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ABSTRACT Renewable energy sources (RES) have been widely incorporated into the power generation to
offset fossil fuels in order to minimize carbon emissions. Typically, RES based power generation integrated
into the power grid through the power electronic converters. These power electronic converters decouple the
source from the load without providing inertia. As a result, inertia of the power grid decreases, resulting in
undesirable load shedding and cascading failures under power imbalances. In order to preserve stability
during contingency events, it is important to add inertia support to the grid. This article demonstrates
inertia emulation from the supercapacitor (SC) to resolve the low-inertia issue. Inertia emulator based on
supercapacitor (IESC) is formulated to generate inertial power by proportionally linking the grid frequency to
the active power reference of SC. This article proposes an enhanced emulated inertia control (EIC) technique
based on the frequency deviation and frequency derivative to address low inertia. EIC technique controls the
inverter associated with IESC to exhibit the equivalent inertia characteristics as the synchronous generator.
Further, the selection of the capacitance value of SC is derived to achieve the required inertia constant.
The small-signal stability of IESC is demonstrated using the power angle curve. Further, the stability of the
EIC is verified through bode plot. Simulation and hardware-in-loop (HIL) results are provided to verify the

effectiveness of EIC employed IESC in a weak grid.

INDEX TERMS Frequency, low-inertia power system, renewable energy sources, supercapacitor.

I. INTRODUCTION

The electricity generation from renewable energy
sources (RES) has dramatically increased to reduce carbon
emissions and enhance energy sustainability [1]. The RES
like solar and wind are connected to the grid through the
power electronic converters. The power electronic converters
decouple the source from the load. The increase in the power
electronic converter-based RES power generation retains
low or no inertia. Consequently, the stability of the power
grid is starting to decrease due to the reduction in inertia.
In conventional power systems, the kinetic energy stored
in the synchronous generator (SG) is responsible for coun-
teracting the power imbalances through inertial response.
The SG injects/absorbs the active power when power
imbalance occurs through inertial response to regulate the
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frequency [2]. However, the low inertia in power system
leads to large frequency deviations and high rate of change of
frequency (ROCOF) under frequency events. This situation
may lead to load shedding, protective relay tripping and
cascading failure [3], [4].

Numerous methods have also been suggested in the liter-
ature to address the low inertia problem in the power grid.
One basic solution is to increase the ROCOF standards to
avoid the tripping of the generator under frequency events [5].
Increasing the ROCOF standard requires a generator test that
involves high costs. Another potential solution to tackle the
low inertia issue is to use synchronous condensers in the
system [6]. Though, the usage of the synchronous condenser
is limited by its high installation cost.

In the literature, numerous emulated inertia control (EIC)
techniques have been recommended for power electronic
converters to replicate the SG inertial characteristics [7], [8].
An emerging control technique to regulate the frequency
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in low inertia power systems is known as EIC. In [7], the
complete mathematical model of the SG is taken to con-
struct the EIC in the stand-alone microgrid and the controller
resulting in numerical instability. EIC technique applied to
the PV inverter based on the swing equation is investigated
in [8]. In [9], the synchronverter is designed to emulate
the inertia of SG using the first-order mathematical model
of SG. In [10], the second-order SG model is considered
to design the control algorithm; even though the calculation
of ROCOF leads to complexity in the algorithm. The EIC
control scheme is an appropriate solution for the low inertia
power system. The EIC mimics the SG characteristics by
regulating the switching pattern of the inverter to offer the
inertia and decrease frequency nadir and lower the ROCOF
during disturbances. In [11], the small-signal modelling of
EIC with ideal grid-connected inverter is analyzed. However,
earlier works on EIC only stressed the configuration of the
controller and barely addressed the functional use of EICs.

