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ABSTRACT Virtual inertia control is considered as an important part of microgrids with high renewable
penetration. Virtual inertia emulation based on the derivative of frequency is one of the effective methods for
improving system inertia and maintaining frequency stability. However, in this method, the ability to provide
virtual damping is usually neglected in its design, and hence, its performance might be insufficient in the
system with low damping. Confronted with this issue, this paper proposes a novel design and analysis of
virtual inertia control to imitate damping and inertia properties simultaneously to the microgrid, enhancing
frequency performance and stability. The proposed virtual inertia control uses the derivative technique
to calculate the derivative of frequency for virtual inertia emulation. Trajectory sensitivities have been
performed to analyze the dynamic impacts of the virtual inertia and virtual damping variables over the
system performance. Time-domain simulations are also presented to evaluate the efficiency of the virtual
damping and virtual inertia in enhancing system frequency stability. Finally, the efficiency and robustness
of the proposed control technique are compared with the conventional inertia control under a wide range
of system operation, including the decrease in system damping and inertia and high integrations of load
variation and renewable energy.

INDEX TERMS Frequency stability, isolated microgrid, virtual inertia regulation, virtual synchronous
machine.

I. INTRODUCTION

Recently, the transition in electricity from centralized gener-
ation to distributed/decentralized generation (DG) has made
microgrids attractive and suitable for integrating renewable
energy sources (RESs). The microgrid infrastructure has
proven to be an alternative strategy for solving the challenges
of the energy crisis and environmental concerns, as it consists
of DG/RESs, energy storage systems (ESS), and distributed
loads [1]. With the rising share of RESs-based generation,
it raises the new stability issues in regulating the microgrid.

One of the major problems is the lack of system inertia and
damping owing to the replacement of traditional generations
(i.e., synchronous generators) by RESs-based generation.
The main reason for system inertia reduction is because of the
converter/inverter that is usually used to connect the RESs to
the microgrids. The inverter/converter does not possess any
inertia or damping properties, leading to the degradation of
system inertia and damping, larger frequency excursion, and
system instability and collapse, see for an example [2]. On the
contrary, high system inertia and damping generated by the
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synchronous generators are required to attenuate the system
dynamics and decrease frequency deviation of the system,
so that the system instability, undesirable load or generation-
shedding, cascading outages, and power blackouts could be
prevented. Thus, dynamic stability in the presence of low
system inertia and damping caused by RESs penetration
is becoming the main concern for today and future micro-
grid design, operation, and control, as its stability margin is
reduced.

To address these stability issues, a new inertia con-
trol scheme called virtual synchronous machine (VISMA)
[3]-[S] or virtual synchronous generator (VSG) [6] is
designed to imitate virtual inertia power based on the dynamic
behavior of synchronous generators, improving system per-
formance and stability. The virtual inertia control concept is
constructed by the inverter, short-term energy storage sys-
tem (ESS), and proper control technique. Recently, several
researchers have paid more attention to investigate these
issues. Thus, there are many types of virtual inertia control,
depending on the control objectives. The research groups
in [4]-[6] designed the virtual inertia control to imitate the
dynamic and static characteristics of synchronous generators,
improving system performance. D’ Arco et al. [ 7] ensured that
virtual inertia control is able to provide stable operation of
microgrids in both islanded and grid-connected operations,
maintaining robustness of operation. The comparison of
dynamic behavior between virtual inertia control and droop
control is investigated in [8]. Hirase er al. [9] analyzed the
resonance effect in microgrids using virtual inertia control in
response to frequency stabilization. The stability assessment
technique is discussed in regards to multiple virtual inertia
control units [10]. The concept of synchronverter is also
proposed in [11] to mimic the behaviour of synchronous gen-
erators for inertia control. For more details, interested readers
can find the literature reviews and past research achievement
on virtual inertia control in [12] and [13].

