
sustainability

Article

Under Frequency Protection Enhancement of an Islanded
Active Distribution Network Using a Virtual
Inertia-Controlled-Battery Energy Storage System

Komsan Hongesombut 1,* , Suphicha Punyakunlaset 1 and Sillawat Romphochai 2

����������
�������

Citation: Hongesombut, K.;

Punyakunlaset, S.; Romphochai, S.

Under Frequency Protection

Enhancement of an Islanded Active

Distribution Network Using a Virtual

Inertia-Controlled-Battery Energy

Storage System. Sustainability 2021,

13, 484. https://doi.org/10.3390/

su13020484

Received: 30 October 2020

Accepted: 1 January 2021

Published: 6 January 2021

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional clai-

ms in published maps and institutio-

nal affiliations.

Copyright: © 2021 by the authors. Li-

censee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Electrical Engineering, Faculty of Engineering, Kasetsart University, Bangkok 10900, Thailand;
Suphicha.pu@ku.th

2 Department of Electrical Engineering, Faculty of Engineering,
Rajamangala University of Technology Thanyaburi, Pathum Thani 12110, Thailand;
sillawat.r@en.rmutt.ac.th

* Correspondence: fengksh@ku.ac.th

Abstract: When an islanding condition caused by an unintentional single-line to ground fault occurs
in an active distribution network with distributed generation, the frequency stability and protection
issues remain challenging. Therefore, this paper presents the under frequency protection enhance-
ment of the active distribution network using a virtual inertia-controlled-battery energy storage
system to improve the frequency stability under the islanding condition caused by unintentional
faults. The virtual inertia control is designed based on the direct and quadrature axis-controlled
battery energy storage system to generate the virtual inertia power, compensating the system’s inertia
to enhance the stability margin. The proposed method is verified by the simulation results that
reveal the frequency stability performance and the under-frequency load shedding enhancement of
the study active distribution network in Thailand. The study is divided into two cases: the normal
control parameters and the parameter uncertainty scenarios, compared with a power-frequency
droop control. The simulation results demonstrate that the proposed virtual inertia control can
effectively improve the frequency and transient stabilities in the islanding condition, diminishing the
number of loads disconnected by the proposed under-frequency load shedding scheme.

Keywords: under frequency protection; active distribution network; distributed generation; virtual
inertia control; battery energy storage system

1. Introduction

Due to the economic expansion and environmental concerns in the last decade, the load
demand and implementation of renewable energy sources (RESs) and distributed gen-
erations (DGs) as the local generation in a distribution network have been increasing.
Therefore, the power system’s size has been dramatically increased to fulfill these re-
quirements and satisfactions of green-energy policies. The penetrations of a large-scale
and centralized power system associated with high RESs/DGs production are highly
variable and volatile and there have been issues with decreasing stability and reliability.
Therefore, to cope with the volatility of RESs/DGs and to improve the stability margin
of the power system in the past few years, a microgrid [1–7] and an active distribution
network (ADN) [8–10] have been proposed to make the power system network more active
and flexible by integrating RESs/DGs and some intelligent controls for RESs/DGs and
loads in the decentralized schemes. Nevertheless, the microgrid has focused mainly on
managing a small-scale distribution system and loads compared to a larger-scale ADN.
Recently, many independent small power producers have paid attention to employ more
RESs/DGs in the ADN. This is due to the fact that the ADN allows a broader regional
integration of miscellaneous DGs from a local grid to a large-scale grid utility. Moreover, an
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ADN can easily manage the demand response from the distribution system operators and
transmission system operators [11–13]. The related ADN research has been investigated
in various aspects [14–16]. The ADN can be used to achieve bidirectional power flow
from the main grid to DGs. However, the ADN must have the capability to maintain the
stability and the reliability for satisfying the grid code requirements under two possible
operation scenarios: grid-connected and islanding modes. In the grid-connected mode,
frequency is regulated by both the main grid and distribution network. In the islanding
mode, two possible occurrences consist of supplying and receiving power modes. For
supplying power to the main grid mode, the frequency of the ADN during the islanded
condition continuously increases. This issue can be solved by using the conventional
frequency droop controlled-DGs [17–19]. Nevertheless, the islanding condition due to
an unintentional fault during the receiving power mode remains a critical issue because
the frequency is suddenly decreased until it is lower than the frequency threshold of the
under-frequency (UF) relay. Then, a number of loads are disconnected from the distribution
network by the load shedding schemes [20–27]. Several load shedding schemes have been
presented as follows to improve the frequency stability of the ADN.

Under-frequency load shedding (UFLS) using the adaptive decentralized based on
the power line communication and a multi-agent system scheme for islanded smart dis-
tribution networks was proposed in [22]. Khamis et al. [23] proposed the load shedding
scheme and the islanding detection for the distribution systems with the DGs using the
phase-space technique and a probabilistic neural network-based classifier. Zhang and
Chen [24] presented the islanding and the scheduling techniques for a power regulation
mechanism of the distribution system integrated with the DGs. Issicaba et al. [25] proposed
a long-term impact evaluation procedure to demonstrate the advanced UFLS schemes on
distribution systems with an islanded DG operation, implementing a combined discrete-
continuous simulation model with a reliability assessment. Małkowski and Nieznański [26]
proposed an innovative algorithm based on the fuzzy logic method for the UFLS scheme.
Sarwar et al. [27] proposed the sustainable improvement of the islanded distribution sys-
tems using a mixed-integer linear programming based load shedding technique to provide
the optimal load shedding based on the priority of the loads. Although these UFLS tech-
niques can be implemented to improve the frequency stability of the distribution networks,
the load shedding from the ADN is able to cause the disconnection of loads, resulting in
blackout or brownout occurrences. Therefore, the frequency stability improvement under
the islanded condition plays an important role in being investigated to maintain the grid
frequency and reduce the load shedding. To compensate for the power to the islanded
distribution network, a battery energy storage system (BESS) has been introduced for
improving the frequency stability issues [28–30].

The BESS implementation on the ADN from low-voltage to medium-voltage appli-
cations has many advantages [10,31,32]. Therefore, researchers have been increasingly
interested in applying the frequency stability improvements using the BESS to the ADN
system. There have been several papers investigating the BESS’s performance for im-
proving the transient stability and reliability to provide the control scheme of the BESS.
Bahramipanah et al. [33] presented the decentralized adaptive model-based real-time grid
control (MBC) using the BESSs, providing the feasible voltage and the current profiles.
Zeraati et al. [34] proposed the cooperative control of the local droop and two consensus
algorithms for the voltage control of the ADN, considering the high photovoltaic (PV) pene-
trations. Hua et al. [35] presented the voltage and the frequency deviation reductions in the
distribution network, using the collaborative controlled-BESSs algorithm, which consisted
of the state-of-charge (SoC) control, the coordinated voltage, and the frequency regulation
algorithm. The proposed methods demonstrated the effectiveness of the supply-demand
balancing and the voltage regulation in the distribution networks with the penetration
of RESs/DGs. Nevertheless, the frequency stability during the islanded condition was
not completely presented and well described in the previous works. Moreover, with high
penetrations of RESs/DGs in the ADN, the net inertia of the distribution network is dra-
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matically decreased, resulting in instability and cascade-failures. To solve this problem,
a solution called a virtual inertia control (VIC) has been proposed to regulate the power
converter devices, especially in the BESS, to increase the inertia of the ADN [36].

The VIC schemes based on the different methods to control the BESS for improving
the frequency stability of the power system have been investigated as follows. The BESS
for frequency stability improvement using the enhanced control schemes with the VIC
was proposed in [37] to achieve two main tasks of the grid-connected and the islanding
modes that could solve the frequency support of the ADN. Nevertheless, the effects of
the VIC-BESS results on the rate-of-change of frequency (RoCoF) improvement were not
well described under various inertia constants. The primary and secondary control of
the BESS was proposed by using the novel bus signaling and the VIC in an islanded
microgrid [38]. The simulation results concluded that the coordinated control of the bus
signaling and the VIC could achieve autonomous coordinated performance and voltage
deviation improvement. The VIC-BESS in low inertia that was utilized in the two-area
power system to investigate the ADN with different inertia constants was presented in [39].
They showed the VIC performance to improve the RoCoF and the frequency stability
enhancement, but the systems and the BESS model were represented in the low-order
model, which could not demonstrate the actual characteristics of the frequency support of
the real system with a high penetration of the DG/RESs. Thus, the VIC can be applied to
cooperate with the other control strategies, both primary and secondary control strategies.
Furthermore, it can utilize an advanced control strategy to improve the VIC’s efficiency for
increasing the frequency stabilization performance in different methods. The application
of a model predictive control (MPC) for the VIC to enhance the frequency stability was
proposed in [40], considering a high penetration of the RESs. The frequency stability
improvement during the RESs’ uncertainties using the robust control scheme was also
proposed [41]. The transient stability analysis in an islanded microgrid with the virtual
synchronous generator (VSG) was investigated in [42], considering the unstable regions.
The VIC-based-coefficient diagram method (CDM) was proposed for a novel frequency
control of an islanded microgrid to support the low-inertia microgrid with the fluctuations
of RESs and the loads [43]. The enhanced derivative and the self-adaptive virtual inertia
controls were also introduced to improve stability under the high uncertainties in the
RESs [44,45]. However, the performance of the VIC to improve the UFLS scheme for the
ADN was not presented and well discussed. Moreover, the inverter-based-BESS models
used in these studies were simplified low-order models, which did not represent the actual
response of the practical VIC for enhancing the transient stability during the islanded
condition. The decentralized VIC of the BESS using high-order models in the islanded grid
was proposed and studied to improve the frequency stability considering different SoC
conditions [46]. The optimal VIC-BESS placement to demonstrate the frequency stability
enhancement aspect was proposed in [47], which was applied in the linear, the two-area,
and the New England power systems, considering the costs, SoC, and lifetime of the
BESS. The proposed optimal placement revealed the superior performance to improve
the stability, RoCoF, and less BESS capacity. Nevertheless, there is a variation in the
inertia due to the DGs/RESs existing in the practical ADN that was not considered in the
literature. The batteries have been proposed as energy storage system (ESS) for dynamic
frequency control to reduce the impact of inertia variability of an isolated power system [48].
New technologies for PV systems could be incorporated with BESS to have capabilities of
providing inertia.