Wind turbines (WT) offer kinetic energy in their spinning
masses analogous to SG. Though WT is associated with the
grid through a power electronic converter, these spinning
masses dissociate from frequency [12]. Typically, WT does
not provide inertia support to the grid. In [13], [14] a synthetic
inertia control technique is used at the power converter of
WT to extract the kinetic energy accumulated in the rotor
of WT to provide an inertial response to the grid. In [15],
the required inertial power is estimated with the frequency
deviation only. In [16], supercapacitor (SC) is attached to
the DC-bus to enable the inertial response feature to the
WT. In [17], the authors explored a feature of ancillary iner-
tial service for a single-phase rooftop system using battery
and SC.

In [18]-[20], the authors investigated the inertial response
from the battery. However, the use of low-energy-density
batteries for compensating sudden disturbances impacts the
life of the battery. Moreover, the usage of SC in the inertial
response is acceptable. Only frequency deviation is taken
into account to estimate the inertial power, and it is supplied
by the SC in [16], [21]. However, both frequency deviation
and ROCOF must be included in inertial power estimation to
improve the inertia of the grid.

Hence, this article proposes an installation of IESC to solve
the low inertia issues in weak grid. The SC is connected
to a DC bus through a bi-directional converter to step up
the voltage. A three-phase inverter is attached to SC con-
nect to the grid. This article recommends an EIC technique
for the three-phase inverter at SC that comprises both the
frequency deviation and ROCOF to estimate the necessary
inertial power. The estimated inertia by the suggested EIC in
this article is explicit, and the SC handles it. The fundamental
principle lies in proposed EIC: proportionally linking the
ROCOF and frequency deviation to the active power refer-
ence of the SC. The DC voltage control is proposed for the
bi-directional converter of SC in this article is to link the
grid frequency appropriately to the DC bus voltage of SC
converter.
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The major contributions of the article are summarized here:
1) This article proposes an enhanced EIC technique based
on the frequency deviation and frequency derivative terms
to address low inertia issue. 2) The correlation between the
frequency and DC bus voltage of SC is modelled in DC
voltage control of SC to suppress the frequency peak in the
recovery process. 3) The required inertial power calculated
based on the frequency is delivered through SC with the
proposed DC voltage control.

The rest of this article is structured as follows:
Section 2 describes the system configuration and modelling
of each component in the system, section 3 discusses the use
of SC in inertial response, control diagram of EIC and DC
voltage control of SC are discussed in section 4, small-signal
stability analysis of the proposed IESC is described in
section 5, simulation results for the proposed IESC are
discussed in section 6, hardware-in-loop (HIL) results are
discussed in section 7. Finally, section 8 concludes the con-
tribution of this article.

Il. SYSTEM CONFIGURATION

Figure 1 details the schematic diagram of a proposed
grid-connected PV system along with inertia equipped with
IESC system. The PV fed boost converter is connected to the
grid through an inverter 1 and LCL filter. The LCL filter is
modelled to filter out the higher-order harmonics to retain
overall harmonic distortion within an acceptable range. The
ripple current and operating voltage are taken into account
when choosing the filter values. The PV based three-phase
inverter connected to the grid as a grid feeding inverter.
In order to preserve stability under imbalances, it is essential
to improve the inertia of the current power grid.

The SC is connected to the DC bus through a bi-directional
converter. The bi-directional converter works in two modes.
1) charging mode during the frequency peaks. 2) discharging
mode in frequency dips. SC is connected the PCC through
an inverter 2 and LCL filter. inverter 1 is controlled with a
current controller while the inverter 2 is employed with EIC
control to emulate the inertial response. The EIC control at the
inverter 2 aims to regulate the load angle for sudden frequency
variations. The voltage control loop of bi-directional dc to
dc converter aims to regulate the DC bus voltage of the SC,
following with its reference. In addition, bi-directional dc to
dc converter aims to regulate the frequency of the grid under
disturbances. The control at the bi-directional dc to dc con-
verter is designed in such a way that to link the grid frequency
variations to the SC voltage. The presented system is effective
in supplying inertia under sudden power imbalances. The rest
of this section detailed the modelling of each component in
the system and briefly explain about the inertia of the power
system.

