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Abstract

In this paper, a virtual synchronous generator (VSG) controller is applied to a hybrid energy storage system (HESS)
containing a battery energy storage system and supercapacitor storage system for maintaining the frequency stability
of an isolated microgrid. The microgrid contains a photovoltaic generation system and a diesel generator in addi-

tion to the HESS and two constant impedance loads that are fed through a medium voltage radial feeding system.
The adaptive virtual inertia constant (H) with constant virtual damping coefficient (D) based on bang-bang' control
for the microgrid’s frequency stability enhancement is investigated and compared with the constant parameter

VSG. In addition, the bang-bang control is modified to adapt the D beside the adaptive H, and the system response

is investigated and compared with the conventional adaptive H technique. The VSG parameters are evaluated based
on two different methods. The first is a computational method based on the simplified small signal stability analysis,
while the other is based on an optimization method using two different objective functions and the particle swarm
optimization technique. This paper also investigates the superiority of the proposed technique compared to other
techniques in enhancing frequency stability, accelerating steady-state frequency restoration, and reducing the energy
requirement of the HESS. The required power from the HESS is shared between the two energy storages using

the low pass filter technique so as to reduce battery peak current.

Keywords Virtual synchronous generator (VSG), Microgrid, Hybrid energy storage system (HESS), Particle swarm
optimization (PSO), Frequency nadir, ROCOF, Bang-bang, Virtual inertia

1 Introduction

Because of the growing demand for energy and corre-
sponding greenhouse gas emissions, which accelerate
global warming, expanding the applications of renewable
energy sources (RES) in electricity generation has become
more attractive. The International Energy Agency 2021
report states that the carbon dioxide produced during
the burning of fossil fuels has increased by 217.4% during
the period from 1973 to 2019 [1]. Microgrids can merge
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the different RES with different energy storage technolo-
gies and the conventional generation units to be treated
as a single cluster, supplying different local loads either in
conjunction with the power grid (grid-connected mode)
or independently from the power grid (islanded mode).
In addition to increased supply reliability, the local inte-
gration of load and generation decreases transmission
losses and installations. In addition, microgrids promote
investment in small and medium-scale RES. All these
merits make microgrids more attractive for increasing
RES. However, increased RES in the microgrid raises
stability issues [2—5], which are caused by the sporadic
nature of the RES and its zero inertial response, espe-
cially when supplying its maximum power. Moreover,
microgrid sensitivity to generation outages increases [6].
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The virtual synchronous generator (VSG) technique for
controlling energy storage systems (ESS) has been used in
recent studies to support the frequency stability of low-
inertial networks [7]. The VSG can provide synchronous
generator capabilities, including dispatchable active and
reactive power through droop control loops, rotor iner-
tial response, and terminal voltage regulation. A single
ESS controlled by a VSG controller is introduced in [6, 8],
whereas [8] proposes superconducting magnetic energy
storage (SMES) controlled by a VSG to enhance the fre-
quency response of the low-inertia power grid. The VSG
is integrated with the conventional PI to control an SMES,
enhancing the low-inertia isolated microgrid in [9], while
in [10], a supercapacitor (SC) is integrated into the DC
link of a PV system to provide virtual inertia control and
support the microgrid frequency. However, SMES and
SC are classified as high-power density ESS that cannot
meet the high energy requirement of the droop control
in the VSG control strategy. Since it is difficult for a sin-
gle energy storage technology to accommodate the high
power requirement of the inertial response of a VSG and
the high energy requirements of the VSG droop control
at the same time, the hybridization of two different ESS
technologies into a hybrid energy storage system (HESS)
has been introduced in several studies. Looking at differ-
ent combinations of the ESS technologies employed for
HESS, HESS containing a battery energy storage system
(BESS) with the supercapacitor storage system (SCSS)
has been addressed in many studies [11-14]. In [11], the
power fluctuations of a grid-connected solar system are
accommodated using a BESS/SCSS HESS controlled via
a VS@G, and the performance of the system is evaluated
using various values of the VSG inertia constant. In [14],
a VSG is used on the BESS and SCSS to improve the fre-
quency stability of a PV/diesel-isolated microgrid against
the intermittent nature of the PV output power. However,
in [14], the VSG parameters are set from previous expe-
rience with a conventional synchronous generator based
on simplified small-signal stability. In [15], the particle
swarm optimization (PSO) technique with a multi-objec-
tive function is proposed to set the inertia constant and
virtual damping of the VSG control. In [14, 15], the low-
pass filter approach is used to share the required power
of a HESS, while another sharing method is proposed in
[16] using a PSO-optimized fuzzy controller. As the VSG
control parameters consisting of the virtual inertia con-
stant (H) and virtual damping coefficient (D) have a great
effect on frequency stability, [14, 17] investigate the VSG
parameter variation effect on the frequency response.

Conventional synchronous generators cannot adjust
their parameters, whereas the VSG control does have
that flexibility. The adapted VSG has been studied using
different approaches [18-26]. In [18], a self-tuned VSG
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(ST-VSG) controls an ESS to improve the frequency sta-
bility of a wind/diesel microgrid. In a ST-VSG, through
an online optimization technique with a weighted sum
multi-objective function that includes quadratic terms,
the VSG parameters are continuously tuned. How-
ever, the ESS nature and dynamics are not considered.
Online optimization is addressed in [19], in which a
VSG-controlled HESS consisting of a BESS and SCSS
is employed to mitigate the fluctuation in PV power in
an isolated PV/diesel microgrid while stabilizing the
microgrid frequency. Using a backtracking search opti-
mization algorithm to optimize the VSG parameters by
minimizing the integral square error, online optimiza-
tion is implemented to update the VSG parameters. It
also examines the superiority of this adapting approach
over the constant parameter approach on the frequency
response. However, the online optimization approach
requires a high computational burden. One of the VSG
parameter-adapting approaches is the self-adaptive iner-
tia and damping combination control (SAIDC) that has
been used to adjust the virtual inertia and damping of the
VSG control through specific criteria [20]. The adjusting
function changes the virtual inertia value H depending
on the instantaneous value of the frequency deviation
and the virtual damping coefficient D depending on the
rate of change of frequency (ROCOF). In [20], the SAIDC
control is implemented on a single VSG connected to a
single load, and the performance is compared with the
CP-VSG approach. On the other side, fuzzy logic is used
for virtual inertia adaptation [21, 22]. In [21], the fuzzy
logic adjusts the virtual inertia parameter of the VSG
depending on the frequency deviation and ROCOF, while
in [22], the fuzzy rule uses the frequency deviation beside
the power change of the RES to vary the virtual inertia,
neglecting the ROCOF parameter. [21, 22] show how the
fuzzy technique outperforms the CP-VSG with improved
frequency response. However, there is no technique for
determining the numerical value of inertia. A switched
parameter technique based on bang-bang control is used
in [23], in which the bang-bang approach is used for
adapting the virtual inertia H while the virtual damping
D is kept at a constant value. In the bang-bang approach,
the adapted parameter is switched between two differ-
ent values. In addition, the adapted inertia-based VSG is
used to control an ESS to improve the transient stability
of a grid-connected PV generation system [25]. As well
as the adapted virtual inertia, the damping coefficient is
also adapted and the parameters’ effect on the frequency
of the grid-connected VSG is analyzed [24]. However, no
mechanism for determining the virtual inertia’s maxi-
mum and minimum values is provided in [23-25]. In
[26], an improved bang-bang is introduced, and an arith-
metic setting mechanism based on a simplified small
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signal stability analysis (SSSA) of the VSG control loop
is mentioned for determining the virtual inertia lim-
its, where the bang-bang-adapted virtual inertia of the
VSG (BB-AH-based VSG) is implemented on an ESS to
improve the stability of an isolated microgrid. However,
the ESS is represented as a constant DC source, neglect-
ing the dynamics of the ESS. In addition, the simplified
SSSA neglects the dynamics of the interfacing converter,
line impedance, and the interaction with other elements
of the microgrid, while assuming the active and reactive
power are decoupled.