From the past until now, significant phenomena that
cause microgrid instability and power blackout are frequency
instability, rotor angle instability, and voltage instability.
Focusing on frequency stability/regulation, virtual inertia
control based on the derivative technique (derivative of
frequency: df/dt) [14]-[16] is one of the effective approaches
for imitating virtual inertia power, improving system
inertia and frequency stability. Numerous publications have
designed virtual inertia control based on the derivative appr-
oach for the enhancement of frequency stability [14]-[20].
In [14]-[16], the derivative method-based inertia control
was applied to the HVDC interconnected system, improving
frequency stability. Alhejaj and Gonzalez-Longatt [17] inves-
tigated the impact of derivative technique-based inertia con-
trol for enhancing frequency response. Kerdphol et al. [18]
proposed the model predictive control to control the
inertia power in derivative method-based inertia control.
Kerdphol et al. [19] applied the derivative technique-based
virtual inertia control to augment frequency performance of
HVAC systems. Kerdphol et al. [20] combined the robust
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theory and virtual inertia control to reduce frequency oscilla-
tion during high RESs penetration. Recently, Fang ef al. [21]
investigated the frequency derivative-based inertia improve-
ment considering the effect of frequency measurement. Sta-
bility issues in response to this technique have been identified
in [22]-[26]. However, most of the published research work
in this area [14]-[20] neglect the design of virtual damping,
which is important in providing additional damping property
to the microgrids. The lack of the virtual damping can lead
to an insufficient performance of virtual inertia control in
the microgrids with low inertia and damping. This problem
would also be exacerbated in the situation of low load damp-
ing factor of the microgrid during small power consumption,
causing the system instability and collapse [27]. Moreover,
there is no consideration has been paid in the literature to
deal with this issue in the application based on the derivative
technique. To fill in this research gap and overcome the
problem, the new modeling of derivative technique-based
virtual inertia control is strongly required to augment system
damping, inertia, and frequency performance/stability.

This paper proposes a novel design and analysis of vir-
tual inertia control to imitate damping and inertia properties
simultaneously into the microgrid, enhancing frequency sta-
bility and robustness under a wide range of system operation.
The virtual inertia part is established by using the derivative
technique-based virtual inertia emulation technology pre-
sented in [14]-[16]. The virtual damping part is calculated
based on the frequency deviation of the system in regards to
fast settling/stabilizing time of the system. Trajectory sensi-
tivities have been presented to analyze the dynamic impacts
of virtual damping and virtual inertia variables. Finally,
the efficiency of the proposed method is confirmed by the
simulation study.

The novelty of this work is summarized as: (1) the
enhanced derivative technique-based virtual inertia control
strategy that enables simultaneous emulation of virtual inertia
and damping is proposed, improving both system inertia and
damping to meet frequency regulation requirements; (2) the
dynamic effects of virtual damping and virtual inertia are
analyzed and validated by using the eigenvalue analysis and
time-domain simulation, obtaining a new trade-off between
frequency transient/deviation and settling time; (3) compared
with the virtual inertia control literatures in [14]-[20], the
proposed strategy gives a better frequency stability and per-
formance to the microgrid, which is expected to integrate
more RESs, and thus, the lack of system inertia and damping
issue could be solved and preventing instability and power
blackout. In this work, the dynamic effects of both virtual
damping and virtual inertia have been clearly investigated
so that the virtual inertia control could be more optimally
utilized in the power system.

The remainder of this manuscript is arranged as; Section II
explains a brief review of frequency regulation in regards
to inertia control. The dynamic of the microgrid based
on frequency regulation is discussed. Section III proposes
the new modeling of derivative technique-based virtual
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inertia control. In Section IV, the effects of virtual damping
and virtual inertia are investigated. The microgrid frequency
response is examined through the severe situations in nor-
mal and extremely low system inertia and damping. Finally,
the conclusions are offered in Section V.

Il. SYSTEM CONFIGURATION

A. FREQUENCY REGULATION IN REGARDS TO INERTIA
CONTROL

Frequency stability issue, as a result of the unbalance between
load consumption and power generation, is one of the
most concerning problems in microgrid design, operation,
and control. In traditional power systems (i.e., synchronous
generator-based power system), the inertia and damping
properties generated from the rotor of synchronous genera-
tors offer an imperative role in regulating frequency stabil-
ity during the contingency (e.g., RESs/load variation). The
relationship between generated power, load power, system
inertia, system damping, and frequency deviation is defined
by the swing equation as [28]:

AP,, — APy = 2Hs (Af) + D (Af) (1)

where f means the frequency of the system, Af means the
deviation of system frequency, AP, means the generated
power change from the synchronous generator, AP; means
the load power change, H means the system inertia, D means
the system damping.