A. PV SYSTEM MODELLING

In PV modelling, the PV cell model considers vital because
the PV system performance primarily depends on the accu-
rate cell characteristics [22]. In order to determine the cell
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FIGURE 1. Proposed grid-connected PV and inertia equipped with SC system.
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FIGURE 2. Schematic of the single-diode solar PV model.

characteristics, there are two primary modelling approaches:
1) a single-diode model and 2) two-diode model. In this
article, the authors used the single diode model to reduce the
ambiguity. The schematic diagram of the single-diode model
is shown in Figure 2. Generally, the power generation from
the PV module is dependent on the temperature and irra-
diance. The nonlinear electrical characteristics of PV array
depends on series resistance (Rg ) and parallel resistance (Rp).

The output equation of the solar PV cell from Figure 2 is
given as:

V IpyR
Ipy = Ipvyn — ([0 (eVD/“VT _ 1)) _rrv _; PVIRS (1
P

Here, Ipy , represents the PV array current, Rg and Rp indi-
cate the series and parallel resistance. Ip denotes the diode
current, I, is the reverse saturation current, Vp is the diode
voltage, V7 is the thermal voltage of the diode and it is given
as

_ NgkT
q

Vi ()
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Here, Ny is the series-connected cells, £ is the Boltzmann
constant, T is the temperature. Hence, the solar PV module
current can be determined as:

Ipy = Npp {Ipv.n

o lex Vpy + IpyRs 1
o VrNss

3 < Vpy ‘;IPVRS ) 3)
P

The PV power is fed to the DC bus through a boost con-
verter which works on the maximum power point tracking
algorithm to exploit the maximum power from the PV system.
In this article, perturbed and observe maximum power point
tracking algorithm is used to extract the maximum power
from the PV system. The perturbed and observe algorithm
modifies the voltage and calculates the change in power; if the
change in power is not zero then the voltage modifies further.

B. MODELLING OF SUPERCAPACITOR

Supercapacitors are electrical energy storage devices that
provide high power density. The SC storage technology is
used to offer inertial support because it has fast response
time, high-power density, and larger cycle life. The ability
to choose a supercapacitor device depends on the appropriate
power level, voltage rating and interval of the transient power
supply. The SC value can be chosen based on the maximum
power need to be delivered, and the duration of the time
delivered in the inertial response. The nominal voltage of
the SC unit is known to be 220 V, and DC bus voltage
is 500 V. Time interval considered for the inertial response
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is one minute. The energy balancing of SC can be known as

1
5 Csc Vszc = Psctiner “)

where,Csc is the capacitance of SC, Vsc is the SC voltage,
Pgsc is the required power rating and ., is the duration of
inertial response.

C. GRID MODELLING

In this article, the grid is considered to be a weak grid;

Usually, the strength of the grid is assessed by the short circuit

ratio (SCR).

B 1
Ze(p-u)

The SCR value is more than 3 for strong grids, SCR value
for a weak grid is between 2 to 3, and the SCR value for a
very weak grid is less than 2. In this article, the SCR value is
chosen between 2 and 3.

SCR )

D. VARIABLE LOCAL LOAD SYSTEM AT PCC

In the real power grid, load fluctuates continuously. Thus,
in this work, demand is varied at a certain time. The load at
the PCC consists of two loads. Out of which two loads one
load is constant, and another load is a variable load operating
at a particular time period.

E. INERTIA OF THE POWER SYSTEM

The inertia of the power system is extracted from the kinetic
energy stored in the rotating parts of the traditional power sys-
tems. The kinetic energy of these massive rotating machines
acts as a shock absorber to prevent grid frequency from falling
too quickly when demand exceeds supply or rising too fast
when supply exceeds demand. Without this stabilizing force
(inertia), power grids might face a higher chance of frequency
excursions that forcing generators offline or trigger cascading
outages.

The kinetic energy (Exg) can be expressed as

1
Exp = ijz (6)

where, J is the moment of inertia of rotor, w is the syn-
chronous speed. The inertia constant (H ) of a single machine
can be defined in (7) as the ratio of the kinetic energy to the
rated power capacity (S).
H— %J w?