The adapted VSG-based HESS technique is used to
improve the frequency stability of low-inertial-response
microgrids with a high penetration of RES in this paper.
Setting the adapted parameters is a delicate process that
must protect the microgrid from the slow frequency res-
toration process and the consequences of a HESS’s exces-
sive energy requirement. The main contributions of this
study are:

+ The bang-bang adapting virtual inertia (BB-AH) is
implemented on a VSG, which controls an HESS
consisting of a BESS and SCSS to improve the stabil-
ity of the PV/diesel microgrid. A small-signal analy-
sis-based mathematical approach (MA) evaluates the
inertia limits of the bang-bang control [26], while the
damping constant is maintained at a constant value
that is optimized using PSO.

+ An optimized bang-bang control is proposed for
simultaneously adapting the inertia and damping
(OBB-AHD) of the VSG. In the approach, the opti-
mization is used to evaluate the inertia and damp-
ing limits instead of a mathematical approach based
on the simplified analysis for the VSG control loop.
The proposed control is used to lower the integration
time absolute frequency error (ITAE) and ROCOF,
achieve a better frequency nadir, and reduce the fre-
quency restoration time.

+ The microgrid frequency responses under different
adaptive controllers (BB-AH and OBB-AHD) are
compared with the constant parameter-based VSG
(CP-VSQ) that uses typical values of the conventional
synchronous generator [14].

+ The system is exposed to different disturbances, such
as load and solar variations. Also, the system is sub-
jected to severe disturbances, such as generation unit
outages, to ensure system stability under such kinds
of disturbances.

+ The superiority of the proposed OBB-AHD-VSG
control strategy to enhance the frequency stability
response is demonstrated, especially regarding the
nadir and ROCOF over the two CP-VSG as well as
BB-AH-VSG.
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+ The effectiveness of the proposed OBB-AHD-VSG
control strategy in reducing the restoration time and
related energy requirement of the HESS when com-
pared to BB-AH is demonstrated.

The remainder of the paper is arranged as follows:
Sect. 2 describes the PV-diesel-HESS microgrid and its
modelling in detail, while Sect. 3 illustrates the two com-
pared adapting approaches of the BB-AH and BB-AHD.
The adapting limits evaluated through two different tech-
niques are illustrated in Sect. 4. Section 5 deals with the
time domain simulations using a MATLAB model and
spotlights the important results and curves, while Sect. 6
provides a summary of all results. Conclusions are drawn
in Sect. 7.

2 System description

The proposed system comprises a 1.5 MW PV generation
unit (PVG), and a 2.4 kV, 3.125 MVA rated diesel genera-
tor unit (DG) to form an isolated microgrid. The DG and
PVG supply two different loads (a total of 2.5 MW) via
a radial medium voltage distribution system, as shown
in Fig. 1. To enhance the microgrid stability, a lead-acid
battery is combined with a supercapacitor in the form of
a HESS. The proposed configuration is similar to a prac-
tical islanded microgrid installed at Fort Carson (2 MW
PV, 3.25 MW Diesel, 2.1 MW Load, and an electric vehi-
cle to enhance the microgrid operation) [27, 28]. The sys-
tem data are given in Table 3 in the Appendix.

2.1 PV system

As shown in Fig. 1, a 0.5-km feeder connects the PVG to
the point of common coupling (PCC). The PVG is made
up of several PV modules that are connected in series
and parallel, and it feeds the microgrid via a voltage
source inverter (VSI). The PVG’s VSI is adjusted to sup-
ply its maximum power when solar irradiance fluctuates.
An LCL filter is used to filter the VSI output [29], while a
passively damped LCL filter is sized and employed in this
work [15].

2.2 Diesel generator

A diesel engine and a synchronous generator (SG) com-
prise the diesel generation system. The diesel engine
drives the SG with its governor, which is controlled to
regulate the active power. The governor’s main goal is
to control the diesel engine’s output power by raising or
lowering the SG’s mechanical power to respond to the
discrepancy between electrical and mechanical power.
Equation (1) describes the per-unit swing equation,
which explains the mechanical dynamics of the synchro-
nous generator rotor [30]. A Woodward diesel engine
that is isochronously controlled [31] is used in this study.
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where w,, and w, are the rotational and synchronous
speeds, respectively, while P, and P, are the drive
mechanical power and output electric power, respec-
tively. H and D are the respective system inertia and
damping factors.

The per-unit change in rotor speed (Aw) is measured
and transmitted to an electrical control box, which gen-
erates a valve/gate position actuation signal to the Wood-
ward diesel engine control system to adjust the generator
input mechanical power (P, p), as shown in Fig. 2. The
terminal voltage of the armature winding of the SG is
controlled through the current of the field winding using
a dedicated excitation system. There are different types of
excitation systems, while the AC1A excitation system is
applied here, whose block diagram can be found in [32].