To regulate the frequency stability at a nominal value
(i.e., 50 or 60 Hz) under a wide range of microgrid oper-
ation, three main control units; (1) inertia (initial) control,
(2) primary control, and (3) secondary control, are usually
designed to deal with the contingency as shown in Fig. 1.
For a full detailed explanation of these control processes, it
can be found in [28] and [29]. Focusing on inertia response,
the stored inertia power (i.e., kinetic energy) in the rotors
of the synchronous generators will counteract the imbalance
through the inertia control until before the primary control
is fully activated. The relationship between the inertia of the
synchronous generator and inertia of the microgrid can be
determined as [28], [29]:

H = Z (HsGiSsGi) /Smc 2
l
where Sgg means the rated power of the synchronous gener-
ator, and Sy means the rated microgrid power.

Recently, in microgrids, the synchronous generators have
been replaced by the inverter/converter-based RESs. Hence,
the response of system inertia (H) and system damping (D),
typically during 1-10s is significantly decreased. Accord-
ingly, the rate of change of frequency or derivative of
frequency (df/dt) of the microgrids increases, leading to
rapid frequency deviation, larger frequency drop/dip, sys-
tem instability, and in the worst case; a rapidly cascading
failure or power blackout. It is noted that during the short
time interval of 1-10s, the primary and secondary control
units are not effective enough to counteract the contingency
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FIGURE 1. Time intervals of frequency response during a contingency.

(see Fig. 1), especially under the severe situations of low
system inertia and damping caused by RESs penetration.

B. DYNAMIC MODELING OF MICROGRID FOR
FREQUENCY REGULATION AND ANALYSIS

To obtain the multi-source nature of microgrid, the stud-
ied microgrid in Fig. 2a contains several kinds of genera-
tion system, with different types of load. The main thermal
power station has 15 MW of installed capacity, representing
a traditional synchronous generator-based generation. The
generated electricity is consumed by 10 MW of commercial-
industrial loads and 5 MW of residential loads. The sys-
tem has 8.5 MW installed capacity of the wind farms and
7.5 MW installed capacity of the solar power plants. None of
them equipped with inertia or damping emulation controller.
Hence, the renewable power generations will significantly
change the microgrid operating point and reducing system
inertia and damping property, affecting system stability and
performance. To solve this problem, energy storage systems
(ESS) of 4.5 MW are installed in the microgrid. The system
base is 15 MW. The communication network (dotted line) is
applied for exchanging information and status. The frequency
control network (dash line) is used for control instruction
of inertia, primary, and secondary control units. The power
network (solid line) is applied for delivering the electrical
power to the loads in the microgrid.

To analyze frequency stability effectively, the dynamic
model of the studied microgrid in Fig. 2b is developed for
frequency study and analysis. To obtain the physical system
dynamics, the generation rate constraint (GRC) for the gov-
ernor unit, dead band for the turbine unit, and time delay
for the secondary control or load frequency control (LFC)
unit are considered, creating an accurate frequency percep-
tion and system non-linearity [28], [29]. In this study, the
GRC s specified as 12% p.u. MW/min. The dead band limit is
specified as 0.06% (£0.035 Hz). The time delay is specified
as 2 s. Three main control units (i.e., inertia control, primary
control, and secondary control) are applied to maintain sys-
tem frequency stability during the contingency. The inertia
control-based ESS is responsible for balancing the mismatch
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FIGURE 2. The studied microgrid system: (a) Conceptual structure, (b) Dynamic structure for frequency response analysis.

power at 1-10s. The primary control unit (i.e., the gover-
nor) is responsible for stabilizing the system frequency to a
new steady-state value within 10-30s. The secondary control
(also known as load frequency control: LFC) based on area
control error (ACE) is responsible for recovering the system
frequency to its nominal value within 10-30 minutes. On the
contrary, because the RESs (wind and solar power systems)
and domestic loads (industrial and commercial-residential
loads) do not participate in the frequency regulation, they are
considered as the disturbances/uncertainties to the microgrid.
Based on [14]-[16] and [27]-[32], the simplified model of the
studied microgrid (i.e., low-order dynamic model) presented
in Fig. 2b is sufficient for frequency stability study and
analysis. Nevertheless, [27] compared frequency response
obtained using the simplified model and the detailed model of
the microgrid. It is confirmed that the simplified model has a
good accuracy under a wide range of operating conditions.
Thus, the simplified model used in this work is accurate
enough for frequency stability study and analysis. Pertinent
model parameters are displayed in Table 1.