S
The total inertia constant of the power system containing ‘n’
machines can be obtained as

(N

Hrotan =H1 +Hy +...... + H, (8)

It is clear from (7) that the inertia of the system is propor-
tional to the kinetic energy of the rotating machine. However,
the increase in power generation from power-electronic based
PV system significantly reduces the inertia.
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TABLE 1. Correspondence Between IESC and SG.

IESC Traditional SG
Capacitance of SC Inertia of rotor
Filter Stator of the SG
SC voltage Rotor speed

SG internal voltage
Terminal voltage of SG
Energy stored in rotor

Output voltage of the inverter
Output voltage of the filter
Energy stored in SC

The PV system is typically configured to inject power
to the grid but not to store energy. Whereas SC is the
static energy storage device. It has low-energy density and
high-power density. This attribute allows the SC to be used
in inertia applications. In order to improve inertia, it is also
important to expand the inertia support from rotating parts to
the static SC.

Ill. SUPERCAPACITOR FOR INERTIA APPLICATION

The capacitance (Csc) of a SC can be known by its
charging/discharging rate and the voltage across (Vsc) the
device [16]. The comparison of emulated inertia control with
inverter and SG is presented in [23]. Inertia emulated by
the SC is analogous to inertia of the rotor of traditional SG.
Even though the SC is static device, it has a high-power
density. With EIC technique applied at inverter of IESC, it can
support the active power in inertial response. With a proper
EIC technique at inverter at SC and DC voltage control at the
bi-directional converter at the SC can exchange the energy at
the power grid under power imbalance. Theoretically, SC is
capable of imitating the rotational inertia of SG.

The inertia J of a SG depends on the rotor structure.
Similarly, the capacitance of the SC is static irrespective of
the charges inside. From the point of view of energy transfer,
rotor and SC act as power transmitter that transports the
power under disturbances. Table 1 summarises equivalence
between the IESC and SG. The energy stored in the SC can
be estimated as

1
Esc = ECSC Ve 9

It can be found that the w in (1) is identical to V¢ in (4).

Itis clearly shown that from (6) and (9), the energy stored in
the SG rotor is proportional to the square of the synchronous
frequency. Similarly, the energy stored in the SC is propor-
tional to the square of SC voltage.

The SC is able to respond to frequency changes in the
weak grid and able to emulate the inertia constant Hgc. The
rest of the section detailed the SC sizing to provide the
inertia. The energy stored in the SC is discharged/charged
for injecting/absorbing the active power to support frequency
regulation. A comparison can be found between the energy
stored in SC and the kinetic energy stored in the rotor of SG.

The swing equation for the rotor of SG after an imbalance
can be expressed as:

2Hsc dwg

= AP 10
Wg0 dt (10)
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where Hgc refers to the inertia constant, wg is the nominal
angular frequency of the grid, AP is the power imbalance.
The energy stored in the SC can be retrieved by varying the
SC voltage. The electrical characteristics of the SC under
power imbalance is known as:

CscVsc dVsc
Spy dt

where Cgc is the capacitance of the SC, V¢ is the SC voltage,
Spy is the capacity of the PV system. To assign the inertia
constant for the SC with both the power imbalances in (10)
and (11) are equated.

— AP (11)

2Hgc dwg _ CscVsc dVsc (12)
Wg0 dt Spy dt
After integrating on both sides of (12):
2H, Csc Vs,
5C oy = —C75C 1 g, (13)
g0 28py
Csc Vszco

where K is the integration constant = 2Hgc — -

Hence, the inertia constant realized from the SC can be

written as:

Cscwgy VscoAVsc max
28py Awg max

Hsc = (14)
where AVsc max 1s the maximum allowed SC voltage vari-
ation, Awg max maximum allowed grid frequency variation.
From (14), the inertia coefficient depends on the following
factors: the capacitance of the SC, the rated voltage of SC,
the maximum allowable variation of the SC voltage and the
maximum allowable frequency variation. In this article max-
imum allowable variation in frequency is set as 0.25 Hz; the
maximum allowable variation of the SC voltage is considered
as 40V. The characteristics of inertia constant (Hgc ) are
depicted in Figure 3. As can be seen, the value is enhanced
by the increment of both SC voltage and SC value. It is worth
noting that, even under the operation of normalization, the SC
voltage change can contribute more to the inertia increase in
allowable regions.