2.3 Hybrid energy storage system control
The proposed HESS comprises a battery and a superca-
pacitor. Each device is controlled by a dedicated DC/DC

Rotor Speed Regulator

Actuator
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converter, and the two DC/DC converters are connected
to a common DC bus. The HESS is connected to the
system bus through a voltage source converter, which is
controlled to imitate the performance of the actual syn-
chronous generators through VSG control, as shown in
Fig. 3.

Similar to conventional generators, the VSG is capa-
ble of providing voltage and frequency support. The
frequency support is performed by imitating the swing
equation of the conventional synchronous generator, as
given in (1). The values of the inertia constant and damp-
ing factor (HandD) are determined using three different
strategies, as will be explained later. To make the HESS
act similarly to conventional generators, a governor
droop control is inserted as a primary frequency control
stage. This controls the mechanical input power of the
VSG as given by:

1

Pm:_E(wm_wref)'f'Pref (2)

where PyandP,s are the governor output mechanical
power and the reference power at the reference speed
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Fig. 2 Woodward diesel engine control system
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wyef, respectively. wy, and R are the speed of the synchro-
nous generator and the speed regulation of the governor.

The PCC voltage is regulated as illustrated by the volt-
age control loop in Fig. 3 and is given as:

d Vief

Qref - Dv(Vref - Vpcc) —Q=K——

P ®3)

where VjccandV,,s are the PCC voltage and reference

voltage of the VSG, respectively, while Qe,zmeref are
the respective delivered and desired reactive power of the
VSG. DyandK, are the voltage droop factor and voltage
constant of the proposed VSG.

The DC link voltage is regulated by controlling the
charging and discharging of the battery and supercapaci-
tor. The DC voltage control mechanism comprises the
outer control loop (voltage control) and two inner control
loops (current control). The outer loop has a PI control-
ler, which is intended to eliminate the error in the DC link
voltage and to provide the total reference current of the

H,
Eq. (33)

|

|

| [Imin
Eq. (34

L [FeGa

max

I
|
Eq.(5.6) ||
I
I
I

HESS. To make the supercapacitor respond to fast changes
and the battery to slow changes, a low-pass filter (LPF) is
used. The low-frequency current component is used as a
reference for the battery current control loop, while the
higher-frequency component is used as a reference for the
supercapacitor current loop, as shown in Fig. 3.

3 Adapting control strategy

As shown in Fig. 4, when the microgrid is subjected to
disturbances that cause an imbalance between the gener-
ated and consumed power, its frequency deviates from
its steady-state value. When the value of the micro-
grid frequency deviates beyond the permissible steady-
state frequency deviation Awss and approaches its nadir
value, this time interval is referred to as the acceleration
period. Because of the interaction of the governor con-
trol, the frequency starts to restore its steady-state value
after the disturbance, and this time interval is referred to
as the deceleration period. The disturbance period is the
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combination of the acceleration and deceleration periods,
whereas the steady-state period is the time interval during
which the frequency deviation does not exceed the steady-
state frequency deviation limit Awss.

In this section, two adapting control strategies for the
VSG parameters based on the bang-bang technique are
described. The first technique is developed to adapt the
parameter H between the minimum and maximum limits
during the microgrid disturbance, with H maintained at a
steady-state value during the steady-state period, whereas
the parameter D is maintained constant all the time [26].
During the disturbance period, the value of H is set equal
to its maximum limit during the acceleration interval to
maintain the lowest frequency deviation, while it is set to
its minimum limit during the deceleration period to ensure
that the frequency is restored to its steady state in the
shortest time possible.

3.1 Bang-bang adapting inertia control strategy

The grid frequency is exposed to a deviation “|Aw[” from
its rated value to a higher value in the case of decreasing
the load or increasing the generation, or to a lower value
because of load increase or generation decrease. During the
first period, the rate of change of the frequency deviation
“d|Aw|/dT” is accelerated towards the nadir value. During
the second period, the frequency deviation is decelerated
towards its steady-state value. In the bang-bang control
strategy, the virtual inertia is switched between two fixed
limits. The lowest inertia limit is used during the decelera-
tion period to reduce the steady-state frequency restora-
tion time, while the maximum inertia limit is used during
the acceleration period to minimize the frequency nadir
and ROCOF. The adapted inertia based on the bang-bang
control strategy is governed by [26]:

Hypaxs | Aw| > |Awgs| N dldAT“" > 0 acceleration
Hg, |Aw| < |Awg| steady — state
Hyin, |Aw| > |Awss| N % < 0 deceleration
(4)

H =
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where Hpax and Hpi, are the inertia limits, | Awgg| is the
steady-state allowable frequency deviation, and Hg;s is the
steady-state virtual inertia constant.

3.2 Bang-bang adapting inertia and damping control
strategy

We developed the D & H bang-bang control strategy to
adapt the virtual inertia and the virtual damping of the
VSG to achieve the best nadir and ROCOF along with
improved time response. The PSO technique is used
to detect switched limits of the D and H. The virtual
inertia and damping parameters are set at their maxi-
mum limits during the acceleration period, whereas
during the deceleration period, the VSG parameters
are switched to their minimum limits. The deceleration
and acceleration periods are determined by the sign
of the mechanical frequency deviation from the rated
value. To avoid distortion due to the derivative of the
mechanical frequency deviation signal, the mechanical
frequency deviation signal is filtered using a low-pass
filter. Equations (5) and (6) represent the switched vir-
tual damping and inertia parameters of the VSG based
on the sign of the filtered mechanical frequency devia-
tion signal modulus that is represented in (7).

Dyyax; % > 0 acceleration
b= 5)
Dyin, “8212EL < 0 deceleration

Hypa, “W82LEEL > 0 gcceleration

Hypin, UE2LEL < 0 deceleration

Awppr = | — wr (7)

1+ 178§
where Awppr is the filtered VSG mechanical frequency
deviation signal modulus, w, is the rated frequency, and
T is the bang-bang control low pass filter time constant.

4 Adaptive VSG parameter evaluation technique
In this section, the adaptive VSG parameters are evalu-
ated using two different techniques. The first technique
is the mathematical approach (MA), introduced in [26],
which uses the simplified SSSA of the active power
loop of the VSG to find the range of the adaptive H in
BB-AH. The optimization approach is the other mecha-
nism that is proposed for evaluating the adapting range
of the OBB-AHD control approach.
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4.1 Mathematical approach

Small-signal stability analysis is used in [26] to develop a
computational method to detect the inertia limits of the
bang-bang control. The small-signal model of the VSG
control loop shown in Fig. 5 is built from the equation of
the output electrical power of the VSG (P,) and the swing
equation. By using the vector diagram shown in Fig. 6,
the received power between two points in the power sys-
tem can be expressed using (8), while if the resistance of
the feeder linking the buses is neglected, the output elec-
trical active power of the VSG (P,) can be approximated
using (9).

