertia of the power grid to prevent unnecessary ROCOF and reduce frequency
variations with a high share of RES in the power [3]. A previous report on future low inertia
power systems [4] listed synchronous condensers, DC-bus capacitors, batteries, SC and
emulated inertia control techniques (EIC) as sources for improving inertia. Demand-side
management can be used to support the grid frequency. An easy alternative to these inertia
improvement methods is to add synchronous condensers to provide inertia. However, it
undoubtedly leads to more fixed and operating costs [5]. Non-synchronous generation
such as PV cannot offer frequency response unless an extra supplementary storage device
is attached with a proper control technique. Several EIC techniques have been proposed to
manage the inertia of the power grid by emulating a synchronous generator [6,7]. In [6], the
EIC technique was proposed to emulate the inertial features for a power electronic inverter
in a stand-alone microgrid. EIC can offer the inertial response by supplying/absorbing
power from storage devices [7]. The EIC-based power electronic inverter can mimic the
inertial characteristics of the synchronous generator.

Some modifications in EIC techniques have been proposed in the literature. Propor-
tional, integral and derivative control combinations have been implemented in the EIC
technique [8,9]. In [8], the EIC is emulated according to induction machine principles
and proportional-integral controllers. In [9], the static synchronous generator model is
presented, the power required in inertial response is derived from DC-bus capacitors. Some
researchers [9,10] have adopted the EIC technique to release stored energy in the DC bus
to participate in the inertial response. In [11], the inertia is emulated by using HVDC
links with an EIC technique based on the swing equation. However, the energy in DC-bus
capacitors is less, and cannot support large power imbalances. In [12], de-loading control is
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applied to offer inertia. Minimum reserve power is maintained for PV systems by using a
machine-learning algorithm to support frequency during power imbalances [13]. However,
the operating point has to be shifted from maximum power point to a sub-optimal power
point, and power from PV has to be sacrificed to preserve the frequency stability. The capac-
itors available in the DC bus are designed to perform voltage smoothing. The applications
of various energy storage devices’ SC, battery and flywheel are supposed to offer inertia
to the grid to preserve frequency stability. In [13,14], the battery is used to supply/absorb
the power in the inertial response of an islanded microgrid. In [15], the derivative control
technique is implemented in the EIC technique to extract inertial response from the energy
storage device. The combination of battery and SC is attached to the RES system to offer
inertia as an ancillary service for a single-phase rooftop PV system [16]. In [17], the hybrid
energy storage (battery + SC) is used to provide the inertial response in a three-phase
system. However, ideal DC voltage storage is used to implement the power generation
from RES. In [18,19] mechanical energy storage systems such as flywheels are suggested
to enhance system inertia. In [20–22], the authors used the battery to offer inertia to the
grid under imbalances. In [20], the battery is used to supply/absorb the power in an
inertial response with an inertia controller to support grid frequency. The battery used to
handle the inertial response in DC microgrids with high penetration of RES was presented
in [22]. However, the use of low-power density batteries to handle high-power peaks is not
acceptable as it limits the life of the battery.

In [23], the combination of battery and SC is used to pump the power in inertial
response with an enhanced emulated inertia controller. The usage of two energy storage
devices is not required in inertial response. In inertial response, power needs to be supplied
or absorbed quickly, and it requires an energy storage unit with high power density.
Furthermore, due to its high-power density capability, the use of SC in the inertial response
is appropriate. In [24–26] the usage of SC in the inertial response is proposed. In [24] the
SC is connected to the DC bus of the wind generator to enhance inertial response with a
proper controller. In [25,26], SC is connected to a low inertia grid to support grid frequency
during power imbalances with a conventional EIC.

In general, the grid is configured as an ideal voltage source. In practice, the grid
includes transformers and power lines that may trigger a voltage drop. The power grid
is broadly classified into high and low inertia grids based on the effect of impedance. A
high inertia grid has less line impedance, which has a minimal effect, whereas low inertia
grid has higher impedance, which affects stability. The short-circuit ratio is a parameter
that quantifies the strength of the grid. It is defined as the inverse of the impedance [27].
Furthermore, the recent trend toward RES reduces the short-circuit ratio contribution of
generating systems, allowing the system to transition to a low inertia grid configuration [28].
As a consequence, the inertia of the low inertia grid is diminished as well [29]. Frequency
fluctuations are more during power imbalances in low inertia grids.