IV. CONTROL SCHEMATIC FOR IESC

As stated earlier, SC does not have that capacity to automat-
ically release /absorb the power in frequency disturbances
like SG. Hence, a suitable controller needs to be designed
to derive the energy from SC in frequency events. IESC
system requires two control techniques to satisfy the inertia
requirement. EIC technique at the inverter of IESC (inverter
2 in Figure 1) is designed to extract/store the energy from/in
SC to arrest the frequency change during power imbal-
ances. The DC voltage control technique at the bi-directional
converter of SC links the DC bus voltage and frequency
appropriately.

The proposed EIC presented in this article consists of two
control loops. The main aim of the first loop to measure the
required inertial power to minimize the ROCOF. Whereas, the
second loop intended to calculate the required power to arrest
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FIGURE 3. Variation of inertia constant (Hs¢ ) with SC voltage (Vs¢ ) and
SC capacitance voltage deviation value.

the frequency deviation. Whenever grid frequency changes
from the nominal value, the inertial power command is trig-
gered to vary the load angle of IESC. As per the Figure 4,
the ROCOF signal is measured and filtered by a low pass
filter to eliminate the measurement noise in the first loop.
Then, a dead band (£ 0.015 Hz) is deployed to avoid the
participation of inertia control on a small frequency variation,
resulting in heavy power pulsations of SC in the normal
operating condition. In the second loop, the grid frequency
deviation is measured and filtered by a low pass filter to
eliminate the measurement noise.

The inertial power (Prneria) Signal required to mitigate the
frequency deviations is applied for the EIC technique to alter
the load angle of inverter 2. Depends on the load angle the
switching pattern of the inverter 2 is changed.

Hence, the required inertial active power calculated based
on the Figure 4 is:

Pinria = KnAf + K15 (1)
where Kp is the damping constant and K; is the inertia
constant.

It is essential to select appropriate values of Kp and Kj.
Otherwise, it may cause poor performance of the controller.
The inertial constant is proportional to ROCOF. A high
K; value may result in over-charging and discharging of
SC. Kp is the gain of frequency deviation control loop; a
high Kp selection may lead to a large drop in SC voltage.
Kp is selected based on the droop characteristics of SG
(from 2%-12%).

An optimal combination of the two gains can achieve good
performance of proposed EIC technique on the frequency
stability improvement. A ramp rate limit (£ 0.5 pu/s) is
added to prevent the immediate on/off activated signal in
case reaching the minimum SC voltage. A proper value of
the ramp rate limit makes the transfer period smoother and
less stress on the SC. The estimated inertial power signal
from Figure 4 is connected to the proposed EIC, as shown
in Figure 5. The EIC technique alters the load angle of the
IESC to inject/absorb the power to/from the grid.
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FIGURE 4. The required inertial power calculation block.
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The DC voltage control of SC bi-directional converter is
shown in Figure 6. The reference SC current is calculated
based to pump the required inertial power into the grid under
frequency deviations. After calculating the reference SC cur-
rent, the highly varying component is separated by using the
high pass filter and supplied/absorbed by the SC.