Recently, in Thailand, emerging new independent DGs controlled by separate power
producers have brought about uncertainties in system parameters such as system inertia
and the time delay from protection relays. The UFLS scheme performs as system-wide pro-
tection to shed a pre-determined amount of loads when the frequency reaches a threshold
during a time delay. Due to such uncertainties, the integration of small-scale independent
DGs causes new issues in control and protection schemes. The under-frequency relay
with a rate-of-change of frequency (RoCoF) function has been introduced and set to detect
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islanding conditions. However, the variation of system parameters may cause the incorrect
tripping of independent DGs and further deterioration of the system frequency decline.

This paper presents the improvement of the UF protection of an ADN of the provin-
cial electricity authority (PEA) in Thailand. The virtual inertia-controlled-BESS has been
implemented under the islanding condition to enhance the frequency stability and to
reduce the number of loads shedding. The model of the VIC-controlled-BESS is proposed
based on the three-phase converter aligned in the direct and the quadrature axes reference
frame model. The simulation results consist of two case studies: normal control param-
eters and parameter uncertainties in the PEA-active distribution network (PEA-ADN).
These two case studies represent the ADN under normal and uncertain operations. The
simulation results are verified on DIgSILENT PowerFactory software to demonstrate the
performance of the proposed VIC-BESS and that the frequency stability of the PEA-ADN
is significantly improved, resulting in the reduction in the load shedding by the under-
frequency relay with a RoCoF function and satisfying the PEA-grid code requirement, in
comparison with a power-frequency (p/f) droop control scheme. The rest of this paper is
organized as follows. Section 2 describes the PEA-ADN configuration and demonstrates
the models of the ADN, the UFLS, and the BESS. Section 3 demonstrates the proposed
VIC-controlled-BESS. Section 4 provides the simulation results and discussions. Finally,
Section 5 provides conclusions.

2. The Studied Active Distribution Network Configuration

This section describes the detailed models of the studied ADN and is divided into
three subsections as follows.

2.1. The Active Distribution Network

Figure 1 shows a complete studied system, which is a PEA-ADN in Thailand. This
studied system consists of a 10 km 115 kV transmission line (L1) connecting between the
Electricity Generating Authority of Thailand (EGAT) substation and the PEA substation
to import and export electricity, two 115/22kV and 50 MVA transformers (TP1_TR and
TP2_TR) at the PEA substation, ten 22 kV feeders (five feeders for each transformer), a group
of DGs connected with the 22 kV distribution system through a 0.69/22 kV transformer
(DG_TR), the loads (TP1_F1–TP1_F5 and TP2_F1–TP2_F5), and a BESS connected through
a 0.4/115 kV transformer (BESS_TR).

Figure 1. The PEA-ADN Configuration.

A brief history of PEA-ADN’s evolution over the past decade has been addressed.
The conventional PEA distribution network structure is similar to the studied system,
except without a BESS and a proposed UFLS scheme. The conventional distribution
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network had a complicated issue, mainly when an unintentional single-line to ground
fault occurred on the 115 kV transmission line, resulting in an isolation of two substations
connected to the 22 kV distribution system. During the power outage, independent
DGs continued to supply power even though the grid power was no longer present.
The conventional UF relay without considering the RoCoF was employed to monitor the
system frequency at 22 kV busbars. The power imbalance within the 22 kV distribution
system may be caused by generation and load changes. The UFLS scheme was designed
based on the maximum power deficiency, leading to excessive load shedding. Due to
many small-scale independent DG’s operations, the actual system inertia and its variation
are uncertain. Moreover, when more independent DGs are involved in the distribution
network, the uncertainty effect becomes more considerable. It was difficult to tune the UFLS
scheme to obtain optimized settings for generation deficiencies, especially when the system
inertia is extremely low and the delay time from the protection relay is so large. Under this
scenario, the UF relay started to trip the feeder’s circuit breaker immediately to shed some
loads for five different levels of predetermined frequencies. When the 115 kV transmission
line system returned to supply the power normally, it was not possible to supply the power
to consumers because the circuit breaker was tripped and locked out on the occurrence of
a UF relay operation, resulting in on-site personnel resetting a lockout in an emergency.
However, this issue can be solved by upgrading the conventional distribution system to
an ADN. Moreover, the UFLS scheme should be modified appropriately to recognize the
islanding condition and cope with these uncertainties.

The configurations of the studied power system are obtained based on the actual
system and parameters. The dynamic equations of the DG and BESS are formulated.
The parameters of the DG, loads, lines, and transformers are summarized, as shown in the
Appendix A.

The mathematical models of the distributed synchronous generator (DSG) are im-
plemented in the dq-reference frame for use in the power system stability applications
presented by the Institute of Electrical and Electronics Engineers (IEEE) standards associa-
tion [49]. From the equivalent circuits in the dq-reference frame, the differential equations
of the round rotor synchronous generator can be obtained. Firstly, the stator voltage of the
DSG can be expressed as:

ud = −rsid − nψq +
1

ωn

dψd
dt

uq = −rsiq − nψd +
1

ωn

dψq
dt

u0 = −rsi0 + 1
ωn

dψ0
dt

(1)

The stator flux linkage in the dq-reference frame can be described as follows:

ψd = −(xl + xad)id + xadi f d + xadi1d
ψq = −

(
xl + xaq

)
iq + xaqi2q + xaqi1q

(2)

The rotor flux linkage in the dq-reference frame can be expressed as follows:

ψ f d = −xadid +
(

xad + xrld + x f d

)
i f d + (xad + xrld)i1d

ψ1d = −xadid + (xad + xrld)i f d + (xad + xrld + x1d)i1d

ψ1q = −xaqiq +
(

xaq + xrlq

)
i2q +

(
xaq + xrlq + x1q

)
i1q

ψ2q = −xaqiq +
(

xaq + xrlq + x2q

)
i2q +

(
xaq + xrlq

)
i1q

(3)

where ωn and n represent the nominal angular speed and the speed of the rotor, respectively.
Finally, the electrical torque can be computed by using the stator fluxes and currents as
expressed as:

Te =
iqψd − idψq

cos(θ)
(4)
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In the grid-connected mode, the frequency is regulated by the DG governor and
grid utility to remunerate the inertia power to the grid under the disturbances such as
short-circuits or load variations. The rotor speed change in the distributed synchronous
generator can be described as follows [50]:

dωDG
dt =

SDG
rated cos(θ)
JDGω2

0m
[Tm − Te]

Tm =
PDG

t
ωDG

(5)

To control the DSG under the grid-connected and islanded conditions, the modified
IEEE type DC1C and the IEEE type 1 models [51,52] are used to regulate the terminal
voltage and the rotor speed of the DG associated with the distribution network frequency.
As demonstrated in Figure 2, the terminal voltage is controlled by adjusting the excitation
voltage (E f d) to maintain the terminal voltage of the DG within the acceptable range
satisfying the grid code requirements in Thailand, which is 0.95–1.05 per unit of the voltage
at normal condition. For evaluating the proposed method to control the BESS under the
parameter uncertainties, the excitation model is modified by adding the first-order delay
transfer function to stimulate the transient response of the voltage measurement unit that is
not able to instantaneously obtain the measured voltage but slightly delay, where (Tr) is the
voltage measurement time constant. This model allows receiving the inputs derived from
the external power system stabilizer, the under-excitation limiter, and the over-excitation
limiter signals to compensate for the input variations to increase the stability margin in
the DG.

Figure 2. Modified IEEE type DC1C excitation system model.

For regulating the rotor speed associated with the grid frequency during the grid-
connected and the islanded modes, the modified IEEE type 1 model is used by adding the
lead-lag compensator, as illustrated in Figure 3. Moreover, the modified steam turbine
model also allows obtaining the simulation results in the case of parameter uncertainties,
causing instability during the islanded mode. The power deriving from the steam turbine
consists of the high and the low-pressure turbine powers. In this paper, high-pressure
turbine power is used to convert the mechanical power to electrical power.

Figure 3. Modified IEEE type 1 speed-governing steam turbine model.
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2.2. Effect of Effective Inertia on the UFLS

When the frequency change is higher than the threshold value, the UF relay must im-
mediately operate. Theoretically, the frequency change of each step is calculated as follows:

RoCoFn∆
d fn

dt
= (Pn)

f0

2SHe f f
(6)

where f0 is the nominal frequency;

S =
Ng

∑
i=1

Si is the net MVA of all generators;

He f f =
Ng

∑
i=1

HiSi
S is the effective inertia constant in MJ/MVA of all generators;

∆Pn =
Ng

∑
i=1

PGi −
NL
∑

i=1
PLi is the net accelerating or decelerating power for step n.

The settings of UFLS are chosen such that each step is disconnected when the frequency
reaches a threshold value as follows. The first step is disconnected when the frequency
reaches f1. In the subsequent step, the rate of change of frequency decline is calculated by
Equation (6). The pickup time of step n is calculated by Equation (7). The trip time of the
subsequent step is calculated by Equation (8). Then, the frequency setting of step n + 1 is
set to operate below the frequency calculated by Equation (9).

tpickup,n =
f0 − fn

RoCoFn
(7)

ttrip,n = tpickup,n + trelay + tbreaker (8)

fn+1 < f0 −
(

RoCoFn × ttrip,n
)

(9)

From Equation (9), it can be observed that after the tripping of step n load, there will
be a change in frequency decline. Therefore, the frequency setting of the subsequent step
is set to operate below this frequency value. In low inertia conditions, when the initial
RoCoF is very high, it will lead to the UF relay’s unnecessary triggering. In addition,
the participation of many independent DGs causes the variation in inertia. The resulting
frequency change may cause the mal-operation of the UF relay. The effect of VI is that it
reduces the sudden frequency change by increasing the effective inertia. Supposing the
effective inertia is generated from VI to provide large enough inertia to compensate for the
delay time from the protection relay and inertia variation, the risk of undesired energizing
of the protection relay of subsequent shedding steps can be reduced.

2.3. The Under-Frequency Load Shedding Model

To protect the under frequency occurrence in the ADN, the five step UFLS technique
using the under frequency relay with the rate-of-change of frequency (RoCoF) function
is proposed, as illustrated in Figure 4. The UFLS model consists of two different parts:
the analog and the digital signal processing parts. The electrical frequency is measured
by the phase-locked loop (PLL), receiving the three-phase input voltage signals from the
voltage transformers that are located at the target busbar. The obtained frequency is sent to
the frequency relay logic to compare with the setting value. The RoCoF function is used to
classify the fault level and to prevent the tripping occurrence when the temporary fault is
executed. The RoCoF value is calculated by the derivative function and also sent to the
RoCoF relay logic to evaluate with the setting value. The frequency and the RoCoF digital
signals are the inputs of the AND logic gate, and the output of the AND gate represents the
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tripping signal for each step of load shedding. For the nth step load shedding, the digital
output tripping signal of nth (sn) can be evaluated as:

sn =

{
1 fdn = 1 and fd f = 1

0 fdn or fd f = 0
(10)

where

fdn =

{
1 f PLL

e < fn
0 f PLL

e ≥ fn

fd f =

{
1 d f PLL

e /dt > RoCoFset
0 d f PLL

e /dt ≤ RoCoFset

(11)

Figure 4. The under-frequency load shedding (UFLS) with the rate-of-change of frequency (RoCoF)
function scheme.