_ V1VaRcosd + V1 Vo Xsind — Vo?R

P
X2 +R?

(8)

P~ V1 Vasiné

N )
where V is the sending voltage, V3 is the receiving volt-
age, R is the line resistance, X is the line reactance, P is
the received power, and § is the phase shift between the
bus voltage and the VSG converter output voltage.

By applying the small-signal derivative, stated in (10), to
the VSG output electric power in (9), Egs. (11) and (12) are
obtained.
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EVcosd,
AP, = —— A5 = CpAS (11)
1
Ch— EV coséd, 1
P= " (12)

In the synchronous machine, the mechanical power
angle is the angle between the rotor position and stator
magnetic flux, which can be obtained as:

Aém
— =" 13
W — W r (13)
A small perturbation is expressed as:
dAéy,
Awy — A = 14
Om Wsm dr (14)

For a per unit calculation, Eq. (14) is divided by the
rated mechanical angular speed w,, as:

Aoy, _ 1 dASsy, (15)

WOrm Wpn  dt

Awy,

Wrm

The mechanical rotor angle and electrical power
angle are related according to the number of poles as
given in (16). The same equation is valid for electrical
and mechanical speed as shown in (17), while (18) can

P, be obtained from (16).
AP, = AS 10
.= (10)
Frequency Deviation Bang-Bang Condition Bang-Bang
Filtration Eq. (7) Evaluation Implementation
_________ \
|
Eq.(5) | 4»D
|
|
|
|
Eq.(6) (—+»H
|
_________ /)
Fig. 5 Proposed OBB-AHD-based Bang-Bang controller blocking diagram
V1 o V2 Vi IX
— | z
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| X R |

Fig. 6 Phasor diagram of transferred power on the power system
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P
Ady = 5 A8 (16)
2
Wy = T)a)s (17)
dAS,, PdAS
=== 1
dt 2 dt (18)

Substituting (18) and (17) into (15) yields:

Awyy, Awgy, _ 1 dAS, _ 1 PdAS _ 1 dAS
Wy Wrm wgn dt W 2 dt  ws dt
(19)

The power angle related to per unit speed variation is
obtained by integrating (19), as:

A A
A8=ws/< W . Cl)s;'n)dt
Wrm

Wrm
The block diagram of the virtual synchronous genera-
tor is given in Fig. 7. The closed-loop transfer function
of the VSG active power control loop, the damping ratio,
natural frequency, and settling time can be obtained as:

(20)

AP, _ Cpw, (1)
AP,,  2HS2 + DS + Cpw;,
1
(=D - (22)
8HCpw,
Cprw,
= 23
Wy oH ( )
4.4
lp = (24)
Cwy

While the virtual damping is maintained constant,
the adapted virtual inertia limits are calculated in [26]
using the small-signal stability analysis in conjunction
with two governing criteria. The first criterion is that

AP, 1 JAYO S
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the system shall be underdamped [0 < ¢ < 1] for faster
frequency response. The second criterion is a settling
time of under one second, i.e., t, < 1s.

For 0 < ¢ < 1and by using (22), we can obtain:

1
O0<Dy —— <1 25
=\ 8HCpw, T (25)
D>0 (26)
D2
H 27
~ 8Cp.wy (27)
The required control loop settling time of t, <,
needs to be satisfied, i.e.:
44,
<
Lwy » (28)

By using (22) and (23) for ¢ and w, in (28), Eq. (29) is
obtained. From the reduction of (29), as stated in (30)
and (31), the inertia shall not exceed a calculated value
using (32).

4.4 -
<

D 1 Cpa)y P (29)

8HCpw, 2H

4“4 .

—_— <

11 F (30)
Dy/ien
17.6H

D *

From (27) and (32), the maximum and minimum
values of inertia constant are given by (33) and (34),
respectively. The steady-state value of the inertia is

A('Oref =0

2HS+D

o,.C,

Fig. 7 Active power control loop of VSG
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selected midway between the minimum and maximum
inertia and given by (35).

*
17.6
DZ
o 34
min 8Cp.w, ( )
H H,,;
Hg = M (35)

Reference [26] does not provide the tuning criteria for
the damping ratio. For a stable system, the value of D shall
be greater than zero, as given by (26). However, Egs. (33)
and (34) show that if the damping is doubled, the mini-
mum required inertia will increase four times while the
maximum value will increase only two times. Therefore,
increasing the required damping above a certain limit
may cause the system to fail to satisfy the requirements
when the minimum value of the inertia constant becomes
greater than the permissible maximum inertia. Therefore,
to avoid this condition, the value of the damping coeffi-
cient shall satisfy (36) and (37), while the bounded value
of the damping coefficient is given by (38).

Hinin < Hmax (36)
D? t,.-D
— 37
8Cpwy 176 37)
Cp.w,t?.
D < ~PDrtp: (38)
2.2

This methodology does not state a way to set a spe-
cific value for the damping coefficient. In addition, this
computational method is based mainly on the simpli-
fied SSSA, which assumes decoupled active and reactive
power control loops while neglecting the interaction with
any other grid-forming elements on the grid and the line
impedance dynamics. By applying the previous criteria to

Table 1 Different Bang-Bang techniques
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the studied system, the VSG can be obtained, as shown in
Table 1.

4.2 Optimization evaluation technique
Considering the nonlinearity of the microgrid system, the
coupling of active and reactive power control loops, the
interaction with the other grid-forming elements, die-
sel AVR action, the line impedance dynamics, and sys-
tem nonlinearities, a metaheuristic approach is used for
effective VSG parameter detection. Several metaheuristic
techniques can be used, such as PSO, GA, and NSGA-
II. They have different operating mechanisms. These
metaheuristic techniques can be used to optimize linear
and nonlinear systems and do not require any additional
information about the objective function other than its
value. Furthermore, PSO provides several advantages,
including simplicity and ease of implementation, robust
technique, low computational process, low memory
requirements, and not require high CPU speed [33].
While the frequency stability can be maintained after
the disturbances through decreasing post-disturbance
frequency nadir and ROCOF, faster steady-state fre-
quency restoration is desired. The absolute values of the
maximum experienced nadir and ROCOF of the PCC
frequency after the disturbance can be expressed as:

Fi1(H,D) :mmmcc _fr‘ (39)
_ Afpec
F>(H,D) = max It (40)

where f, is the measured frequency at PCC and f, is the
rated frequency of the microgrid. The ROCOF is calcu-
lated over a 500 ms sliding time interval.