V. SMALL-SIGNAL STABILITY ANALYSIS OF IESC

The effect of low inertia on the small-signal stability of the
system is studied in this section. The small-signal stability
studies involve assessing whether or not synchronism is pre-
served after the machine has been subjected to disturbance.
The equal-area criterion used for a quick prediction of sta-
bility in synchronous machines is used here to determine the
stability of the grid-connected IESC. The per-phase model
of the proposed system in this article is shown in Figure 7.
The instantaneous active power from the SC inverter is given
as:

EV,
Psc = 5a sin(d) (16)

Based on the simplified model, Figure 7 shows the power
angle curve for the small frequency deviations. The output
power Py, equates to Plyeriia Under power imbalances. There-
fore, the output power Psc equates the required inertial power
Prnertia as shown in Figure. 8 (a). Two operating points a and
b are existing to meet the required inertial power.
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FIGURE 8. Illustration of IESC small-signal stability (a) Power angle curve
(b) Stable response at point a.

Under frequency fluctuations, to meet the required inertia
power (Plnertia ), there are two equilibrium points a and b.
However, the operating point a is able to operate in a stable
condition, whereas the operating point b is unstable.

A. AT POINT A

After the frequency event, the required inertial power
(Pnertia) has to be supplied from SC, and the load angle
increases to 6,. The load angle is oscillating between 6,
and 6, before settling to 6,. The positive deviation A is
created when the load angle is reached 6,,. In this case, the
SC output is more than the Prperia then the DC controller
at SC bi-directional converter decreases the inertia refer-
ence current (Imertia) and EIC controller at the SC inverter
decreases the load angle to return to the equilibrium point a.
Similarly, the negative deviation of A6 is created when the
load angle is reached 6. In this situation, the output power
from SC reference current I1nertia and EIC controller at the SC
inverter increases the load angle to return to the equilibrium
point a.

B. AT POINT B

The stability at point b is completely different from the
point a. Similarly, assuming a positive A6 is imposed on 6,
such that 0 increases to 6. Accordingly, Prnerda 1S greater
than Psc, then the EIC controller increases the load angle

VOLUME 9, 2021



R. K. Sarojini, P. Kaliannan: Inertia Emulation Through Supercapacitor for a Weak Grid

IEEE Access

AP 1
SQH+K,)+(D+K))

Aw

FIGURE 9. Simplified small-signal diagram of EIC.

of the inverter at the SC, and further decreasing the out-
put power Psc. Hence, the load angle of the IESC keep
on increasing. Obviously, a positive load angle disturbance
will introduce a positive feedback, and thus, non-oscillatory
instability. On the contrary, if 6 is changed from 6, to 6.
with a negative angle disturbance, Pperga 1S smaller than
Psc, In this case the output from SC is more than Prpertia
then DC controller of at SC bi-directional converter decreases
the inertia reference current (Iheria) and EIC controller at
the SC inverter decreases the load angle to return to sta-
ble operating point a. hence, the operating point b may
either loose the stability or regain the stability by moving to
point a.

C. STABILITY ANALYSIS OF EIC
Since this article aims to regulate the frequency, the stability
analysis of active power loop of the proposed EIC is discussed
in this section. The simplified small-signal model of proposed
EIC active power control is shown in Figure 9.

The transfer function for the load angle to the active power
is known as:

1
(QHsc + K1)s*> + (D +Kp) s

Figure 10 shows the bode plot for proposed EIC control
for (17). The parameters are tuned to achieve the phase mar-
gin of 56 degrees at the infinite gain margin.

The transfer function for the frequency to power can be
rewritten from (17) as:

Gpo(s) = 7)

1
Gpo(s) = 18
v = GHse 1K) s+ D+ Ko) e
The frequency variation created for the power imbalance can
be indicated as:

1
AP
(2Hsc + Kj) s+ (D + Kp)

According to initial value theorem, the frequency variation
for the step power change can be derived as:
. AP
Aw(0) = lim sAw = —— (20)
§—> 00 2Hgc + K;

Eq. (20) proved that the initial frequency variation is directly
proportional to the power imbalance and inversely propor-
tional to the inertia.

In the same way, from the final value theorem, the
steady-state frequency deviation after a step change in power
imbalance can be derived as:

| Aw =

(19)

Aw(c0) = lim sAw =0 1)
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FIGURE 10. Bode plot for proposed EIC.