Considering the dynamic effects of generations and
loads including inertia, primary, and secondary control
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(from Fig. 2b), the system frequency deviation is obtained as:

Af = —— (AP AP AP APy — AP,
f 2Hs+D( n + APw + APpy + APy, L)
3)
where
APy = —(aP,) o)
" 1+ST1‘ 8
1 1
AP, = —— |ACE — =A 5
& 1+sTg< R f) ©)
K
ACE = " (B - Af) (6)
APy = ——— (AP, 7
w 1+STWT ( wmd) ( )
1
APpy = ——— (AP 8
PV 1+STPV ( solar) ( )
AP;, = Py + Pg )

where ACE means the area control error. APy means the
generated power from the wind system. AP,,,q is the initial
wind power change. AP, is the generated power from the
turbine system. APg,y is the initial solar power change.
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APpy means the generated power from the solar system.
AP; is the commercial-industrial load power. APg is the
residential load power. APy is the virtual inertia power. Note
that APy; will be explained in the next section (see (15)).

To perform the detailed investigation for the studied micro-
grid, the complete state-space model representation of the
system could be calculated as:

X =Ax+Biw+ Bou (10)

Considering the block diagram of Fig. 2b, the coefficients
and state variables of the proposed state-space model in (10)
is evaluated as follows:

x = [ Af AP, APy APace APy; APy APpy ] (11)
wl = [ APy APpy AP; APR] (12)
u’ = [APy] (13)

Therefore, the complete state-space equation of the system
is determined as (14), shown at the bottom of this page.

Ill. VIRTUAL INERTIA CONTROL BASED ON DERIVATIVE
TECHNIQUE FOR SIMULTANEOUS EMULATION OF
VIRTUAL INERTIA AND DAMPING

This section explains a novel concept, design, and model-
ing of derivative technique-based virtual inertia control for
simultaneous emulation of virtual inertia and virtual damp-
ing, enhancing frequency performance and avoiding system
instability/collapse owing to the lack of system damping
and inertia. The main design objective is to simultaneously

provide the virtual damping and virtual inertia to support
the conventional synchronous generators in the situations
of low system inertia and damping when the RESs are
highly penetrated to the microgrid. This concept can be
established by the short-term ESS, inverter, and proper iner-
tia control technique. The proposed control technique is
designed to operate independently of other control units,
such as primary and secondary control. Thus, the energy
contained in ESS is fully used to improve the system
frequency stability in terms of steady-state and transient
performance.

The dynamic modeling of the proposed technique is pre-
sented in Fig. 3. The virtual inertia part is established based
on the inertia emulation technology using the derivative tech-
nique introduced in [14]-[16] to determine the rate of change
of frequency (df/dt) for modifying the added power to a set-
point of the microgrid during the contingency. The virtual
damping part is developed for fast settling/stabilizing time
based on the frequency deviation of the system. As a result,
the active power via the inverter-based ESS is proportionally
controlled using the df/dt. Hence, the virtual inertia power
with damping property could be properly emulated into
the microgrid, enhancing both system inertia and damping,
as well as frequency stability. The low-pass filter is used
to eliminate the noise issue and to get the accurate dynam-
ics of inverter-based ESS (i.e., fast response characteristic).
The limiter block is implemented to limit the ESS output
power, representing the practical power response of the ESS.
Accordingly, the proposed inertia control is able to contribute
to the microgrid as if the ESS has inertia and damping
properties similar to that of the conventional synchronous
generator. Considering the capability of the proposed tech-
nique, it is worth to point that the proposed inertia control
can achieve a better performance than the conventional virtual
inertia control due to the designed flexible damping con-
troller, which can achieve an optimal response in case of
contingencies, especially under the severe circumstances of
low system damping and inertia. Without the virtual damping
emulation, there is no damping property in the conventional
inertia control and the system damping is limited by its actual
physical factors.
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FIGURE 4. Stability analysis of different variables of virtual damping and virtual inertia over the system performance: (a) Effect of virtual inertia but
no virtual damping, (b) Eigenvalue trajectory of the system with virtual inertia but no virtual damping, (c) Effect of virtual damping and virtual inertia,
(d) Eigenvalue trajectory of the system with virtual inertia and virtual damping.

The dynamic equation or control law of the proposed
control design can be expressed as:

Jyis + Dy

APy, =
v 1 + sTgss

(Af)
where Jy; means the virtual inertia constant, Dy; means the
virtual damping constant, Tgss means the time constant of
inverter-based ESS.