Reinforcement learning-based EIC is proposed to emulate inertia and stabilize the
grid during imbalances in [30]. Here, inertial power is calculated only with the help of
frequency deviation. However, to control the frequency, ROCOF must be taken into account
in EIC. In [13], the machine-learning technique is used to estimate the inertia of the power
grid. Machine learning is a field that comes within the broader area of artificial intelligence.
In machine learning, there are algorithms for supervised learning (under the control and
guidance of a human expert) as well as unsupervised learning (requiring very little human
intervention or domain expert’s service). In machine learning, a machine is trained to
learn a concept by providing examples and creating pattern models that are supposed to
distinguish between two (or more) object classes. Where there is no clear line dividing two
classes, or where the defining characteristics are poorly described, the fuzzy logic solution
is preferred [31–33]. Fuzzy logic is considered as an approach/technique based on artificial
intelligence, where intelligent behavior is achieved by creating fuzzy classes of some parameters.
Hence, fuzzy logic is used in this paper to emulate the inertia in a power grid.
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As discussed earlier, the fuzzy logic control technique is one of the well-established
control techniques in soft computing methods. The fuzzy logic control technique has been
successfully applied to different power system applications such as HVDC and FACTs [34].
Therefore, this paper presents a novel method for emulating inertia using fuzzy logic control
technique to enhance inertia in the low inertia grid. In this paper, the SC is considered as
a separate inertia emulator to supply or absorb the inertia under disturbances. A unique
way of supporting inertia to the low inertia power system is developed in this paper by
creating an inertia emulator using SC (IE–SC). In this paper, the fuzzy logic-based emulated
inertia control technique (FL-EIC) is developed to offer inertia using IE–SC under power
imbalances. The fuzzy control in the proposed FL-EIC technique uses frequency deviation
and ROCOF to estimate inertial power, and the EIC technique alters the load angle of the
inverter of IE–SC. Fuzzy logic applied to inertia emulation is the main contribution of this
paper.

Significant contributions of this paper may be summarized thus:

• The inertia emulator is formed based on SC.
• The emulated inertia control technique is designed based on a fuzzy logic control system.
• To validate the proposed system in real-time simulations with OPAL RT-based real-

time simulators are presented.

The rest of the paper is organized as follows: Section 2 describe the system configu-
ration. The conventional EIC is explained in Section 3. In Section 4, the proposed fuzzy
logic-based emulated inertia control (FL-EIC) is presented. Section 4 presents the simulation
results of the conventional EIC and Proposed FL-EIC. Hardware-In-Loop simulation results
are discussed in Section 5. Finally, the conclusions are listed in Section 6.

2. System Configuration

The system considered in this paper is shown in Figure 2. It consists of the PV system
connected to the grid through a power electronic converter and IE–SC system. The output
of the PV is connected to the DC–DC boost converter to step up the voltage. Here, the
maximum power point tracking technique is applied at the boost converter to extract
maximum power from the PV system. It is connected to the inverter 1 and a filter before
connecting it to the grid.

The IE–SC system is used to supply inertia under power imbalances. The IE–SC
consists of an SC, and it is connected to the DC bus through the bi-directional DC-DC
converter. Then it is connected to the grid through an inverter 2 and a filter. Here, SC
injects/absorbs the inertial power under load imbalances. Inverter 1 is connected to the
grid as a grid-feeding converter. In contrast, inverter 2 is connected to the grid with the
FL-EIC technique to support the inertia of the grid. The IE–SC presented in this paper
effectively works as an inertia emulator, and whenever there is a change in frequency, the
FL-EIC alters the load angle to supply/absorb the power to/from the grid. A detailed
description of the FL-EIC is given in Section 3.
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2.1. Modelling of PV System

A critical component of studying a solar PV system is examining the design of the
solar cell. The amount of PV power produced is determined by the semiconductor material
used in the PV cell and the size of the cell. The PV cell has internal resistance RS, and RP
is bound to the diode in a series and parallel framework, as seen in Figure 3. Under the
influence of solar radiation, a PV cell produces a direct current voltage VPV and output
current IPV . The output current of a PV cell is given as [24]:

IPV = IPV,n −
(

I0

(
e

VD
αVT − 1

))
− VPV + IPV RS

RP
(1)

where, IPV signifies PV array current, ID is the diode current, I0 means the reverse saturation
current, VD is the diode voltage, VT is the thermal voltage of the diode, and it is given as