TABLE 2. Simulation and HIL Parameters.

Parameter Value

Nominal frequency (f) 50 Hz

Nominal Voltage (V*) 220V

Rated DC bus voltage (Vpc) | 500 V

PV cell for both PV arrays Voc=373V,Isc=82A
Vim =303V, I,,,=75 A
Ng=10, Np=5

Rating of SC 0.8 F220V

DC bus Capacitor 3300 pF

Inverter side inductance (L1) | 2.1 mH

Load side inductance (Lz2) 0.8 mH

Filter capacitance (C') 12 uF

Frequency Drooping 50

Coefficient (Dp)

Voltage drooping 120

coefficient ( Dg)

Gain(k) 1000 A.s

Inertia coefficient (Hgc) 2.8

From (21), it is clear that the steady-state frequency deviation
is zero, and it is independent of the inertia value.

VI. SIMULATION RESULTS

The proposed IESC system is modelled in MATLAB/
Simulink and the system parameters are tabulated in Table 2.
In this section, the effectiveness of inertia emulation through
IESC is analysed in MATLAB simulations. The frequency
event is created by step increase in the load. The variation
in frequency and inertial power at the frequency event are
analysed.

A. SUDDEN INCREASE IN LOAD DEMAND

This section aims to assess the inertia emulation through EIC
employed IESC during step increase in load. Initially, the load
of 8000 W is considered to be constant applied throughout the
simulations. A sudden variation of the load has been modelled
at t+ = 2 s to create a power imbalance, and it leads to fre-
quency oscillations. Figure 11 shows that the grid frequency
deviation is dropped to 49.78 Hz without any external inertia
support to the weak grid. Whereas, the frequency deviation is
limited to 49.86 Hz with inertial support from the IESC with
the proposed EIC technique. An improvement of 0.08 Hz of
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FIGURE 11. Frequency variations for sudden load increase.
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FIGURE 12. Frequency variations for sudden load decrease.

the frequency nadir is observed from Figure 11 when EIC
employed IESC is configured in the weak grid. This indicates
the advantage of system frequency stability provided by EIC
employed IESC. The proposed EIC technique, along with the
DC voltage control at IESC, reduces the frequency peak in the
recovery process and increases the inertia of the system. The
EIC control applied at IESC limits the frequency nadir and
reduced the ROCOF without a peak in the recovery process
shown in Figure 11.

B. SUDDEN DECREASE IN LOAD DEMAND

This section aims to demonstrate the inertia emulation
through IESC when the load decreases. Initially, the load
of 8000 W is considered to be constant throughout the simu-
lations. A rapid shift in load was simulated at = 7 s to create
a mismatch in generation and demand, leading to frequency
oscillations. Figure 12 shows that the frequency of the grid
is raised to 50.22 Hz without any additional inertia support
to the weak grid. The frequency rise is limited to 50.18 Hz
with inertial support from the IESC with the proposed EIC
technique. An improvement of 0.04 Hz of the frequency peak
is observed from Figure 12 when EIC employed IESC is
configured in the weak grid. It indicates the advantage of
system frequency stability provided by EIC employed IESC
under sudden decrease in load demand. The proposed EIC
technique considers both the loops (frequency deviation and
ROCOF) to estimate the inertial power to minimize the fre-
quency peak. The proposed EIC technique and the DC voltage
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FIGURE 13. HIL setup.

control at IESC, effectively improve the frequency stability
under sudden load imbalances.

VII. HIL RESULTS

In order to verify the proposed IESC system for improv-
ing inertia of the grid, two scenarios were tested. The first
scenario is to validate the performance of IESC in load
variations. Whereas, the second scenario is to validate the
performance of IESC in PV power variations. The proposed
system which is displayed in Figure 1 is loaded into the
OP5700 real-time simulator for validation. Figure 10 shows
the HIL Setup. The system parameters used in this article for
the HIL test is tabulated in Table 2.