From Equations (10) and (11), the UFLS of an individual step operates when the
measured frequency is less than the setting frequency, and its derivative is greater than
the RoCoF setting value of each step. If the measured frequency is less than the setting
frequency and its derivative is greater than the RoCoF setting value, then the relay will send
the tripping signal to the circuit breaker to shed the load. In the case of small disturbances,
the UFLS will not execute when the RoCoF is lower than the setting value, whereas the
frequency is less than the setting value.

To measure the frequency for the under frequency relay, the PLL shown in Figure 5
is used.

Figure 5. The frequency measurement using the phase-locked loop scheme.
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The PLL consists of a phase detector and a proportional-integral (PI) controller. The abc
voltage signals are measured at the busbar and used to calculate the positive sequence
voltage in the real and the imaginary parts, which can be expressed as follows: V0

V1
V2

 =
1
3

 1 1 1
1 a a2

1 a2 a

 Va
Vb
Vc

 (12)

V1 = V1r + jV1i (13)

Therefore, to obtain the measured frequency from the PLL, the deviation in the angular
speed from the PI-controller is expressed as:

∆ωPLL = [−V1r sin(ϕ) + V1i cos(ϕ)]

[
KPLL

p +
KPLL

i
s

]
(14)

Thus, the measured frequency in Hz can be computed by the following, where ωn is
the per unit nominal angular speed.

f PLL
e =

1
2π

(
ωn + ∆ωPLL

)
(15)

In this paper, the summarized tables of the frequency relay settings for the load
shedding scheme are shown in Tables 1 and 2, which are the load shedding schemes for
the TP1 and the TP2 substations, respectively. The frequency setting of each load is based
on the load’s priority sequence from the lowest to the highest priority of loads of the
substation, which are organized by the frequency relay from < f1 to < f5. Specifically
for the TP2 substation, the TP2_F2 is the last load to shed because the DG of the ADN is
located at the TP2_F2 feeder to supply the loads with a high priority, and the out of step
of the DG protection is also set to be 47.9 Hz. The frequency settings in Tables 1 and 2 are
defined by the EGAT and the PEA operational codes in Thailand. The RoCoF setting, which
is −0.8 Hz/s, is obtained by the simulation results under large disturbances at different
operating conditions. However, it is suggested that if the substation has the frequency
monitoring system, the RoCoF can be analyzed from the historical data.

Table 1. The setting values of the UFLS for the TP1 substation.

Frequency Relay Frequency Setting (Hz) > df
dt (Hz/s) Time Delay (ms) Load Shedding

< f1 49.0 −0.80 150 TP1_F1
< f2 48.8 −0.80 150 TP1_F2
< f3 48.6 −0.80 150 TP1_F3
< f4 48.3 −0.80 150 TP1_F4
< f5 47.9 −0.80 150 TP1_F5

Table 2. The setting values of the UFLS for the TP2 substation.

Frequency Relay Setting Frequency (Hz) > df
dt (Hz/s) Time Delay (ms) Load Shedding

< f1 49.0 −0.80 150 TP2_F1
< f2 48.8 −0.80 150 TP2_F3
< f3 48.6 −0.80 150 TP2_F4
< f4 48.3 −0.80 150 TP2_F5
< f5 47.9 −0.80 150 TP2_F2



Sustainability 2021, 13, 484 10 of 39

2.4. The BESS Mathematical Model

This section provides the mathematical model of the BESS, which encompasses the
DC battery and the three-phase voltage source converter models. In this study, the Lithium-
Iron-Phosphate (LiFePo4) battery model is utilized. The characteristics of the battery have
been presented in [53]. The equivalent circuit of the DC battery per cell is demonstrated in
Figure 6. The characteristics of the internal resistance and the internal voltage depend on the
state-of-charge (SoC) of the battery and the charging-discharging phenomena, which can
be determined by the look-up table derived from the experimental results.

Figure 6. The DC battery equivalent circuit.

Therefore, to calculate the Li-Ion’s battery cell voltage, the internal characteristic
functions of the voltage and the resistance can be determined as follows:

VDC
in (SoC) = VDC

maxSoC + VDC
min(1− SoC) (16)

RDC
in (SoC) =

{
Rch(SoC); Charging

Rdis(SoC); Discharging
(17)

The internal voltage of the DC battery can be interpolated as the linear equation in
(16). The internal resistance is determined by the look-up table that inversely depends on
the SoC. The cell voltage of the DC battery can be calculated by applying Kirchhoff’s law,
which can be expressed as:

VDC
cell =

{
VDC

in (SoC) + IDC
cell RDC

in ; Charging
VDC

in (SoC)− IDC
cell RDC

in ; Discharging
(18)

where the SoC can be determined by the deviation from the initial value of the SoC and
the integration of the function of DC cell current depending on the time, which can be
described by:

SoC = SoC0 −
1

Qbatt

t∫
0

IDC
cell (t)dt (19)

The SoC is regulated by the charging controller. The battery is empty if SoC < SoCmin,
and the charging will be initiated when the direct-axis reference current signal of the
three-phase voltage source converter is less than or equal to 0 (ire f

d ≤ 0), as long as
SoC = (SoCmax + SoCmin)/2. The battery cells are connected to be a module in series and
parallel with each cell to increase the voltage, the current, and the battery capacity to link
with the three-phase voltage source converter. The battery module is connected with the
three-phase voltage source converter to transform the DC to AC voltages and currents.

The BESS connected with the ADN application is a challenge when the ADN encom-
passes the grid-connected and the islanded modes. In the normal operation associated
with the grid-connected mode, the DG is regulated in the active and reactive power (PQ)
mode. The DG supplies the constant powers to the grid, whereas the voltage-frequency
(VF) control is performed by the grid utility to support the frequency stability margin and
maintain the grid voltage. On the other hand, the islanded mode represents the ADN
detachment without the grid utility to control the voltage and the frequency. The DG is still
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being controlled in the PQ mode because the DG generation policy is defined by the stake-
holder to supply the active power at the maximum rate of the capacity for maximizing the
benefits. Moreover, there are two feasible situations in the ADN during the islanded mode,
including the over frequency and under frequency circumstances. In the over frequency
occurrence, the DG instantly reduces the active power supply to the load for deaccelerating
the angular speed of the DG associated with the electrical frequency using the primary
droop control to control the DG governor. Nevertheless, in the under frequency occurrence,
the DG cannot generate power over the rated capacity. Therefore, there are two control
modes in the BESS, which comprise the PQ and the VF modes to control the BESS [54,55].

For the grid-connected mode and the normal condition in the ADN, the BESS will not
either supply or receive (discharging/charging) the power between the grid, unless the
SoC is less than the charging SoC setting. Normally, the references of the active and the
reactive powers are assumed to be P = 0 and Q = 0 per unit for the PQ mode of the BESS,
representing not being charging or discharging. The PQ and the VF modes are being carried
out by the DG and the grid utility, respectively. In contrast to the grid-connected mode of
the BESS, the VF mode is executed when the ADN is isolated or in a contingency mode, to
compensate for the voltage and the frequency support to the grid instead of the main utility.
Thus, the BESS must maintain both the PQ and the VF modes in the ADN, separating
the control scheme and the configurations for each mode and supporting the powers,
frequency, and voltage in unintentional phenomena. For controlling the BESS as discussed
above, Figure 7 is used to describe the BESS configuration in the ADN, which consists of
the DC battery model, three-phase voltage source converter (VSC), and the VSC controllers
with the proposed VIC-based dq-controlled model.

Figure 7. The BESS control strategy for the active distribution network (ADN).
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The switching devices of the two-level VSCs are controlled by using the pulse width
modulation (PWM) method. The VSC-controllers comprise the PQ control, the VF control,
and the dq-current control. For the grid-connected and the islanding mode’s controls to
maintain the power, the frequency, and the voltage, the PQ and the VF are regulated by
adjusting the dq-reference frame currents with the different control loops, which can be
described by the following equations:

ire f
d =

 iPQ
d =

[
1

1+sTpr

][
Kp +

1
sTpi

][
Pre f

BESS − PBESS

]
; PQ-mode

iVF
d =

[
Kp +

1
sTpi

][
f re f
e − fe

]
; VF-mode

(20)

ire f
q =

 iPQ
q =

[
1

1+sTqr

][
Kq +

1
sTqi

][
QBESS −Qre f

BESS

]
; PQ-mode

iVF
q =

[
Kq +

1
sTqi

][
Vre f

t −Vt

]
; VF-mode

(21)

where the active and the reactive powers of the BESS are calculated by the voltages and
currents in the PQ calculation block. The terminal voltage per unit of the BESS is computed
from the abc-instantaneous voltage. The electrical frequency at the AC bus system is
measured by the PLL, as described in Figure 5. After achieving the dq-reference currents
for each of the PQ and VF modes, the output dq-currents of the BESS are controlled using
the current controllers to adapt the dq-modulation indices that demonstrate as the input
signals of the PWM generator, as described by the following:

Md = Kd

[
1 + 1

sTd

][
ire f
d − id + ∆iVIC

d

]
Mq = Kq

[
1 + 1

sTq

][
ire f
q − iq

] (22)

The dq-modulation indices are the input signals of the PWM generator to determine
the abc-modulation indices and to obtain the insulated-gate bipolar transistors (IGBTs)
switching signals, providing the AC voltage, the current, and the powers.