VT =
NSkT

q
(2)

where, NS is the series cells, k is the Boltzmann constant, T is the temperature.
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Since solar irradiation is erratic, the perturb and observe (P&O) method is effectively
used to collect maximum power from the PV system. The P&O method tracks the maximum
power point (MPP) by repeatedly increasing or decreasing the output voltage at the MPP
of the Photovoltaic cell. A detailed description of the MPPT can be found in [6].
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2.2. Supercapacitor in Inertia Emulation

In this section, the inertia emulation from SC is described in the same way as traditional
synchronous generators. This description establishes the complex relationships between
grid frequency and SC power.

Energy storage devices such as SCs are being deployed to increase the inertia of the
power grid. SC energy density makes them suitable for a wide variety of power applications
that require high instantaneous power over short periods. The high-power density of SC
can supply/absorb power at a faster rate. SC, which has cycle lifetimes well over one
million charge/discharge cycles, can withstand short-duration load accompanying without
deterioration by discharging to provide load peaks or declines in intermittent generation,
and charging as load drops or intermittent generation spikes. As a result of this capability,
SC is an excellent choice in inertial response. SC can handle the sudden power variations.

In comparison to DC bus capacitors, SC has more capacitances and hence higher
inertia emulation features. SC has the advantages of high power density and a long lifetime.
Furthermore, the bi-directional converter at the SC decouples it from the DC bus, enabling
a broader range of voltage fluctuations and enhanced inertia.

Inertia emulated by the SC is similar to the inertia of the rotor of a conventional
synchronous generator. Despite being a static unit, the SC has high-power density. The
FL-EIC technique, when applied to inverter 2 of the IE–SC, may assist active power in
the inertial response. With a proper FL-EIC technique at inverter 2 of SC and DC, voltage
control in the bi-directional converter of the SC may exchange the energy in the power grid
during power imbalance. Theoretically, SC is capable of imitating the rotational inertia of SG.

The simplified SC was built using the models listed in [24,35]. A simplified SC is made
up of a bank of SCs and a control mechanism. The bank of SCs can be represented by its
equivalent capacitance, CSC. In [24], you can see a detailed explanation of SC dynamics.
The equivalent model of SC consists of capacitance, a series internal resistance, and a
parallel resistance representing the self-discharging resistance. The equivalent SC circuit is
shown in Figure 4.
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Selection of Supercapacitor

The capacitance of the SC unit is determined by the requisite power rating, voltage
rating, and time period. The restoration time is determined by how quickly power balancing
is accomplished. The capacitance value is determined by the peak transient power and the
given time period. The nominal voltage of the supercapacitor unit is considered as 220 V
for a DC bus voltage of 500 V. Duration of the transient power supply is calculated for the
worst case, i.e., step change of 75 % of the rated load for 10–15 s.

The energy balancing equation of SC is:

1/2 × CSC × V2
SC = η× PSC × t (3)

where PSC is the required power rating of the SC in watts, t is the required duration of the
supply in seconds. From (1), CSC is found to be 9.29 F. The SC parameters are given in Table 1.
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Table 1. Supercapacitor parameters.

Characteristic Value Unit

Nominal voltage 220 [V]
Maximum operating voltage 230 [V]

Nominal Capacitance 9.29 [F]
Internal Series resistance 0.18 [Ω]

3. Conventional Inertia Emulation Control

Figure 5 illustrates the conventional EIC [6] diagram proposed in the literature. EIC
uses two loops to generate the reference voltage. The active power loop uses a swing
equation to produce load angle (θ), whereas the reactive power loop generates the voltage
magnitude (E). In the active power loop of EIC, the angular frequency of the grid (ωr) is
compared with the reference angular frequency (ω) to calculate the necessary virtual torque
to compensate for the frequency. The virtual torque varies with the variation in frequency,
and this, in turn, alters the load angle of the IE–SC. Similarly, the reference magnitude of
the voltage varies with the reactive power in the system in the reactive power loop of EIC.
EIC uses the mathematical model of the synchronous generator to offer inertia. EIC applied
to the power electronic inverter transforms the inverter into a synchronous generator in the
inertial response. Whenever there is a change in frequency, the EIC algorithm injects the
inertial power by changing the load angle of the inverter [36].
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The following equations describe the core algorithm of EIC [34]