This approach uses two objective functions to evalu-
ate the D and H limits. The first one includes the ITAE
calculated in (41) that can ensure fast restoration for a
stable post-disturbance frequency, as stated in (42) [15].
The ITAE-based optimized VSG parameters are used at
the minimum limits of bang-bang. Another multi-objec-
tive function, given in (43) [15], that combines minimum

Adaptive parameters Adapting technique

VSG parameters evaluation Parameters value

technique
CP[14] Constant H - Constant [14] D=20
Constant D H=3
BB-AH [26] Adaptive H Bang-Bang control with Eq. (4) H limits using MA (33) & (34) D=63,H,=93
Constant D D is optimized using (43) using PSO Hoin=1.6H =17
OBB-AHD (Proposed) Adaptive H Bang-Bang control with Egs. (5) & (6)  OA uses two objective functions (42) & D, =100, D,,,=0.23
Adaptive D (43) using PSO Hinax=9.025, H,,i, =0.21
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nadir, ROCOF, and ITAE is used to optimize the D and
H that are used as the maximum limit of the bang-bang,
achieving the best performance during the acceleration
period. While (41) is used for the first objective func-
tion as expressed in (42), a combination of (39-41) can
be used as the second objective function as expressed in
(41).

F3(H,D) = /t.[fpcc — fr|dt (41)

OF1(H, D) = min(F3(H, D)) (42)
OF2(H,D) = min(F1(H,D) + F»(H,D) + F3(H, D))
(43)
A detailed flowchart for the proposed OBB-AHD-
based VSG is illustrated in Fig. 8. As shown, the evalua-
tion technique uses offline optimization to evaluate the
range of the adapted parameters of the VSG. After that,
the optimal limits produced from the evaluation stage are
implemented for the AHD-VSG to ensure the superior-
ity of the proposed technique in improving the frequency
stability of the isolated microgrid compared to CP and
AH techniques.

5 Time-domain simulation cases

The studied microgrid is subjected to different distur-
bances to investigate the effect of three different VSG
strategies on the frequency response of the microgrid.
The constant parameter (CP) strategy uses typical VSG
parameter values, as stated in [14]. AH-BB includes the
VSG with bang-bang-based adaptive H with constant D,
as stated in [26] and using (4). In this strategy, the iner-
tia limits are determined using the simplified SSSA-based
MA, as stated in Sect. 4.1 and using (30-32) [26], while
the value of D is optimized using (43). In the OBB-AHD,
the bang-bang control is used for adapting both VSG
parameters D and H simultaneously using (5-7), and
their limits are determined using the OA, as illustrated
in Sect. 4.2, and the two objective functions (42) and
(43). The three compared controlling strategies are sum-
marized in Table 1. The microgrid disturbances include
load variation (either increment or decrement), solar
variation, solar system disconnection, and connection.
The performance of the microgrid frequency is evalu-
ated through four parameters derived from the measured
frequency at the PCC, including the frequency nadir,
ROCOFE, ITAE of the post-disturbance period, and the
time of steady-state frequency restoration. In addition,
the HESS energy requirement is noted under the three
strategies. The studied microgrid is simulated using the
blocks of a diesel generator, PV, battery, and supercapaci-
tor from MATLABs library on the Simulink tool, which
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has proven its effectiveness for accurately simulating sys-
tem behavior in the literature. The results are recorded
and investigated in the following subsections.

5.1 Scenario-1load increment disturbance

The load is varied at 10 s by adding additional load to
the microgrid with different VSG strategies. The PCC
frequency is measured and recorded with the three con-
trol strategies listed in Table 1. Because of load varia-
tion, a power imbalance in the microgrid arises. Because
of the delayed action of the governor control, a power
imbalance on the synchronous generator shaft arises
that is compensated by the inertial response of the gen-
erator, causing the speed of the shaft to deviate from its
steady-state value transiently. In the meantime, the VSG
responds to the frequency deviation, supporting the fre-
quency stability of the microgrid.

The load is increased by adding 500 kW to load-1. Fig-
ure 9 shows the measured frequency at the PCC in the
three control strategies. As shown, the CP-based VSG has
the worst nadir and ROCOF of the strategies, although
its frequency restoration time is shorter. Under that con-
trolling strategy, the observed nadir, ROCOF, ITAE, and
restoration time are 49.868 Hz, 0.2599 Hz/s, 2.3933 Hz.
s% and 4.2 s, respectively. Usage of the AH-BB strategy
improves the frequency nadir and ROCOF compared to
the CP strategy while increasing the ITAE and the resto-
ration time to 2.5339 Hz.s? and 6.5 s. Whereas, the OBB-
AHD strategy can reduce the nadir, ROCOF, ITAE, and
restoration time significantly to 49.921 Hz, 0.1167 Hz/s,
2.4538 Hz.s?, and 4.43 s, respectively.

Figure 10 shows the HESS power (PHESS) require-
ments in the different controller strategies used. Regard-
ing the power and energy requirement of the HESS and
compared to other strategies, the CP reduces the energy
required from the HESS, while the OBB-AHD lowers the
HESS energy to 0.69 MJ compared to 0.85 MJ for AH-BB,
representing a reduction of 19%.

Figure 11 displays the output power of each connected
component to the microgrid in the case of the proposed
control strategy. The load power (PL) is increased from
2 to 2.5 MW at 10 s, while the PV output power (PPV)
remains constant. The HESS and the DG are responsible
for restoring the power balance between the generated
and demanded power. This power balance is restored
by the inertial response of both the DG and HESS con-
trolled by the OBB-AHD-based VSG controller. Conse-
quently, the output power of the HESS (PHESS) and the
diesel generator (PSG) are increased to accommodate the
increased load power. Because of the droop controller
interaction with the diesel governor that is isochronously
controlled, the HESS interacts with the transient power
only, while the generator is responsible for restoring the
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Fig. 8 Flowchart of the proposed control algorithm and parameter evaluation technique
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Fig. 11 Power curves of microgrid elements under ADH-OBB
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steady-state frequency at its rated value. Consequently,
the diesel output power is increased to 1 MW to wholly
supply the increased demand in a steady-state period,
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Fig. 13 PCC frequency curves during the load-decreasing
disturbance with different strategies

as shown in Fig. 11. Figure 12 shows the DC power out-
puts of the battery (PBat) and supercapacitor (PSC), and
the SOCs of the battery (SOCBat) and supercapacitor
(SOCSC) using the ADH-OB strategy. While the SCSS
supplies fast-change power, the battery supplies more
smooth power that can increase its life span.