A. WITH LOAD TRANSITIONS

This scenario analyses the performance of IESC system
connected to the weak grid consists of PV under constant
irradiation level with load transitions. The maximum power
of 10000 W is extracted from the PV array under standard
irradiation level. The constant load of 8000 W is considered
at PCC, and the excess power from PV is pumped into the
grid. The HIL results for the load transitions are shown in
Figure 11. Another load of 4000 W is added at r = 1
s then the frequency is falling from the nominal value.
When frequency deviates from the nominal value, the EIC
technique activates at IESC system and injects the inertial
power to resist the changes in frequency. The inertial power
injected into the grid to maintain the frequency is shown in
Figure 14(a). The inertial power injected from SC is calcu-
lated by the EIC control according to frequency deviation
and ROCOF. Depends upon the estimated inertial power,
the inertia current at the SC bidirectional current is altered.
Figure 14(b) visualises the PV power, variations in load
demand, changes in frequency and voltage. The EIC tech-
nique resists the frequency nadir to 49.85 Hz under a sudden
increase in load demand. At t = f, s the step decrease in
load is created, and it creates the frequency rise. When the
frequency is rising from the nominal value, then the EIC
activates at IESC and absorbs the extra inertial power. The
inertial power is absorbed and stored in SC. The frequency
rise is restricted to 50.24 Hz by the EIC control technique
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FIGURE 14. (a) Load transition under constant irradiation (a) power from
PV-inverter, SC, grid and load; (b) frequency and DC bus voltage.

under sudden load decrease. Hence, the EIC controlled SC
resembles the SG inertial characteristics in load variations.
The EIC technique alters the load angle to inject/absorb the
power under frequency deviations.

B. WITH IRRADIATION TRANSITIONS

This scenario analyses the proposed system under PV irradi-
ation variations. The PV system is operated at an irradiance
of 800 W /m? and 8000 W power is extracted from PV, and
the load estimated at the PCC is 8000 W. The source side
variations are created at PV side to create the frequency vari-
ations and to test the effectiveness of IESC system. The step
changes in PV irradiation are designed at a rate of 600 W /m?>
and 1000 W /m? at s and s respectively. The HIL results for
changes in irradiation are shown in Figure 15. At r— = 1
s, the PV power generation decreases as the PV irradiation
level decreases and it creates the imbalance in power. This
situation creates the grid frequency to dip, hence the EIC
control at IESC activates to arrest the frequency deviation.
When the frequency fall is created, then load angle of the EIC
control increases to pump inertial power to the grid. Att = 1,
s the PV power generation increases as the PV irradiation
level increases to 1000 W /m?. The power generated by the
PV is supplied to the load and the excess power is exported
to the grid. The sudden increase in the PV power creates an
impact in frequency. When rise in frequency observed, then
the EIC control at IESC decreases the load angle to absorb
the excess power in inertial response. This transition creates
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FIGURE 15. Variable irradiation at constant load (a) power from
PV-inverter, SC, grid and load; (b) PV power, load, frequency and DC bus
voltage.

an oscillation in grid frequency and proposed EIC technique
able to handle the grid frequency variations under the changes
in irradiations also.

VIil. CONCLUSION

This article has been verified the effectiveness of inertia
emulation by SC for low inertia systems. Emulated inertia
power is realized by associating the grid frequency deviation
and ROCOF to the reference voltage of the SC. Energy
exchange is takes place through SC under disturbances.
Hence, IESC can efficiently improve the power system inertia
and frequency regulation. This article proves that three-phase
inverter and SG are exhibiting the similar inertial characteris-
tics. The small-signal stability analysis of the IESC system
is verified theoretically. The value of supercapacitance is
derived for different inertia values. Hardware in loop results
have verified the theoretical analysis and the effectiveness of
emulated inertia.

The future work focusses on the two topics. First study
emphasis on the stability analysis and optimal placement
of IESC in the power grid to enhance the inertial response.
Second study concentrates on the online estimation of inertia
to assess the stability of the grid.
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