(Pset − Pcal)/ω − DP(ω − ωr) = J
dω

dt
(4)

dθ/dt = ω (5)

1/k

∫
(Qset − Qcal) + Dq(V∗

m − Vm)dt = E (6)

Here, PSet and QSet denote the reference active and reactive power, PCal and QCal
denote the measured active and reactive power of the system, DP and Dq denote the
frequency and voltage drooping coefficients, J and k describe the system inertia and
integrator gain, and ω and θ denote angular frequency and load angle, respectively. ωr
is the reference angular frequency, Vm and V∗

m are the voltage magnitude and reference
voltage magnitude, respectively, and E is the voltage magnitude.

Generally, the strength of the grid is assessed by the short circuit ratio (SCR). The SCR
value is more than 3 for high inertia grids, the SCR value for low inertia grid is between
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2 and 3, and the SCR value for the very low inertia grid is less than 2. In this paper, SCR
value is chosen between 2 and 3. The non-linear behavior of the EIC is observed from (4)
to (6). This non-linear behavior exists if it is connected to a low inertia grid also. Hence,
the use of a nonlinear controller such as the fuzzy logic (FL) technique manages these
nonlinearities and enhances the performance of the EIC.

4. Fuzzy Controller for Inertia Enhancement
4.1. Fuzzy Logic Control

Fuzzy logic is an empirical supervised learning methodology that uses human in-
tuition or experience to set up a control system [35]. Fuzzy logic is a way of translating
linguistic information into a statistical model; it converts human decision-making stages
into numerical set-based control rules.

Owing to its ease, accuracy and robustness, FL has been employed in various engineer-
ing and science fields even for resolving control problems [36]. FL is capable of handling
system non-linearity problems in the operation and control of the power system [37]. Over
the decades, fuzzy logic has been commonly applied to alter the gains of the controller
based on if-then rules. The structure of an FL system shown in Figure 6 consists of a series
of rules for regulating the inference engine. With the aid of the fuzzifier, different inputs
can be fuzzified and fed to the inference engine. The logical output of the inference engine
is de-fuzzified to produce the output. Fuzzy control techniques are classified into Mamdani
and Takagi–Sugeno fuzzy rules [38]. In this paper, the Mamdani FL is utilized to enhance
the inertia of a grid.
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4.2. Fuzzy Inputs and Outputs

The effective performance of the fuzzy system is strongly dependent on the accurate
selection of the inputs. Frequency deviation (∆ f ) and ROCOF are the key parameters
that can impact inertial response, and these are selected as inputs for the fuzzy system to
enhance the inertia. The inputs of the fuzzy system are determined at the PCC in Figure 1.
The inputs of FL can be identified as:

z =

[
z1
z2

]
=

[
∆ f

d f/dt

]
(7)

Usually, fuzzification is used to transform the real inputs into fuzzy values. In the
fuzzy inputs and output membership functions, PL is the positive large (implies large
positive deviation), PS is the positive small (implies small positive deviation), ZZ implies
usual quantity, NL is negative large (large negative deviation), and NS is negative small.
The output is an estimated inertial power PInertia that has been applied to the EIC. The fuzzy
rules are created. An appropriate inertial power PInertia signal is generated as per frequency



Energies 2022, 15, 1333 9 of 23

deviations and ROCOF under power imbalances. The Gaussian membership functions of
fuzzy inputs and outputs are shown in Figure 7 and mathematically represented as:

µ(z1 = ∆ f ) = exp
− (z1−c1)

2

2σ2
1 ; µ(z2 =

d f
dt

) = exp
− (z2−c2)

2

2σ2
2 (8)

µ(y = PInertia) = exp
− (y−cy)2

2σ2
y (9)

where, µ(z1 = ω), µ
(

z2 = dω
dt

)
, µ(y = PInertia) are the membership functions of frequency

deviation, ROCOF and inertial power. c1,c2, cy are the mean of the membership function of
frequency deviation, ROCOF and inertial power. σ1, σ2, σy represent the standard deviations
of the membership function of frequency deviation, ROCOF and inertial power.
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Initially, fuzzification is utilized to transform actual inputs into fuzzy values. Table 2
summarizes the properties of input and output membership functions. The mean of the
membership is defined as the range of inputs/outputs to several partitions (number of
partitions = number of membership functions − 1).