3. The Proposed Virtual Inertia-Controlled-BESS

As described in Section 2.4, the BESS configuration and the mathematical models for
the ADN are presented to control the three-phase VSC. Hence, this section provides the
proposed VIC to control the BESS oriented in the dq-reference frame by implementing the
concept of the virtual inertia topology. From the previous literature, the VIC perception
was to emulate the inertia as the conventional rotating machine inertia to compensate
for the damping and the stability margin due to an augmentation of the RESs/DGs and
the uncertainty and the complexity in the loads. The VIC encompasses the fast response
power electronic converter associated with the low-inertia constant, producing the inertia
power to the power system by the BESS. Therefore, with the VIC control topology, modern
grids have allowed the high penetration of the RESs/DGs installations, and the frequency
stability has been improved with a superior performance [36,40,56–61]. The conventional
virtual inertia control was based on the swing equation of the synchronous machine that
the virtual inertia power produced by the VIC can be described as:

∆PVI = JVI∆ fe

(
s

1 + sTVI

)
(23)

From Equation (23), the input and the output of the conventional VIC are the frequency
and the inertia power deviation, respectively. With the conventional VIC topology, it can
be concluded that the conventional VIC provides the inertia power as the BESS by only
controlling the frequency, and it also consists of the low-order model to demonstrate the
BESS behaviors. Nevertheless, for the practical BESS control application for both the PQ
and the VF modes on the ADN, the practical BESS model consists of a high-order model of
the DC battery model to provide the characteristics and the three-phase VSC to control in



Sustainability 2021, 13, 484 13 of 39

the dq-reference frame, illustrating the actual characteristics of the BESS response for the
frequency stability and the protection scheme improvements in the practical grid. Therefore,
in this paper, the VIC in dq-orientation controlled-BESS is proposed for remunerating the
inertia power. To apply the dq-reference frame controls, first, the BESS apparent power is
determined by the following:

∆SBESS =
→
V t∆

→
I
∗
BESS

∆PVI = ∆PBESS = Re
{→

V t∆
→
I
∗
BESS

} (24)

where the BESS terminal voltage is the phasor voltage component
→
V t = Vtr + jVti. The

phasor voltage of the BESS can be obtained by the three-phase VSC that the voltage depends
on the dq-modulation indices and the DC battery voltage. Therefore, the phasor voltages
of the BESS can be expressed as:

Vtr = K0
[
Md cos(ϕ)−Mq sin(ϕ)

]
VDC

batt(SoC)
Vti = K0

[
Md sin(ϕ) + Mq cos(ϕ)

]
VDC

batt(SoC)
(25)

∆iVIC
d = JVI∆ fe

(
s

1 + sTVI

)
(26)

where K0 =
√

3/2
√

2 for the sinusoidal modulation scheme. Therefore, according to
Equations (22)–(26), it can be concluded that the proposed VIC-BESS controlled in the
dq-reference frame can regulate the inertia and the power through the inertia current
deviation of the direct-axis current control, as demonstrated in Figure 8. The virtual inertia
power of the BESS with the three-phase VSC can be adjusted by the real-part of the voltage,
which depends on the modulation index in the d-axis (22). For this reason, the proposed
method to control the three-phase VSC can control the BESS to compensate for the inertia
power, emulating the virtual inertia for the ADN. Moreover, the proposed VIC-controlled
BESS allows operating at both the grid-connected and the islanding modes of the ADN.

Figure 8. The proposed virtual inertia control–battery energy storage system (VIC-BESS) strategy.

4. Simulations Results and Discussions

Simulation results are carried out on DIgSILENT PowerFactory software. To verify the
effectiveness of the proposed method, the proposed VIC-BESS is evaluated in two case stud-
ies: the normal parameters and the parameter uncertainties. Two case studies represent the
operations of an ADN under various circumstances. The constructed studied power system
model is used to validate the performances of the proposed method, in comparison with the
conventional p/f droop control strategy for the BESS. The conventional p/f droop control
is one of the most exceptional control strategies for the BESS application to improve the
frequency stability of the islanded grid [62,63]. Figure 9 shows the conventional p/f droop
control strategy for the BESS to regulate the BESS power injection/absorption with the grid,
depending on the SoC constraints of the battery and the setting characteristics. The p/f
droop allows the BESS to supply the power to the grid by setting the reference power of
the BESS when the frequency is below f lo

e and the initial SoC is greater than SoCmin. On the
other hand, the BESS receives the power from the active distribution grid representing
the charging process when the frequency of the grid is greater than f up

e and the SoC is
not more than SoCmax. Thus, the p/f droop control operations for charging/discharging
depend on whether the SoC constraint is within the setting ranges, where the reference
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power of the p/f droop BESS is Pre f _min
BESS ≤ Pre f

BESS ≤ Pre f _max
BESS . The BESS power derived

from the p/f droop control relies on the droop percentage constant characteristic (Rdroop).
In this study, to compare the under frequency protection scheme and the frequency stability
performances with the proposed VIC-BESS method, the frequency dead-band of the p/f
droop control is therefore assumed to be a negligible value for achieving the seamless
operation and the instantaneous action in the BESS under the contingency occurrence.
For this reason, to define the dead-band of the p/f control, the upper-frequency and the
lower-frequency that allow the p/f droop for the charging and the discharging modes are
assumed to be zero ( f lo

e = f up
e = 0 Hz). In this study, the control parameters, including

the time and the gain constants of the DG excitation system, the DG governor, the VF
controllers, the PQ controllers, the current controllers, the p/f droop, and the proposed
VIC-BESS, are designed based on the eigenvalue sensitivity and the eigenvalue tracing
associated with the controllability and the participation factors as proposed in [64–66],
which are verified by the modal analysis toolbox in DIgSILENT PowerFactory software
for validating the controllers’ gains and the time constants participated with the ADN
parameters, where JVI = 8, and TVI = 6.5 s.

Figure 9. The conventional p/f droop control schematic for the BESS.

The parameters of each case study are summarized in Table 3.

Table 3. A summary of the parameters of the controllers and the loads for the case studies.

Parameters Normal (Case 1) Parameter Uncertainties (Case 2)

Tr 0.02 s 0.03 s (+50%)
Ta 0.03 s 0.04 s (+33.33%)
Ka 200 150 (−25%)
Kg 5 3 (−40%)
T1 0.2 s 0.3 s (+50%)
T2 1.0 s 1.2 s (+20%)
T3 0.6 s 0.8 s (+33.33%)
Tpr 0.01 s 0.02 s (+50%)
Tpi 0.025 s 0.03 s (+20%)
Kp 5 4 (−20%)
Kq 0.7 0.6 (−14.3%)

Table 3 shows the control parameters of the DG excitation, the DG governor, the VF
controllers, the PQ controllers, and the load feeder variations. In the normal case scenario,
the parameters are designed as described above to provide the stability margin of the ADN.
To determine the performances of the proposed VIC-BESS under the uncertainties in the
control parameters and the load feeder’s diversities, the controller’s gain constants are
reduced to decrease the damping ratio of the dominated oscillation mode in the ADN.
The time constants for the parameter uncertainties case study are increased to demonstrate
the transient time constant of the measurements and the controllers, to reduce the stability
margin of the ADN, and to express the uncertainties in the system’s inertia. Moreover,
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with the BESS operation under two feasible conditions, the islanding and the grid-connected
scenarios are executed at 1 and 5 s, respectively.

Furthermore, to reveal the VIC-BESS performance to achieve the frequency stability
and the UF protection scheme for the normal and the parameter uncertainty cases, the light-
load and the heavy-load sub-scenario are carried out for presenting the load variation based
on the actual load profiles that are derived from the PEA-ADN, as summarized in Table 4.

Table 4. A summary of the load feeders for each scenario.

Load Feeders Light Load Heavy Load

TP1_F1 0.9 MW 1.52 MW
TP1_F2 0.9 MW 1.52 MW
TP1_F3 0.9 MW 1.52 MW
TP1_F4 0.9 MW 1.52 MW
TP1_F5 0.9 MW 1.52 MW
TP2_F1 1.01 MW 1.192 MW
TP2_F21 0.337 MW 0.3973 MW
TP2_F22 0.337 MW 0.3973 MW
TP2_F23 0.337 MW 0.3973 MW
TP2_F3 1.01 MW 1.192 MW
TP2_F4 1.01 MW 1.192 MW
TP2_F5 1.01 MW 1.192 MW

For representing the inertia uncertainties in the ADN due to the DG variations, the sim-
ulation results based on the various effective inertias are also carried out to verify the
proposed VIC-BESS performance.

4.1. Case 1: Normal Control Parameters Scenario

In this case, the normal control parameters are carried out to reveal the proposed
VIC-BESS performance, in comparison with the p/f droop-BESS and the without BESS
under the light- and heavy-loads sub scenarios and the different effective inertias of the
ADN, as demonstrated by the following.

A. Light-load

For the light-load profile of the PEA-AND achievement, the effective inertia variations
represent the number of the DGs existing in the system, which is one of the system’s
uncertainties. The response of the UFLS to shed the load during the islanded condition
will be different under the various effective inertias. In this paper, the PEA-ADN’s effective
inertia based on the number of DGs existing is selected to provide the simulation results
of the proposed method’s UF protection improvement compared to the p/f droop and
without the BESS.

- Light-load sub-scenario with He f f = 3 s

To evaluate the UF protection scheme and the frequency stability improvements,
the simulation results are carried out under the islanding and the grid-connected conditions,
in comparison with the proposed VIC-BESS method, the p/f droop control, and without the
BESS. Firstly, for the UF performance assessment, the electrical frequency of the light-load
PEA-ADN with He f f = 3 s is plotted, as illustrated in Figure 10.
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Figure 10. The frequency for the normal case with light-load and He f f = 3 s.

In the islanding mode, it can be seen that the load feeders in the ADN without
BESS are sequentially disconnected, including TP1_F1, TP2_F1, TP1_F2, TP2_F3, TP1_F3,
and TP2_F4 feeders at 1.352, 1.352, 1.376, 1.376, 1.500, and 1.500 s, respectively. In the
islanding condition for the case without BESS, it can be concluded that six load feeders
are being disconnected from the ADN by the UFLS, causing a widespread blackout and
decreasing reliability. After the load feeders are discounted from the ADN, the over-
frequency phenomenon occurs in the ADN because of the UFLS failure caused by the delay
time and the high RoCoF. Therefore, without the BESS, a large number of load feeders are
detached from the ADN, resulting in the over-frequency. On the other hand, the ADN
with the p/f droop controlled-BESS strategy contributes to better performance in reducing
the load feeders’ shedding due to the UF protection scheme. There are two load feeder
detachments, which are TP1_F1 and TP2_F1 at 1.352 s. Compared with the p/f droop
control operation, the proposed VIC-BESS shows the best performance associated with the
feeder detachment and the frequency stability enhancement. The no-load feeder being shed
under the islanding condition frequency stability is improved with superior performance.