5.2 Scenario-2 load decrement disturbance

In this scenario, a 0.5 MW load is disconnected, decreas-
ing the microgrid demand and creating a power imbal-
ance due to excessive generation compared to the
connected demand. The frequency responses on the
microgrid using the three control strategies are shown
in Fig. 13. The results show that the CP controller
records the highest nadir and ROCOF of 50.132 Hz and
0.2591 Hz/s of the three control strategies. However, its
steady-state restoration process is faster than the oth-
ers. Hence, the ITAE and the restoration time using the
CP controller are less than those of the other strategies.
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Using the AH-BB control strategy, the frequency nadir
and the ROCOF are improved when compared to the
CP, but the ITAE and restoration time are increased to
2.5243 Hz.s* and 6.8 s, respectively. Compared to the
other techniques, usage of the proposed control tech-
nique leads to significant improvements in the fre-
quency nadir, ROCOF, ITAE, and restoration time, with
respective recorded values of 50.087 Hz, 0.1162 Hz/s,
2.4676 Hz.s%, and 4.47 s. In addition, the HESS power and
energy requirements for the three control techniques can
be seen in Fig. 14. The power and energy supplied from
the HESS are the lowest in the CP strategy, whereas the
proposed strategy reduces the energy requirement over
the AH-BB strategy because of the smaller restoration
time.

Figure 15 describes the demand, delivered PV, the
delivered DG powers, and the injected/absorbed HESS
power. The PV power remains constant at 1.5 MW while
the load power decreases because of the disconnect of
the 0.5 MW load. Hence, the total demand decreases
from 2.5 to 2 MW at 10 s, compensated by diesel inertia,
causing a frequency increment. The HESS controlled by
the VSG responds to this frequency increment by absorb-
ing the excess generated power and limiting the fre-
quency increment. After that, the HESS power reduces to
zero during the rated frequency restoration period. The
isochronous diesel governor interacts with the frequency
deviation, restoring the rated frequency. Figure 16 shows
the DC output power of both storage elements and their
SOCs in the case of the proposed strategy, showing the
power-sharing between the two storages. Because of the
low-pass filter technique, the battery absorbs smooth
power with a reduced peak value.

5.3 Scenario-3 solar irradiance decreasing disturbance

The PVG is controlled by the MPPT approach to supply
the maximum power proportional to the solar irradiance.
Therefore, a sudden change in the solar irradiance inten-
sity leads to a change in the generated power from the
PVQ@, creating a power imbalance between the generated
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Fig. 14 HESS power curves during the load-decreasing disturbance
with different strategies
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and demand power. This power imbalance is compen-
sated instantaneously through the inertial response of
the D@, the rapid response of the HESS controlled by
the VSG, and finally, the delayed response of the DG
governor.

This scenario includes the PVG power variation by
decreasing the irradiance intensity by 20% at 10 s to 0.8
KW /m? from its initial value of 1 KW/m? The frequency
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response of the compared control approaches is illus-
trated in Fig. 17, while Fig. 18 compares the HESS power
curve of each control approach to show the power/
energy requirements of the HESS with the different con-
trol strategies. Compared to other strategies, the CP
strategy records the worst nadir and highest ROCOF of
49.91 Hz and 0.1731 Hz/s, respectively. However, it has
the lowest restoration time and lowest ITAE of 3.72 s and
1.5721 Hz.s% respectively, in addition to the lowest power
and energy requirements of the HESS. Compared to
the CP strategy, the AH-BB control technique improves
the frequency nadir and ROCOF to 49.927 Hz and
0.1033 Hz/s, respectively, though the speed of the steady-
state frequency restoration becomes lower, with the res-
toration time and ITAE increased to 5.7 s and 1.6339 Hz.
s?, respectively. Furthermore, the HESS energy require-
ment is increased because of the longer restoration time.
The proposed OBB-AHD technique improves the fre-
quency nadir to its best value of around 49.93 Hz and
lowers the ROCOF over the AH strategy to 0.0773 Hz/s
while decreasing the restoration time and related ITAE
compared to the AH technique to 3.99 s and 1.587 Hz.
s%, respectively. In addition, compared to the AH strat-
egy, the proposed technique effectively decreases the
energy requirement of the HESS during the disturbance
to 0.438 MJ by a decrement ratio of 19.3%.

The generated and demand power of the microgrid in
the presence of the OBB-AHD strategy are illustrated
in Fig. 19 which shows a constant load power curve,
while the PVG power curve is reduced at 10 s from 1.5
to 1.2 MW because of solar irradiance reduction. The
sudden shortage of the generated power is compensated
transiently through the response of the VSG by releasing
the stored energy in the HESS and the inertial response
of the DG from the stored energy in the rotating shaft,
allowing a transient frequency deviation from its rated
value until the delayed isochronous governor control
interacts. As shown in Fig. 20, using the LPF technique
for power-sharing between the HESS elements, the SCSS

50.05 . . ,

Q

T

> 50

2

-

o

=49.95¢ CP-VSG .

o] BB-AH-VSG

~ OBB-AHD-VSG (Proposed)
499

10 12 14 16 18 20
Time (Second)

Fig. 17 PCC frequency curves during solar irradiance reducing

disturbance with different strategies
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Fig. 18 HESS power curves during solar irradiance reducing
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is used to support the highly oscillated part of the HESS
power, reducing the peak power requirement of the BESS
and its rate of change of power. As a result, the BESS
stress is reduced and its life span is extended. Also, the
SOC of each element of the HESS can be seen in Fig. 20.

5.4 Scenario-4 solar irradiance increasing disturbance

In this case study, the microgrid is exposed to a dis-
turbance of solar irradiance increment from 0.8 kW/
m? to 1 kW/m? This creates a sudden excessive gen-
eration that needs to be absorbed, whereas the micro-
grid load remains constant at 2 MW. The excessive
power on the microgrid is handled through the iner-
tia of the DG, and the VSG-controlled HESS. Fig-
ure 21 illustrates the measured frequency curves at the
PCC with the different control approaches, while the
HESS power curve of each of the control approaches
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Fig. 22 HESS power curves during solar irradiance increase
disturbance with different strategies

is illustrated in Fig. 22. As seen, the CP-based VSG has
the worst frequency nadir and ROCOF of 50.09 Hz
and 0.1739 Hz/s, respectively, but the lowest restora-
tion time and related ITAE of 3.71 s and 1.5744 Hz.