Table 2. Properties of frequency deviation, ROCOF and inertial power membership functions.

Membership Functions Frequency ROCOF PInertia

σ1 c1 σ2 c2 σy cy

NL

0.08496

−0.6

0.1274

−0.4

1062

−5000

NS −0.3 −0.2 −2500

ZZ 0 0 0

PS 0.3 0.2 2500

PL 0.6 0.4 5000

The standard deviation of each membership function is calculated based on the below equation

σx=1,2,y =
0.5 × c1,2,y√
(−2 ∗ ln(0.5))

(10)

Subsequently, these fuzzy values are fed to the fuzzy inference engine with the rules.
The fuzzy rules are formulated using the “if-then” condition, and those are tabulated in
Table 3. This paper uses the center of gravity defuzzification method to convert the fuzzy
output to finite values. Figure 8 shows the surface plot of FL, which represents the amount
of inertial power required for various frequency deviations and ROCOF. The required
inertial power is calculated based on frequency deviation and ROCOF of the system as per
the Figure 8.
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Table 3. Fuzzy rule base for the proposed control system.

ROCOF
Frequency Deviation

NL NS ZZ PS PL

NL NL NL NS PL PL

NS NL NS NS PS PL

ZZ NL NS ZZ PS PL

PS NL NS PS PS PL

PL NL NS PS PL PL
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4.3. FL-EIC for Inertia Enhancement

Figure 9 illustrates the proposed FL-EIC technique for inertia enhancement. The
FL block estimates the required inertial power in transients. In power imbalances, the
signal adjusts to decrease the frequency deviation. The appropriate identification of the
fuzzy rules has an adequate performance of the proposed FL-EIC. Therefore, it plays a
crucial role in stabilizing the frequency and enhancing the inertial response. The estimated
performance is attained when FL is altered by the selected membership functions. Hence,
the EIC technique and FL stabilize the frequency, provide sufficient inertia, and effectively
reduce the frequency nadir point/overshoot point.
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4.4. DC Voltage Controller at SC Bi-Directional Converter

Figure 10 depicts the fundamental control mechanisms of an SC system. The bi-
directional control at the SC is controlled, enabling SC voltage VDC to accurately track
the reference voltage. Furthermore, to perform inertia emulation, a DC voltage control at
SC is used, which explicitly relates the frequency to the SC voltage employed, as seen in
Figure 9. The correlation between frequency and SC voltage is made in the DC voltage
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controller to decrease in frequency peak in the recovery phase. The requisite inertial
current released/absorbed from the SC is determined using the appropriate inertial power
calculated by the FL-EIC from Figure 9. The inertial reference current is added to the
reference current calculated from the PI control. The high-pass filter is used to estimate the
required amount of inertial current needed to handle SC.
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However, SC has drawbacks. SC has high-power density, which means it can provide
a lot of power, but since it has low-energy density, it can only provide power for limited
periods. Furthermore, when a supercapacitor discharges, the voltage gradually decreases.
Correspondingly, when it loads, the voltage rises linearly. The advancement of SC would
make this method more commercially appealing.

5. Simulation Results

The proposed system is modelled in MATLAB/Simulink, and system parameters are
tabulated in Table 4. In this section, the proposed FL-EIC is compared with the conventional
EIC to demonstrate the effectiveness of the proposed FL-EIC. A step-change in the load
creates the frequency event. The variation in frequency and estimated inertial power
calculated by two techniques are analyzed.

Table 4. Simulation parameters.

Parameter Value

Nominal frequency (f ) Nominal Voltage (V*)
Rated DC bus voltage (VDC)
PV cell for both PV arrays

PV cell for both PV arrays
DC bus Capacitor

Inverter side inductance (L1) Load side
inductance (L2) Filter capacitance (C)
Frequency Drooping Coefficient (DP)

Voltage drooping coefficient (Dq)
Gain (k)

Inertia coefficient (HSC)

50 Hz
220 V
500 V

VOC = 37.3 V, ISC = 8.2 A
Vm = 30.3 V, Im = 7.5 A

NS = 10, NP = 5
9.29 F, 220 V

3300 µF
2.1 mH, 5 mH

12 µF

50

120

1000 A.s
2.8

5.1. Frequency Output Analysis under Sudden Load Change

Some sets of simulations are executed to assess the performance FL-EIC based IE–SC
under load variations. The following simulations are considered:

• Case 0: System without inertia control
• Case 1: System with conventional EIC as per the reference [36].
• Case 2: System with IE–SC system based on FL-EIC.
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In this context, the irradiance level of a PV system is presumed to be 1000 W/m2

and it is capable of generating its maximum power. A baseload of 8000 W is attached
to the point of common coupling, and the excess amount of power generated by PV is
exported to the grid. The variation in the load is intended to produce a power imbalance at
2 s. This power imbalance results in frequency deviations. The comparison of frequency
response in different cases shows the effect of IE–SC based on FL-EIC in the low inertia grid.
In Figure 11, the dynamic response of frequency, the output from the PV generator and
inertial response from IE–SC with FL-EIC are shown. In case 0, the frequency nadir (lowest
frequency point) is more without any additional support, and frequency oscillations are
more when the step increase in load is activated. From Figure 11a, the frequency nadir is
observed as 49.78 Hz without any additional inertia support. Compared to case 0 and case
1, the frequency nadir is limited to 49.85 Hz with IE–SC based on the FL-EIC technique.
Figure 11b shows that oscillations in PV power are more in case 1, and oscillations in PV
power are less with FL-EIC. Figure 11c reveals that the inertial power in case 2 is supplied
by the FL-EIC technique to provide quick power support. Figure 12a,b shows us the
voltage and current at the PCC for an under-frequency event. As expected, waveforms of
the voltages are controlled as clean sinusoidal while the proposed controller maintains the
DC bus voltage at the SC at constant, as seen in Figure 13. A finding is that the proposed
FL-EIC system would not jeopardize the power grid’s normal operation. The load angle of
the voltage at PCC increases, as induced by the FL-EIC. The current at 2 s (under frequency
event) increases abruptly to supply the power in an inertial response. The increase in
current is supplied by inverter2 at the SC. Table 5 lists comparisons of the performance of
different testing conditions during a rapid rise in load.

Figure 14 verifies that the performance of the FL-EIC-based IE–SC system under step
decreases in load. A rapid shift in load was simulated at t = 7 s to create a mismatch in
generation and demand, leading to frequency oscillations. In case 0, the frequency peak
is raised to 50.22 Hz without any additional inertial support when the step decrease in
the load is modelled. The frequency peak is less with IE–SC based on conventional EIC,
whereas the frequency rise is limited to 50.176 Hz with IE–SC based on the proposed
FL-EIC technique. Figure 14b illustrates that PV power oscillations are more in case 1 and
less in case 2 under sudden decrease in load. Figure 14c shows the amount of inertial
power absorbed by the IE–SC based on FL-EIC. Figure 15a,b shows us the voltage and
current at the PCC for an under-frequency event. As predicted, the voltage waveforms are
regulated as clean sinusoidal while the proposed controller maintains the DC bus voltage
at SC constant, as seen in Figure 16. One of the results is that the new FL-EIC method will
not endanger the regular operation of the system. The load angle of the voltage at PCC
decreases, as induced by the FL-EIC. The current at 7 s (over frequency event) increases
abruptly to supply the power in an inertial response. The increase in current is supplied
by inverter2 at the SC. Table 6 compares the performance of different testing conditions
during a rapid decrease in load. The FL-EIC technique considers both the loops (frequency
deviation and ROCOF) to estimate the inertial power to decrease the frequency nadir and
improve frequency stability when a step changes in load.
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Table 5. Comparison table for the sudden load increase.

Case 0 Case 1 Case 2

Frequency nadir (Hz) 49.77 49.79 49.86
ROCOF (Hz/s) 0.27 0.242 0.202

DC bus voltage at SC (V) - 487.9 497
SC power (kW) - 1.61 1.821
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Table 6. Comparison table for the sudden load decrease.

Case 0 Case 1 Case 2

Frequency nadir (Hz) 50.23 50.195 50.176
ROCOF (Hz/s) 0.265 0.242 0.202

DC bus voltage at SC (V) - 510.2 507
SC power (kW) - −1.35 −1.579

5.2. Inertia Responses for PV Irradiation Variations

This scenario tests the performance of the FL-EIC-based IE–SC under different PV
irradiation levels. Initially, the PV irradiation is assumed as 800 W/m2. To observe the
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effect of FL-EIC-based IE–SC under different irradiations, the frequency response and
inertial power supported by IE–SC is plotted in Figure 17.
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The irradiation of PV is increased to 1000 W/m2 at 2 s, and decreased to 500 W/m2

at 5 s. The variations in irradiation levels result in PV power fluctuations, and leads to a
power imbalance in the system. This power imbalance induces frequency variations.