Moreover, the frequency stability performances are also discussed by the following.
Without the BESS in the islanding condition, the frequency nadir is 47.52 Hz, which is
less than the minimum acceptable frequency of the PEA, meaning that the DG cannot
supply the load for the normal operation to satisfy the operational grid code requirement.
Therefore, without the BESS, the ADN cannot achieve the PEA grid code requirement
and this does not allow the ADN to connect with the EGAT utility. For the p/f droop
control and the proposed VIC-BESS methods, the frequency nadirs are 48.31 and 49.46 Hz,
respectively. Furthermore, the RoCoF during the islanding occurrence is also enhanced
from −6.74 Hz/s (without BESS) to −4.76 and −3.28 Hz/s in the cases of the p/f droop
control and the proposed VIC-BESS methods, respectively. Therefore, with the BESS,
the UFLS and the frequency stability are enhanced to operate with the ADN, demonstrating
superior performance, especially for the proposed VIC-BESS method. Without the BESS,
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the maximum frequency value during the islanded event raises to be 56.64 Hz, which is
greater than the maximum acceptable frequency of the operational grid code. Therefore,
without the BESS, the DG is forced to be disconnected by the protection scheme to prevent
the over frequency phenomena, resulting in widespread blackouts and failures.

For the intentional grid-connected occurrence assumed at 5 s to illustrate the grid
reconnection after the islanding restoration, the frequency stability performances are also
obtained, as demonstrated in Figure 10. For solving the frequency transient issue, the p/f
droop and the proposed VIC-BESS can reduce the frequency peak to be 51.77 and 51.15 Hz,
respectively. Furthermore, the frequency deviations are decreased for the p/f droop and
the proposed VIC cases. Therefore, from the simulation results during the grid-connected
occurrence, the proposed VIC-BESS strategy also affords the best performance of the
frequency stability improvement compared to the p/f droop control method in both the
islanding and the grid-connected circumstances.

The proposed VIC-BESS control strategy for the ADN does not only improve the UF
protection scheme and the frequency stability of the ADN, but also contributes to the DG
oscillation performance under the islanding and the grid-connected conditions because of
the virtual inertia compensation. In the islanding phenomena, the terminal voltage and the
active power of the DG are plotted, as demonstrated in Figure 11.

Figure 11. Distributed generation (DG) parameters with islanding condition for case 1 with light-load
and He f f = 3 s.: (a) Terminal voltage; (b) Active power.

The nominal voltage of the DG before the islanding condition is 1.0086 pu. It can
be seen that without the BESS, the largest DG voltage sag occurs during the islanding
condition, which is 0.9555 pu. The terminal voltage of the DG is improved to be 0.9800
and 0.9708 pu, by the proposed VIC-BESS and the p/f droop control strategy, respectively.
For the active power of the DG associated with the islanding condition, it can be con-
cluded that the proposed method allows a reduction in the transient of the DG active
power from 3.13 MW to 3.00 MW, respectively. Moreover, the DG active power with the
proposed VIC-BESS can be restored to its nominal value, which is 6.70 MW, as illustrated
in Figure 11b. The result shows smoothing the DG power generation, in comparison to
without the BESS and with p/f droop control. The new steady-state active powers are 4.21
and 7.20 MW, respectively.

Furthermore, considering the grid-connected incidence, the terminal voltage and the
active power of the DG are illustrated in Figure 12.
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Figure 12. DG parameters with the grid-connected condition for case 1 with light-load and He f f = 3 s.:
(a) Terminal voltage; (b) Active power.

It can be seen that when the PEA-ADN is reconnected to the EGAT utility, the voltage
instantly decreases from 1.0085 to 0.2100 pu for the p/f droop control. The proposed VIC-
BESS strategy can improve both the transients and the deviations of the voltage and the
active power of the DG during the grid-connected occurrence. The voltage and the active
power of the DG return to their steady-state values, being faster than the p/f droop control
and without the BESS. From the normal parameter case study under the islanding and the
grid-connected modes, the proposed VIC-BESS method can improve the under frequency
protection scheme and the frequency stability, satisfying the grid-code requirement of the
PEA in comparison with the p/f droop control scheme and decreasing the widespread
blackout due to the under frequency protection.

- Light-load sub-scenario with He f f = 2 s

Unlike the previous case that provides the UF performance enhancement with He f f = 3 s,
the simulation results with the reduced effective inertia, which depends on the number of
DGs and the DG’s inertia located in the ADN, are also simulated under the islanding and
the grid-connected conditions, in comparison with the proposed VIC-BESS method, the p/f
droop control, and without the BESS. The electrical frequency of the ADN under the light
load with the reduced effective inertia is plotted as illustrated in Figure 13. The load feed-
ers in the ADN without BESS are sequentially detached from the grid, including TP1_F1,
TP2_F1, TP1_F2, TP2_F3, TP1_F3, and TP2_F4 feeders at 1.324, 1.352, 1.348, 1.348, 1.371,
and 1.371 s, respectively. Therefore, for the light load with the reduced inertia, it can be
concluded that the six load feeders are disconnected, being faster than the light load with
He f f = 3 s.

From these results, the reduced effective inertia results in the RoCoF value, which be-
comes more negative than the high inertia, decreasing the frequency nadir, and providing
the fast operation of the UFLS. On the other hand, only two load feeders are shedding
for the p/f droop controlled-BESS case, consisting of the TP1_F1 and TP2_F1 load feeders
at 1.366 s. For the p/f droop-controlled-BESS, it can be demonstrated that the BESS can
help the UFLS operation under the reduced inertia. With the VIC-BESS performance to
improve the UFLS scheme, it shows the best achievement compared to the p/f droop
controlled-BESS and without BESS. There is no load shedding, which results in provid-
ing better reliability in the ADN during the islanding condition. In terms of the stability
enhancement under the islanding condition, the frequency nadir without the BESS is
47.33 Hz, which is less than the minimum acceptable value of the PEA-ADN operational
grid code. Thus, the DG would be disconnected from the grid due to the pole slip incidence.
To tincrease the frequency nadir of the ADN during the islanding condition, the p/f droop



Sustainability 2021, 13, 484 19 of 39

and the proposed VIC-BESS can improve the nadir to be 48.17 and 49.48 Hz, respectively.
The RoCoF is also improved from −7.48 Hz/s without the BESS to −4.87 and −3.45 Hz/s
in the cases of the p/f droop control and the proposed VIC-BESS methods, respectively.
The summarized performance corresponding with the frequency nadir, the RoCoF, and the
number of the load shedding of each circumstance during the islanding condition for the
normal parameter case is demonstrated in Table 5. The proposed VIC-BESS method also
enhances the frequency of transient stability under the intentional grid-connected condi-
tion, as demonstrated in Figure 13. The PEA-ADN without the BESS is stable when the
grid-connected is executed at 5 s. However, the frequency before the grid resynchronization
represents the over-frequency occurrence; then, the DG would be detached from the grid
due to the out of step protection relay, resulting in widespread blackouts and failures.

Figure 13. The frequency for the normal case with light-load and He f f = 2 s.

Table 5. The comparisons of the performances for the normal case with the light-load sub-scenario.

Method
Frequency Nadir (Hz) RoCoF (Hz/s) Numbers of Load

Feeder Shedding

Heff = 3 s Heff = 2 s Heff = 3 s Heff = 2 s Heff = 3 s Heff = 2 s

With VIC-BESS 49.46 49.48 −3.28 −3.45 0 0
With p/f

droop-BESS 48.31 48.17 −4.76 −4.87 2 2

Without BESS 47.52 47.33 −6.74 −7.48 6 6

On the other hand, the VIC-BESS also contributes to the DG voltage and power oscil-
lation improvement during the islanding event, as demonstrated in Figure 14, due to the
virtual inertia compensation. The terminal voltage of the DG before the islanding occur-
rence is 1.010 pu. The voltage is suddenly dropped to 0.929, 0.951, and 0.964 pu for without
BESS, with the p/f droop, and with VIC-BESS, respectively. For this reason, the proposed
VIC-BESS can improve the voltage drop during the islanding condition and the reduced ef-
fective inertia occurrences. The proposed method also allows smoothing power fluctuation
of the DG during the islanding incidence, as demonstrated in Figure 14b. The DG’s power
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can be restored to its steady-state value when the proposed VIC-BESS is utilized compared
to the p/f droop and without the BESS under the effective inertia uncertainty.

Figure 14. DG parameters with islanding condition for case 1 with light-load and He f f = 2 s.:
(a) Terminal voltage; (b) Active power.

The DG’ voltage and power under the grid-connected mode are also plotted in Figure 15.
It can be seen that the proposed VIC-BESS can increase the voltage drop to 0.844 pu and
shows superior performance in comparison with the p/f droop and without BESS meth-
ods. The DG power fluctuation with the proposed method is also stable when the grid is
resynchronized. From the simulation results of the normal case with the light-load and the
effective inertia uncertainties, it can be concluded that the proposed method can achieve
the UFLS and the frequency stability improvement, increasing the frequency nadirs and
the RoCoF, reducing the load shedding, allowing the DG’ connection with the PEA-ADN,
and satisfying the operational grid code requirement.

Figure 15. DG parameters with the grid-connected condition for case 1 with light-load and He f f = 2 s.:
(a) Terminal voltage; (b) Active power.

B. Heavy-load

In this sub-scenario, the heavy-load in the PEA-ADN with various effective inertias is
presented to describe more details of the proposed VIC-BESS compared to the p/f droop
and without BESS methods performance, revealing the effects of the loads and the effective
inertia on the UFLS and the frequency stability improvements.
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- Heavy-load sub-scenario with He f f = 3 s

For evaluating the UFLS and the frequency stability of the PEA-ADN with the heavy-
load and 3 seconds of the effective inertia, therefore, the frequency during the islanding and
the grid-connected are simulated as demonstrated in Figure 16, comparing the proposed
VIC, the p/f droop, and without the BESS. In the islanding occurrence, the load feeders
in the ADN without the BESS are sequentially detached from the main grid, including
TP1_F1, TP2_F1, TP1_F2, and TP2_F3, and the rest of the loads at 1.272, 1.272, 1.278, 1.278,
and 1.467 s, respectively. Thus, all load feeders are disconnected from the PEA-ADN due
to the failure step of the UFLS with the PEA default relay setting and the delay times,
resulting in a widespread blackout. After the load shedding by the UFLS without the BESS,
over-frequency occurs due to the failure of the UFLS scheme. Moreover, the load feeders in
the heavy-load sub-scenario are disconnected by the UFLS faster than the light load case
with He f f = 3 s. For the p/f droop-BESS utilization, the load feeder shedding is reduced,
including the TP1_F1, TP2_F1, TP1_F2, and TP2_F3 at 1.282, 1.282, 1.293, and 1.293 s,
respectively, providing the results better than without the BESS. With the proposed VIC-
BESS performance, only two load feeders are disconnected by the UFLS at 1.332 s, which
are the TP1_F1 and TP2_F1 load feeders, resulting in load feeder shedding reduction and
UFLS improvement. The UFLS can normally operate with the default relay setting with
the proposed VIC-BESS method, which provides superior performance.