Time (seconds)

Fig. 23 Power curves of microgrid elements under ADH-OBB
during solar irradiance increase disturbance

s%. In addition, the power and energy requirements of
the HESS are the lowest. Compared to the CP-VSG,
the BB-AH controller improves the nadir to 50.072 Hz
and the ROCOF to 0.1028 Hz/s, although its ITAE and
the restoration time deteriorate to 1.6648 Hz.s* and
5.8 s, respectively. On the other hand, compared to
both CP and BB-AH, the proposed OBB-AHD control
maintains the best nadir while further improving the
ROCOF to 0.0773 Hz/s. In addition, the OBB-AHD
control produces a faster response than the BB-AH
and decreases the energy requirement of the HESS.

The power curves shown in Fig. 23 indicate the con-
stant load power while the PVG power is increased in
steps of 10 s. The HESS records a negative value referring
to absorbed power from the microgrid, acting as an addi-
tional load, This is used to charge the storage elements of
the HESS through the power-sharing technique. Also, the
DG power curve shows an interaction with the suddenly
increased generation by decreasing the generated power.
Because of the LPF used for the power-sharing in the
HESS, the SCSS supplies the pulsating power, decreasing
the rate of rise of the battery power and smoothing the
battery power curve as shown in Fig. 24. Also, the SOC of
each element of the HESS is indicated in Fig. 24.

5.5 PVG disconnecting disturbance

During this disturbance, the PVG, which is producing
1.5 MW, is abruptly disconnected from the microgrid
after 10 s, resulting in a severe generation shortage that
needs to be handled quickly before excessive frequency
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Fig. 26 HESS power curves during PVG disconnect disturbance
with different strategies

deviation is reached. As the DG interacts, it releases
kinetic energy through its inertial response, while the
HESS releases its stored energy in its elements through
the effect of the VSG controller. The frequency responses
with the different control strategies are illustrated in
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Fig. 27 Power curves of microgrid elements under ADH-OBB
during PVG disconnect disturbance

Fig. 25. while the HESS power curves related to each con-
trol strategy are shown in Fig. 26. The fast response of
the CP-VSG control strategy is noted from its ITAE and
restoration time of 7.5091 Hz.s? and 5.60 s, respectively,
while the worst frequency nadir and ROCOF can also be
noted. In addition, the lowest power and energy require-
ment of the HESS are noted with the CP strategy. Using
the BB-AH strategy, the nadir and ROCOF are improved
when compared to the CP, although the highest restora-
tion time, ITAE, and energy requirement are observed.
However, compared to the other strategies, the proposed
OBB-AHD strategy results in the best values of the fre-
quency nadir and ROCOF of 49.800 Hz and 0.3777 Hz/s,
respectively, while its restoration speed and the associ-
ated ITAE and restoration time are improved over the
BB-AH, lowering the energy requirement of the HESS,
compared to the BB-AH, from 2.81 to 2.24 MJ.

In the case of the proposed OBB-AHD-based VSG,
the AC injected and absorbed power curves to and from
the microgrid are shown in Fig. 27. As illustrated, the
microgrid load remains constant at 2 MW throughout
the simulation, whereas the generated power from the
PVG is reduced from 1.5 MW to zero at 10 s because of
PVG disconnection. PHESS is increased to support the
sudden generation shortage transiently until the isoch-
ronous governor interacts, while PSG gradually increases
towards a steady-state condition in which the DG sup-
ports all generation shortages via the isochronous gover-
nor control action. As shown in Fig. 28, the BESS power
increases until it reaches its maximum permissible limit
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of 800 kW, while the SCSS supports the shortage in the
BESS capability to support the peak power required from
the HESS. Also, Fig. 28 shows the SOCs of the BESS and
SCSS during the disturbance.

5.6 PVG connecting disturbance

This disturbance includes the sudden connection of the
PVG with its full generation of 1.5 MW while the load
remains constant at 2 MW. Because of the PVG connec-
tion, the microgrid incurs a severe increase in generated
power, creating a power imbalance in the microgrid, and
disturbing the microgrid frequency. Figure 29 depicts
the frequency response curves with different control
approaches, whereas Fig. 30 depicts the HESS power
curves with the different controllers. While using the CP-
VSG causes the worst frequency response regarding its
nadir and the ROCOF, fast restoration is noted, and the
related time and the ITAE are reduced. In addition, the

with different strategies
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Fig. 31 Power curves of microgrid elements under ADH-OBB

during PVG connect disturbance
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CP-VSG requires a low HESS energy of 1.311 MJ. If the
BB-AH replaces the CP, the frequency nadir and ROCOF
are improved to 50.243 Hz and 0.4608 Hz/s. However, a
slow restoration is noted while the ITAE and the restora-
tion time are increased to 7.2996 Hz.s? and 9 s, respec-
tively. In addition, the HESS is required to absorb more
energy which reaches 2.7 MJ. Compared to other strate-
gies, the OBB-AHD results in the best nadir and the low-
est ROCOF, and a great reduction in the restoration time
and energy requirement of the HESS compared to the
BB-AH. As a result, the OBB-AHD offers the optimum
compromise between improved frequency response
and the quickest possible restoration time while requir-
ing a modest amount of energy from the HESS. For the
case of the OBB-AHD, the curves of the supplied power
from PV, DG, and HESS beside the total demand power
are shown in Fig. 31. In addition, the HESS power is
shared between both energy storage systems using the
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LPF, while the power supplied from the battery and the
SCSS, and the SOCs of both elements under the case of
the OBB-AHD, are shown in Fig. 32.
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Fig. 32 DC power curves of HESS elements and their SOCs
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Table 2 Summarized results
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6 Results and discussion

While the system performance has been evaluated using
parameters such as the frequency nadir, ROCOF, ITAE,
response time, and energy requirement, Table 2 sum-
marizes the parameters in the different cases. Also, the
output results are organized in the graphs, shown in
Figs. 32, 33, 34, 35, 36 and 37. As shown in Figs. 33, and
34, and Table 2, the proposed control approach yields the
lowest frequency nadir and ROCOF values for all distur-
bances. The proposed approach produces an intermedi-
ate value of the ITAE and HESS energy demand between
the lowest CP-VSG values and the highest BB-AH-VSG
values, as shown in Figs. 35 and 36, respectively. Fig-
ure 37 shows the superiority of the proposed controller
in reducing the restoration time, especially compared to
the AH-VSG technique. Hence, it can be inferred that
the proposed OBB-AHD approach can improve the fre-
quency response, providing the best nadir with the low-
est ROCOE, and improve the response speed by greatly
reducing the HESS energy needs compared to BB-AH.
Consequently, the proposed strategy achieves an opti-
mal trade-off between the fastest response and the low-
est energy needs of the CP strategy from one side and the
best frequency response concerning the lowest nadir and
ROCOF from the other side.