As seen in Figure 17a, at t = 2 s the system frequency rise is arrested at 50.13 Hz with
IE–SC based on FL-EIC. The frequency dip is arrested at 49.71 Hz with a decrease in the PV
irradiation level at 5 s. The inertial power is absorbed at 2 s and released at 5 s, as shown in
Figure 17b. It is clear from this scenario that the frequency response is improved with the
proposed system under different irradiation levels. Figure 18 depicts the DC bus voltage
variations at the SC during PV power variations.
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6. HIL Results

HIL evaluation is carried out to evaluate the feasibility and performance of the pro-
posed system. The setup required for Hardware-In-Loop (HIL) implementation and corre-
sponding results are given in this section. The OP5700 (OPAL-RT-based real-time simulator)
is a digital simulator capable of real-time operation, i.e., it can solve power system equa-
tions fast enough to continuously produce output conditions that realistically represent
conditions in real network conditions. The RT-Lab is a comprehensive software used to
interact circuits from MATLAB to OP5700. The grid-connected proposed system, along
with controllers, are deposited into the OP5700. The detailed plant model is implemented
on OPAL-RT, which can closely replicate physical systems and control dynamics. The
OPAL-RT set is shown in Figure 19.
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6.1. Step Change in Load

In this scenario, the objective is to demonstrate the performance of the proposed FL-
EIC for sudden changes in load conditions. Source side (PV) variations are not considered
in this scenario. The load change is modelled at t = t1 s, and consequently, the frequency
drops from 50 Hz to 49.86 Hz. Whenever there is a change in frequency from nominal
value, then and there the proposed FL-EIC technique activates to inject the required inertial
power from SC to the grid. The frequency nadir for this scenario is effectively limited in
real-time also. At t = t1 s, the inertial response from the SC is released to compensate for
the imbalance. The variation in inertial response from SC and frequency variations for
this scenario is shown in Figure 20. Hence, the FL-EIC controlled grid-connected IE–SC
system resembles the synchronous generator’s inertial characteristics in load variations.
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The FL-EIC technique alters the load angle to inject/absorb the power under frequency
deviations. Under frequency deviations, the IE–SC system was modelled in such a manner
that the highly variable inertial power was supplied/absorbed by the SC.
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6.2. Step Change in PV Irradiation

In this scenario, a power imbalance is created from variations in the source side to test
the evaluation FL-EIC. It was assumed that the PV system operates around 600 irradiances,
and the load estimated at the PCC was 8000 W. In the initial condition, the load at the
PCC was supplied by the PV and grid. At t = t2 s, a step increase in the irradiation level is
modelled to create the power imbalance. This power imbalance creates a frequency rise.
Whenever there is an increase in the frequency, the FL-EIC generates the inertial power
signal. The FL-EIC technique is used to absorb the extra power in the inertial response
to limit the frequency rise at 50.18 Hz, as shown in Figure 21. This transition creates an
oscillation in grid frequency, and the proposed FL-EIC technique is able to handle grid
frequency variations from the source side also.
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7. Conclusions

In this paper, an FL-EIC technique is proposed for IE–SC inertia emulators to improve
the inertial response of the grid. Initially, the necessity of an inertia emulator in the low
inertia grid is highlighted. The idea behind the FL-EIC is that the required inertial power
signal is generated based on inputs (frequency deviation and ROCOF), and the output
of the fuzzy controller is fed to the EIC technique to alter the load angle of the inverter
to adjust the power and stabilize frequency. The effectiveness of the proposed FL-EIC
is compared with the conventional EIC. Furthermore, real-time simulation verification
is demonstrated for FL-EIC in the inertial response. Real-time simulation results proved
that the proposed EIC was able to handle the sudden load transitions and source-side
variations. Moreover, the limitation of the inertia emulation along with design parameters
of the proposed work is identified. The validation of continuous variation of source and
load is planned for the future, along with hardware implementation of the proposed work.
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