Figure 16. The frequency for the normal case with heavy-load and He f f = 3 s.

The frequency stability performances are also evaluated in comparison among the
methods. The proposed VIC-BESS method can increase the frequency nadirs of the ADN
from the p/f droop and without the BESS, which are 47.38 and 45.92 Hz, respectively,
to 48.33 Hz, providing the frequency transient stability improvement with effectiveness
under the islanding incidence. The RoCoF without the BESS during the islanding is
−11.83 Hz/s, and the absolute value is greater than the light-load case. The p/f droop and
the VIC-BESS methods can improve the RoCoF during the islanding mode to be −8.99
and −4.95 Hz/s, respectively. In the grid-connected occurrence, the frequencies of the
p/f droop and the VIC-BESS methods are stable, allowing the DG to be connected with
the PEA-ADN. Nevertheless, as demonstrated in Figure 16, over-frequency occurs after
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all load feeders are disconnected from the grid. Thus, without the BESS, the DG cannot
remain connected with the ADN due to the out of step relay operation associated with the
generator’s pole slip. Furthermore, the failure of the UFLS during the islanding due to the
unintentional fault results in shutting down the power plant.

The DG’s voltage and power under the islanding occurrence are also demonstrated
in Figure 17. As the same result with the previous case, the proposed VIC-BESS shows
the best performance to improve the voltage sag to 0.944 pu. The transient of DG’s power
during the islanding is also reduced, as demonstrated in Figure 17b in comparison among
the methods. The DG’s power without the BESS is decreased to 0.54 MW due to the load
feeders’ detachment, resulting in the stakeholder’s profits issue. For solving this problem
by the VIC-BESS, the DG’s power can return to its steady-state value that the DG can
normally operate at during the islanding condition.

Figure 17. DG parameters with islanding condition for case 1 with heavy-load and He f f = 3 s.:
(a) Terminal voltage; (b) Active power.

The DG’s voltage and power during the grid-connected phenomena are plotted,
as demonstrated in Figure 18a,b, respectively. As a result, the ADN without the BESS cannot
remain connected with the grid due to oscillations and pole slip before the grid-connected
incidence. For performance comparisons between the p/f droop and the VIC-BESS, it can
be seen that the transients of the voltage and the power of the VIC-BESS method are greater
than the p/f droop. However, the VIC-BESS provides the stable frequency operation and it
can be restored to its steady-state values after the grid-connected occurrence.

Figure 18. DG parameters with the grid-connected for case 1 with heavy-load and He f f = 3 s:
(a) Terminal voltage; (b) Active power.
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- Heavy-load sub-scenario with He f f = 2 s

The frequency of the PEA-ADN for the normal control case with the heavy-load
and the reduced effective inertia is demonstrated in Figure 19 under the islanding and
the grid-connected conditions. All load feeders are disconnected from the ADN system
without the BESS, including TP1_F1, TP2_F1, TP1_F2, and TP2_F3, and the rest of the
loads at 1.262, 1.262, 1.268, 1.268, and 1.457 s, respectively, which are detached being
faster than the previous case because of the reduced effective inertia and the UFLS scheme
failure, resulting in the over-frequency occurrence. For solving this problem with the
BESS, there are four load feeder sheddings, which are less than without the BESS, for the
p/f droop-controlled BESS utilization, including TP1_F1, TP2_F1, TP1_F2, and TP2_F3 at
1.303, 1.303, 1.313, and 1.313 s, respectively. On the other hand, the proposed VIC-BESS
shows the best performance to improve the UFLS scheme, reducing the load shedding and
the frequency nadir under the islanding mode. Moreover, the proposed VIC-BESS also
provides superior performance under the grid-connected mode, in comparison with the
p/f droop and without the BESS.

Figure 19. The frequency for the normal case with heavy-load and He f f = 2 s.

As illustrated in Figure 20, the DG voltage sag is reduced when the proposed method
is applied to the PEA-ADN from 0.844 pu to 0.908 pu during the islanding mode. The pro-
posed method also allows the DG to supply the full capacity in the islanding condition,
which is demonstrated in Figure 20b. The DG cannot remain connected to the grid with-
out the BESS after the load shedding phenomena because of the out-of-step protection
relay even in the grid-connected mode, as demonstrated in Figure 21. Therefore, from the
simulation results for this sub-scenario, it can be concluded that the proposed method
shows the best way to improve the UFLS scheme and the frequency stability of both the
islanding and the grid-connected incidences. The frequency nadirs, the RoCoFs, and the
load feeder shedding are summarized in Table 6, comparing the methods with the various
effective inertias.
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Figure 20. DG parameters with islanding condition for case 1 with heavy-load and He f f = 2 s:
(a) Terminal voltage; (b) Active power.

Figure 21. DG parameters with the grid-connected for case 1 with heavy-load and He f f = 2 s:
(a) Terminal voltage; (b) Active power.

Table 6. The comparisons of the performances for case 1 with the heavy-load sub-scenario.

Method
Frequency Nadir (Hz) RoCoF (Hz/s) Numbers of Load

Feeder Shedding

Heff = 3 s Heff = 2 s Heff = 3 s Heff = 2 s Heff = 3 s Heff = 2 s

With VIC-BESS 48.33 48.39 −4.95 −5.24 2 2
With p/f

droop-BESS 47.38 47.24 −8.99 −9.21 4 4

Without BESS 45.92 45.88 −11.83 −12.28 All All

4.2. Case 2: Parameter Uncertainties

In this case, the parameter uncertainties are carried out to reveal the proposed VIC-
BESS performance due to the control parameters’ uncertainties, as described in the earlier
session, in comparison with the p/f droop-BESS and the without BESS under the light- and
heavy-loads sub scenarios and the different effective inertias of the ADN, as demonstrated
by the following.
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A. Light-load

This case provides the light-load scenarios with the different effective inertias in the
PEA-ADN system, including the He f f = 3 s and He f f = 2 s.

- Light-load sub-scenario with He f f = 3 s

This case demonstrates the uncertainties of the controllers’ parameters comprising the
DG and the BESS controls to emulate the low-damping of the grid due to the variations
in the parameters and to verify the proposed VIC-BESS robustness and effectiveness.
As described in Section 4, the controller’s gain constants of the DG and the BESS are
decreased to reduce the system’s inertia. Furthermore, to characterize the measurements
and the delay of the controllers, the time constants of the DG and the BESS are increased,
resulting in the lag time of the controllers’ transient responses. The controllers’ parameters
in this case study are carried out by the eigenvalue sensitivity and the trade-off between
the controllability and the participation factor methods. After that, the simulation results
with the parameter uncertainties are performed under the islanding and the PEA-ADN’s
grid-connected modes.

The result of the UFLS scheme improvement is obtained as illustrated in Figure 22,
including the with VIC-BESS, with p/f droop control, and without BESS strategies. For the
unintentional islanding occurrence at 1.0 s, it can be seen that the frequency of the grid
is rapidly decreased for the case without BESS. All load feeders are disconnected by the
UFLS scheme, resulting in the over-frequency phenomena after the load shedding during
the islanding mode. The TP1_F1 and TP2_F1 and the rest of the load feeders are tripped
at 1.332, 1.332, and 1.518 s, respectively, causing the boundless blackout. In comparison
with the normal case with the light-load at He f f = 3 s, therefore, it can be concluded that
the parameter uncertainties that occurred in the PEA-ADN system can affect the UFLS
scheme and the setting. For the p/f droop control scenario, the TP1_F1 and the TP2_F1
are detached during the islanding mode at 1.362 s, resulting in a reduction in the load
feeder’s blackout compared to the case without BESS. On the other hand, with the proposed
VIC-BESS strategy, the UFLS protection is enhanced with superior performance because of
no-load feeder shedding due to the islanding, improving the frequency stability associated
with the frequency nadir and its rate of change. Therefore, it can be concluded that the
proposed VIC-BESS can improve the UFLS by far the best effectiveness in comparison with
the p/f droop control and the without BESS strategies for the parameter uncertainties case.

In terms of the frequency stability improvement performance, the frequency nadirs of
the case without BESS, with the p/f droop, and with the proposed VIC-BESS strategies,
are 47.14, 48.29, and 49.38 Hz, respectively. Without the BESS, the widespread blackout
associated unreliability does not only cause an issue in the ADN but also encompasses the
frequency grid code satisfaction. From the simulation results in the case without BESS,
the frequency nadir is less than the minimum acceptable value of the operational grid
code requirement. For solving this issue, the VIC-BESS is applied to increase the frequency
nadir, as illustrated in Figure 22. Although the p/f droop control strategy offers the no-
load shedding from the ADN, the frequency nadir is still less than the proposed method
utilization. Therefore, the proposed VIC-BESS has the best result in the frequency stability
enhancement of the active distribution grid, increasing the frequency nadir, resulting in the
RoCoF increment, and satisfying the PEA grid code necessity. Furthermore, to investigate
the proposed method under the grid resynchronization mode, the grid-connected mode
scenario at 5.0 s is executed. The simulation results are verified in comparison with the
p/f droop control and the without BESS methods. There is a crucial dilemma for the
ADN when the grid is resynchronized so that the frequency in the case without the BESS
largely oscillates, resulting in the pole slip of the generator incidence. This frequency is
greater than the maximum acceptable frequency of the normal operational code, leading to
the DG tripping. For this reason, the DG can be disconnected from the ADN by the
over-frequency relay to shelter the DG. Therefore, without the BESS for the parameter
uncertainties case, it can be demonstrated that the blackout of all load feeders occurs in
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this event. For dealing with this issue, the p/f droop and the proposed VIC-BESS schemes
afford the grid-connected operation of the DG. The DG remains connected with the ADN,
decreasing the frequency deviations under the grid-connected mode, and improving the
transient stability.

Figure 22. The frequency for parameter uncertainties case with light-load and He f f = 3 s.