Controller Nadir (Hz) ROCOF (Hz/s) ITAE (Hz.s?) Restoration time  HESS
(s) energy
(MJ)
Load increment CP-VSG 49.868 0.2599 2.3933 4.2 0.37
BB-AH-VSG 49917 0.1574 25339 6.5 0.85
OBB-AHD-VSG 49.921 01167 24538 44 0.69
Load decrement CP-VSG 50.133 0.2592 2.3979 4.2 -05
BB-AH-VSG 50.089 0.1581 25243 6.8 -1
OBB-AHD-VSG 50.087 0.1162 24676 4.5 -08
Solar decrement CP-VSG 49911 0.1731 1.5721 37 023
BB-AH-VSG 49.927 0.1033 1.6339 57 0.54
OBB-AHD-VSG 49.931 0.0773 1.5870 3.99 044
Solar increment CP-VSG 50.090 0.1739 1.5744 37 -03
BB-AH-VSG 50.072 0.1028 1.6648 5.8 -07
OBB-AHD-VSG 50.070 0.0773 1.5913 4.0 -06
PVG disconnecting CP-VSG 49.568 0.8432 7.5091 5.60 1.29
BB-AH-VSG 49.734 0.5098 8.1568 9.2 281
OBB-AHD-VSG 49.800 03777 7.8742 555 2.24
PVG connecting CP-VSG 50.396 0.7668 6.8500 5.54 -13
BB-AH-VSG 50.243 0.4608 7.2996 9.0 -27
OBB-AHD-VSG 50.186 0.3463 7.1539 536 =21
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7 Conclusion

The BB-AH-based VSG controller for an HESS is imple-
mented on the proposed PV/diesel microgrid and its
parameter limits are evaluated using the MA-based tech-
nique, as previously described, with an optimized con-
stant D. The performance of the BB-AH-based VSG is
evaluated and compared to the CP-VSG. Also, an OBB-
AHD technique-based VSG is proposed, in which the
adapting limits are evaluated using the PSO technique
based on the proposed two objective functions. The per-
formance of the proposed control technique is evaluated
and compared to the other two techniques.

Because of the lower inertia and damping used in the
CP technique of the CP-VSG, the CP technique has the
worst frequency stability regarding its nadir and ROCOF
during all disturbances. However, the steady-state fre-
quency is quickly restored. The BB-AH technique sig-
nificantly improves the frequency response during all
disturbances but with a higher restoration time and slug-
gish response during the different disturbances. A fur-
ther improvement in the frequency nadir and ROCOF
is introduced by using the proposed OBB-AHD, while
it reduces the restoration time below that of the BB-AH
by 30% to 40%. Consequently, the proposed OBB-AHD-
VSG has the best compromise between CP-VSG’s lowest
restoration time and the best frequency performance.

As the restoration time highly affects the energy
requirement of the HESS, the CP-VSG has the lowest
energy requirement of the strategies. As the frequency
response is sluggish with the BB-AH-VSG controller,
the restoration time and related energy requirement are
increased. In the proposed strategy, as the time response
is greatly decreased, the related energy requirement is
significantly decreased compared to the BB-AH strat-
egy, with reductions in the range of 18-22%. Through
the action of the LPE, which is used for power-sharing in
the HESS, SCSS supplies the oscillated power demand
from the HESS so as to smooth the charge and dis-
charge power of the BESS. In addition, during severe
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disturbances such as connecting and disconnecting the
PVG@, the power limitation of the battery is reached, cre-
ating a power shortage. The SCSS compensates for this
shortage to maintain system stability while extending the
battery system life.

Appendix
See Table 3.

Table 3 System data

Diesel generator

3.125 MVA, 2.4 kV,2 poles, 1500 rpm

PV system

1.5 MW, 1000V DC, 380V AC

Battery

Lead-acid, 200 V/module, 100 Ah, 100 string, 2 modules/string
Supercapacitor

240V, 3.75 F, 323 mQ/module, 30 strings, 2 modules/string

Abbreviations

VSG Virtual synchronous generator

SOC State of charge

SOCBat State of charge of the battery

SOCSC State of charge of the supercapacitor

PBat Power of the battery

PSC Power of the supercapacitor

PL Load power

PHESS Power of the hybrid energy storage system

PSG Diesel generator power

PPV PV system power

HESS Hybrid energy storage system

ESS Energy storage system

BESS Battery energy storage system

SCSS Supercapacitor storage system

PVG Photovoltaic generator

DG Diesel generator

PSO Particle swarm optimization

ROCOF Rate of change of frequency

CP-VSG Constant parameters virtual synchronous generator

BB-AH Bang-bang adapted virtual inertia

OBB-AHD Optimized bang-bang adapted virtual inertia and virtual
damping

RES Renewable energy source

SSSA Small-signal stability analysis

VSI Voltage source inverter

MA Mathematical approach

P, Mechanical power signal produced from the droop control
loop (pu)

Pref Reference power of droop control (pu)

W Frequency of the output voltage of the inverter

Wref Reference speed of the droop control

[ON Synchronous speed

Wsm Synchronous mechanical speed

Sm Mechanical power angle

R Slope of the active power droop characteristic

P, Mechanical power signal produced from the droop control
loop (pu)

AwjpF Filtered VSG's mechanical frequency deviation signal
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modulus
Wrm Rated mechanical frequency (1 pu)
T Bang-bang control’s low pass filter time constant
tp Settling time
H Virtual inertia coefficient
Hynax Hmine Hss - The max. limit, min. limit, and steady-state values of the adap-

tive inertia coefficient

D Virtual damping coefficient

Dinaxe Dy Dss - The max. limit, min. limit, and steady-state values of the adap-
tive damping coefficient

max =~ min
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