For considering the DG’s voltage and power with the islanding condition, they are
also demonstrated in Figure 23. It can be investigated that the terminal voltage of the DG
in the ADN without the BESS suddenly decreases from 1.0086 pu to 0.9531 pu, respectively.
The terminal voltages of the DG are enhanced to 0.9680 and 0.9780 pu for the p/f droop
control and the proposed VIC-BESS strategies, respectively. Therefore, the proposed
VIC-BESS is able to smooth the DG terminal voltage and reduce the voltage sag during
the islanding incidence. The active power of the DG with the islanding condition is
illustrated in Figure 24b. From the simulation results, the active power of the DG with
the proposed VIC-BESS can achieve its steady-state value (6.35 MW) after the islanding
condition. Meanwhile, the steady-state active powers of the DG with the p/f droop control
and without the BESS are changed to be 7.02 and 1.43 MW, respectively, which represent
the steady-state errors in the response of the active powers.

With the grid-connected circumstance considering the DG terminal voltage and the
active power, the results of the proposed method are illustrated in Figure 24, in comparison
with the p/f droop control and without the BESS. The terminal voltage and the active
power deviations of the case without BESS in the ADN are greater than the p/f droop
control and the proposed VIC-BESS scenarios, as demonstrated in Figure 24a,b, respectively.
The ADN parameter uncertainties contribute to decreasing the frequency nadir, leading
to the total blackout occurrence. On the other hand, the p/f droop and the proposed VIC-
BESS schemes provide stability in the voltage and the active power of the DG during the
intentional grid-connected phenomena. For this reason, the proposed VIC-BESS method
can improve the UFLS protection scheme and the frequency stability in the ADN under
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both the islanding and the grid-connected conditions. Moreover, the proposed VIC-BESS
method reduces the frequency nadir and the RoCoF and allows connection with the ADN
of load feeders.

Figure 23. DG parameters with islanding condition for case 2 with light-load and He f f = 3 s:
(a) Terminal voltage; (b) Active power.

Figure 24. DG parameters with the grid-connected for case 2 with light-load and He f f = 3 s:
(a) Terminal voltage; (b) Active power.

- Light-load sub-scenario with He f f = 2 s

This sub-scenario provides the results of the PEA-ADN with the light-load and the
reduced effective inertia, which include the islanding and the grid-connected modes.
With the reduced inertia of the DG, the results are completely different in comparison
with the previous sub-scenario, as demonstrated in Figure 25. Without the BESS under the
islanding mode at 1 s, the TP1_F1 and TP2_F1, and the rest of the loads are disconnected
by the UFLS at 1.314, 1.314, and 1.502 s, which is faster than the previous case. Therefore,
the reduction in the effective inertia affects the UFLS operation. After the load shedding
without BESS, the simulation result demonstrates the over-frequency occurrence. Thus, the
UFLS relay setting and scheme from the PEA standard cannot achieve frequency stability
improvement. There are only two loads that are detached from the PEA-ADN using the
p/f droop control method, consisting of the TP1_F1 and TP2_F1 at 1.354 s. The p/f droop-
controlled BESS can help to reduce the load shedding and improve the UFLS scheme.
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Nevertheless, there is no load shedding for the proposed VIC-BESS control under the
islanding condition. The frequency of the ADN with the proposed method can be restored
to the steady-state value.

Figure 25. The frequency for parameter uncertainties case with light-load and He f f = 2 s.

Moreover, the frequency nadirs of the proposed VIC-BESS, the p/f droop, and without
the BESS are 49.42, 48.24, and 46.84, respectively. The PEA-ADN without the BESS cannot
achieve the operational grid code requirement and reliability. The frequency nadirs without
the BESS are less than the acceptable value associated with the PEA grid code. For the
grid-connected mode at 5 s, the frequency of PEA-ADN without the BESS oscillates with
a high-frequency, resulting in the pole slip of the DG. With the p/f droop-controlled
BESS, the PEA-ADN is unstable so that the DG should be disconnected by the out of step
protection relay. For solving this issue, therefore, the proposed VIC-BESS method can
improve the frequency stability of the PEA-ADN under the grid-connected occurrence
with improved performance.

In the reduced inertia case of the light-load, the proposed VIC-BESS also improves the
DG terminal voltage and the power during the islanding condition, as demonstrated in
Figure 26. The DG voltage decreases to 0.930 pu without the BESS utilization under the
islanding condition. The p/f droop and the proposed VIC-BESS methods can improve the
voltage sag to be 0.948 and 0.960 pu, respectively. The proposed VIC-BESS also provides a
smoothing power oscillation during the islanding mode, as demonstrated in Figure 26b.
As the DG powers from the simulation results, it can be concluded that the proposed
method can achieve the power transient and a steady-state restoration, in comparison with
the p/f droop and without the BESS.

The grid-connected mode results of this sub-scenario show the difference with the
normal effective inertia, as demonstrated in Figure 27. The DG’s voltage and the power for
the p/f droop and the without BESS cases provide unstable conditions. Therefore, the pa-
rameter uncertainties of the light-load and the reduced inertia affect the DG’s voltage and
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the power. For solving this problem, the proposed VIC-BESS method can improve the DG’s
voltage and power during the grid-connected mode. It provides superior performance in
comparison with the p/f droop and the without BESS schemes. The performance com-
parison among the methods with different effective inertias associated with the frequency
nadirs, RoCoF, and the load shedding is summarized in Table 7.

Figure 26. DG parameters with islanding condition for case 2 with light-load and He f f = 2 s:
(a) Terminal voltage; (b) Active power.

Figure 27. DG parameters with the grid-connected for case 2 with light-load and He f f = 2 s:
(a) Terminal voltage; (b) Active power.

Table 7. The comparisons of the performances for case 2 with the light-load sub-scenario.

Method
Frequency Nadir

(Hz)
RoCoF
(Hz/s)

Numbers of Load Feeder
Shedding

Heff = 3 s Heff = 2 s Heff = 3 s Heff = 2 s Heff = 3 s Heff = 2 s

With VIC-BESS 49.38 49.42 −3.99 −4.37 0 0
With p/f

droop-BESS 48.29 48.24 −4.89 −5.89 2 2

Without BESS 47.14 46.84 −6.79 −7.42 All All
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B. Heavy-load

The parameter uncertainties with the heavy-load sub-scenarios contain the PEA-ADN
with the normal effective inertia and the reduced effective inertia as same as the light-load
case to evaluate the proposed VIC-BESS to improve the UFLS scheme and the frequency
stability as the following.

- Heavy-load sub-scenario with He f f = 3 s

This sub-scenario demonstrates the normal effective inertia under the heavy-load
and the parameter uncertainties conditions. To evaluate the frequency stability and the
UFLS enhancement of the ADN, the frequency is plotted as shown in Figure 28 with the
islanding and the grid-connected modes at 1 and 5 s, respectively, in comparison with
the VIC-BESS, the p/f droop and without the BESS. For without the BESS utilization,
the frequency suddenly decreases, then the UFLS operates to shedding the loads, including
the TP1_F1, TP2_F1, TP1_F2, TP2_F3, and the rest of the loads at 1.272, 1.272, 1.278, 1.278,
and 1.467 s, respectively, resulting in a widespread blackout. It can be concluded that the
relay operation is a failure because the UFLS cannot trip the load with the precise schedule.
For solving this problem, the BESS with the p/f droop control can achieve associated
with the number of the load shedding and the UFLS improvement. The TP1_F1, TP2_F1,
TP1_F2, and TP2_F3 are detached from the PEA-ADN grid at 1.277, 1.277, 1.298, and 1.298
s, respectively. On the other hand, the proposed VIC-BESS method provides the best
performance associated with the load shedding and the UFLS enhancement because there
are only two load feeders shedding, which consists of the TP1_F1 and TP2_F1 at 1.322 s.
Therefore, the proposed method can compensate the virtual inertia to the system, increasing
the RoCoF to −5.13 Hz/s with the best effectiveness, in comparison with the p/f droop
(−8.92 Hz/s) and without the BESS (−11.59 Hz/s). Furthermore, the frequency nadir is
also improved under the islanding condition. As the simulation results, the frequency
nadir of the PEA-ADN without the BESS is 46.01, which is less than the acceptable value of
the operational grid code requirement. On the other hand, the frequency nadir of the p/f
droop-controlled BESS is 47.41 Hz and it cannot restore to the steady-state value during
the islanding condition. To deal with this problem, the proposed VIC-BESS method can
achieve both the frequency nadir and the stability improvements.

To evaluate the frequency stability during the grid resynchronization, the grid-connected
mode is executed at 5 s and the frequency of the PEA-ADN is obtained. As the simulation
results without the BESS, the over-frequency phenomenon occurs after all load feeders
shedding. Therefore, the out of step protection relay is executed to protect the DG. From the
simulation results, the frequency results between the p/f droop-controller BESS and the
proposed VIC-BESS methods are available to compare the frequency stability improvement
under the grid-connected condition. The proposed VIC-BESS method provides the best
performance to improve frequency stability during the grid-connected mode.

On the other hand, the proposed VIC-BESS method can improve the DG’s voltage and
the power, as demonstrated in Figure 29. The DG voltage instantly decreases to 0.898 pu
without the BESS. The p/f droop-controlled BESS and the proposed VIC-BESS can enhance
the DG voltage to 0.923 and 0.940 pu. Moreover, the proposed VIC-BESS also improves the
power of the DG, and it can return to its steady-state value during the islanding condition,
as demonstrated in Figure 29b. The DG voltage and the power during the grid-connected
mode with the heavy-load and the normal effective inertia are demonstrated in Figure 30.
From the simulation results, it can be concluded that the proposed method can achieve
smoothing the voltage and the power fluctuations in comparison with the p/f droop-
controlled BESS and the without BESS methods. For this reason, the proposed VIC-BESS
does not only improve the UFLS scheme and the frequency stability of the PEA-ADN, but it
also obtains the superior effectiveness associated with the DG’s stability and the operation.



Sustainability 2021, 13, 484 31 of 39

Figure 28. The frequency for parameter uncertainties case with heavy-load and He f f = 3 s.

Figure 29. DG parameters with islanding condition for case 2 with heavy-load and He f f = 3 s:
(a) Terminal voltage; (b) Active power.

Figure 30. DG parameters with the grid-connected for case 2 with heavy-load and He f f = 3 s: (a)
Terminal voltage; (b) Active power.
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- Heavy-load sub-scenario with He f f = 2 s

The previous case demonstrated the performance comparison among the methods
with the normal effective inertia. To evaluate the proposed method for the most uncertain
system and the parameters, this case illustrates the heavy-load with the reduced effective
inertia sub-scenario. The frequencies of the PEA-ADN under the islanding and the grid-
connected modes are compared among the methods, as demonstrated in Figure 31. As the
simulation result, the frequency of the grid decreases, and it triggers the UF relay to shed-
ding the load. The without the BESS result, the TP1_F1, TP2_F1, TP1_F2, TP2_F3, and the
rest of the loads are disconnected at 1.262, 1.262, 1.268, 1.268, and 1.467 s, respectively,
which trip faster than the normal effective inertia sub-scenario, illustrating the widespread
blackout and the over-frequency phenomena. For the p/f droop-controlled BESS, there
are four load feeder sheddings from the PEA-ADN system, including the TP1_F1, TP2_F1,
TP1_F2, and TP2_F3 at 1.272, 1.272, 1.288, and 1.288, respectively. For solving the UFLS
scheme, the proposed VIC-BESS method is utilized to reduce the load shedding and in-
crease the time delay of the load shedding. The TP1_F1 and TP2_F1 are disconnected from
the grid at 1.342 s, so the first step tripping is slower than the p/f droop and the without
BESS methods. Therefore, the result with the proposed VIC-BESS method shows the UFLS
improvement with the best effectiveness in comparison with the p/f droop-controlled
BESS and without the BESS. The frequency nadirs of the proposed VIC-BESS, the p/f
droop-controlled BESS, and without the BESS are 48.43, 47.46, and 45.92 Hz, respectively.
The frequency stability during the islanding condition is also enhanced with the best
performance using the proposed VIC-BESS method, so that the frequency can be restored
to its steady-state value. For evaluating the frequency stability during the grid-connected
mode, the p/f droop-controlled and the proposed VIC-BESS methods are compared in
this incidence because the over-frequency occurs in the PEA-ADN without the BESS after
the load shedding in the islanding mode, and the DG is also disconnected from the grid
due to the out of step protection relay. In the grid-connected mode, it can be concluded
from the results that the proposed method can achieve frequency stability performance
and maintain the connection between the DG and the PEA-ADN system.

Figure 31. The frequency for parameter uncertainties case with heavy-load and He f f = 2 s.
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Figures 32 and 33 illustrate the DG’s voltage and the power during the islanding and
the grid-connected modes, respectively. From the simulation results of the DG parameters,
the proposed method is able to maintain the DG operation due to the voltage and the
power stabilities, in comparison with the p/f droop-controlled BESS and without the BESS.
The performance comparisons among the methods under the heavy-load with the different
effective inertias are summarized in Table 8.

Figure 32. DG parameters with islanding condition for case 2 with heavy-load and He f f = 2 s:
(a) Terminal voltage; (b) Active power.

Figure 33. DG parameters with the grid-connected for case 2 with heavy-load and He f f = 2 s:
(a) Terminal voltage; (b) Active power.

Table 8. The comparisons of the performances for case 2 with the heavy-load sub-scenario.

Method
Frequency Nadir (Hz) RoCoF (Hz/s) Numbers of Load

Feeder Shedding

Heff = 3 s Heff = 2 s Heff = 3 s Heff = 2 s Heff = 3 s Heff = 2 s

With VIC–BESS 48.33 48.43 −5.13 −5.53 2 2
With p/f

droop–BESS 47.41 47.46 −8.92 −9.22 4 4

Without BESS 46.01 45.92 −11.59 −12.07 All All
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5. Conclusions

This research applies the VIC-controlled BESS to compensate for the system’s inertia
and applies UFLS with RoCoF function to improve the load shedding scheme under the
islanding condition. Efforts have been made to simulate the system with various system
conditions to demonstrate the effects of the virtual inertia on the UF relay. The significant
findings are given as follows:

(1) The UF relay settings for the UFLS scheme are critical when introducing more inde-
pendent DGs in the distribution system. Analytical formulas for determining the UF
relay performance show that the UF relay suffers a time delay from protection relays
and inertia variation from independent DGs controlled by separate power producers.
However, by applying sufficiently large inertia to VIC-controlled BESS, the UFLS
is activated to avoid undesired frequency nadir and allow the integration of more
independent DG groups. The UFLS scheme successfully formed and stabilized the
PEA-ADN at the acceptable frequency with the least load shedding under minimum
and maximum power exchange with the main grid.

(2) An increase in the virtual inertia increases the net system inertia. Consequently,
the RoCoF at the very beginning of the dynamic process is decreased.

As the crucial finding of this paper, the simulation results are carried out by two case
studies: the normal control condition and the parameter uncertainties with the light-load
and the heavy-load sub-scenario, to investigate the performance of the proposed method
in comparison with the p/f droop control scheme. From the simulation results under the
islanded ADN, it can be seen that the proposed VIC-BESS can improve the UFLS scheme, in-
creasing the grid’s reliability, in comparison with the p/f droop control for both the normal
parameter and the parameter uncertainties cases. Furthermore, for the frequency stability
aspect during the islanding condition, the proposed method offers superior performance
to increase the frequency nadir and reduce the absolute value of the RoCoF, satisfying the
EGAT and the PEA grid codes requirement in Thailand, as well as smoothing the power
and the voltage fluctuations. With the intentional grid-connected mode to resynchronize to
the grid utility, the proposed method allows frequency stability improvement, smoothing
the voltage and the active power of the DG fluctuations and providing the steady-state
operation of the load feeders and the DG with reliability. For upcoming research associated
with the virtual inertia-controlled-BESS based on the dq-reference frame, the controller
design technique under various strategies should be focused on the grid-connected mode
to reduce the frequency, the DG active power, and the DG terminal voltage deviations
during the parameter uncertainties. Moreover, the advanced coordinated VIC-BESS with
the inter-ADN and the UFLS will be investigated to determine the control technique to
prepare the plan for high penetrations of RESs/DGs in the ADN.
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Abbreviations

ADN Active Distribution Network
BESS Battery Energy Storage System
DG Distributed Generator
EGAT Electricity Generating Authority of Thailand
HV High Voltage
LV Low Voltage
PEA Provincial Electricity Authority
PQ Controller Active and Reactive Power Controller
PWM Pulse Width Modulation
RES Renewable Energy Source
RoCoF Rate of Change of Frequency
SoC State of Charge
VF Controller Voltage-Frequency Controller
VIC Virtual Inertia Control
VSC Voltage Source Converter
ψd, ψq d-axis and q-axis stator fluxes linkage (pu)
ψ f d, ψ1d Excitation and 1d-damper windings fluxes linkage (pu)
ψ1q, ψ2q 1q-damper and 2q-damper windings fluxes linkage (pu)
xad, xaq d-axis and q-axis mutual reactances (pu)
xrld Coupling reactance between field and damper winding (pu)
xrlq Coupling reactance between q-axis damper windings (pu)
r f d, x f d d–axis resistance and reactance of excitation winding (pu)
r1q, x1q Resistance and reactance of 1q-damper winding (pu)
r2q, x2q Resistance and reactance of 2q-damper winding (pu)
Tm, Te Mechanical and electrical torques of the synchronous generator (pu)
Ta, Te, Tf , Tr Regulator, exciter field, rate feedback, and measurement time constants (s)
Ka, Ke, K f Regulator, exciter field, and rate feedback, gains of the excitation
Ta, Te, Tf , Tr Regulator, exciter field, rate feedback, and measurement time constants (s)
K1, K3, K5, K7 High pressure fractions for the governor system
K2, K4, K6, K8 Low pressure fractions for the governor system
T1, T2 Lead–lag compensation time constants for the governor system (s)
T3 Valve position time constants for the governor system (s)
T4, T5, T6, T7 Inlet steam, second boiler, third boiler, and fourth boiler time constants (s)
fn, f PLL

e Nominal and phase–lock loop frequency (Hz)
KPLL

p , KPLL
i Proportional and integral gain of the phase–lock loop

VDC
in (SoC), VDC

cell Internal and cell voltages of the DC battery (V)
VDC

max, VDC
min Maximum and minimum DC battery voltages (V)

RDC
in (SoC), Rch(SoC), Rdis(SoC) Internal, charging, and discharging resistances of the dc battery

Qbatt Battery capacity (Ah)
∆iVIC

d Compensated current output signal of the VIC (pu)
ire f
d , ire f

q d-and q-axis reference current signals for the BESS (pu)
PBESS, QBESS Active and reactive powers of the BESS (pu)
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Abbreviations

Kp PQ and VF controller gain for adjusting
Kq PQ and VF controller gain for adjusting
Tpr, Tqr Active and reactive power measurement time constants (s)
Tpi, Tqi VF controller time constants (s)
Md, Mq d- and q-axis modulation indices of the PMW
Kd, Kq d- and q-axis current controller gains
Td, Tq d- and q-axis current controller time constants (s)
∆PVI Inertia power of the BESS (pu)
JVI Inertia constant of the VIC
TVI Time constant of the VIC (s)

Appendix A

Table A1. The line parameters in the ADN.

Parameters Descriptions Transmission Line (L1) Distribution Line (L2–L5)

Rl Line resistance 0.042936 Ω/km 0.21066 Ω/km
R0

l Zero-sequence line resistance 0.21347 Ω/km 0.434688 Ω/km
Xl Line reactance 0.2677 Ω/km 0.298585 Ω/km
X0

l Zero-sequence line reactance 1.3294 Ω/km 1.84127 Ω/km
Bl Line susceptance 4.3156 µS/km 5.951 µS/km

B0
l

Zero-sequence line
susceptance 1.7646 µS/km 1.506 µS/km

Table A2. The transformers’ parameters in the ADN.

Parameters Descriptions TP1 and TP2 Transformers BESS’ Transformer

uk Short-circuit voltage 10.21% 3.00%

ukr
The real part of short-circuit

voltage 0.32% 0%

u0
k

Zero sequence short-circuit
voltage 10.21% 3%

u0
kr

Zero sequence of the real part
of short-circuit voltage 0.3% 0%

Vhv HV-side rated voltage 115 kV 115 kV
Vlv LV-side rated voltage 22 kV 0.4 kV

Table A3. The DG parameters in the ADN.

Parameters Descriptions Values

Srate Nominal apparent power 9.5 MVA
Vrate Nominal voltage 6.9 kV
Hg Inertia time constant 4.351858 s
rs Stator resistance 0.0021 pu
xl Leakage reactance 0.1 pu
xd d-axis synchronous reactance 2.54 pu
xq q-axis synchronous reactance 2.31 pu
x′d d-axis transient reactance 0.237 pu
x′q q-axis transient reactance 0.392 pu
x′′d d-axis subtransient reactance 0.183 pu
x′′q q-axis subtransient reactance 0.191 pu
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