More detail and information about the equivalent mechan-
ical model in regards to virtual inertia control studies can be
found in [3]-[5], based on a specific type of virtual inertia
control called VISMA.

5)

IV. SIMULATION RESULTS AND DISCUSSION

We have carried out the analysis and simulations using
MATLAB/Simulink software in parallel to the proposed con-
trol and development presented above. Results that confirm
the proposed modeling of virtual inertia control are presented
in this section. The simulations and analysis are focused
on three parts. The first part is focused on the impacts of
the virtual damping (Dyy) and virtual inertia (Jyy) including
the system inertia and damping itself over the microgrid
performance. The second and third parts are focused on the
frequency stability assessment of the microgrid under the
normal and critical operating situations caused by different
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penetration levels of RESs and variation in residential and
commercial-industrial loads. To determine the efficiency
and robustness of the proposed control design, the results
have been compared with the conventional derivative
technique-based virtual inertia control designed in [14]-[20]
and no virtual inertia control.

A. IMPACTS OF VIRTUAL DAMPING AND VIRTUAL
INERTIA OVER MICROGRID PERFORMANCE

In this part, the time-domain simulation and eigenvalue anal-
ysis of the studied system are presented to evaluate the
dynamic impacts of virtual damping (Dyy) and virtual iner-
tia (Jyy) based on the small-signal stability point of view.
To illustrate the microgrid behaviour over a wide range of
parameter changes, the complete eigenvalue trajectory is
presented. This section is divided into two sub-scenarios as
follows: (1) the impact of virtual inertia; (2) the impact of
virtual damping and virtual inertia.

Scenario 1: In this scenario, only the effect of the change
in the virtual inertia constant values (Jyy) over the microgrid
performance is considered. The test is performed by a step
load change of 1.5 MW (AP, 0.1 p.u.) at 1 s under
the normal condition of high system inertia and damping.
Fig. 4a shows the frequency deviation for different values
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FIGURE 5. Frequency response of the microgrid under the normal operating situation of high system inertia and damping.

of Jyy. It is found that the key effect of increasing Jy;
(from 0.01 to 3) is that the frequency transient and maximum
frequency deviation significantly reduce, resulting in a better
microgrid performance. It is confirmed by the eigenvalue
trajectory of the system in Fig. 4b that after increasing Jyy,
the negative real part of most eigenvalues move to the left-
ward region of the s-plane (i.e., stable region), improving
frequency stability margin. However, Fig. 4a also shows the
side effect of increasing virtual inertia constant value (Jyy).
If the Jyy is increased too high (especially over 2), the micro-
grid frequency will need a longer time to settle. Thus, the side
effect of increasing Jy; is that the settling/stabilizing perfor-
mance of the system could be deteriorated, leading to a longer
settling/stabilizing time. To overcome this issue, the study
and analysis of virtual damping design are provided in the
next scenario.

Scenario 2: This scenario is mainly focused on the effect
of the changes in virtual damping constant values (Dyy)
over the microgrid performance, while the effect of virtual
inertia (Jyy) is simultaneously considered and fixed at the
proper value of 1.6. Similarly, the test is performed by a step
load change of 1.5 MW (AP; = 0.1 p.u.) at 1 s under
the normal condition of high system inertia and damping.
Fig. 4c shows the frequency deviation for different values
of Dyy. Obviously, the advantage of emulating virtual damp-
ing to the microgrid system is the significant improvement of
settling/stabilizing performance (less settling time) and the
slight attenuation of frequency transient. It is confirmed by
the eigenvalue trajectory in Fig. 4d that the negative real part
of the system moves to the leftward region of the s-plane.
However, the side effect of applying the high value of virtual
damping can be observed in Fig. 4c and 4d. If the Dyy is
increased too high (especially over 2), it could result in the
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large second overshoot at 3 s (see cases of Dy; = 2.5 and 3
in Fig. 4c). This side effect is confirmed by Fig. 4d that the
main negative imaginary part of the microgrid moves slightly
toward the right side of the s-plane (i.e., unstable region) after
applying the high values of Dy;. As aresult, when virtual iner-
tia and virtual damping are applied simultaneously, it is better
to keep a smaller value of virtual damping (less than 1.5)
and give the main responsibility of suppressing the frequency
deviation in case of the contingency to the virtual inertia part.

B. FREQUENCY STABILITY ASSESSMENT UNDER HIGH
SYSTEM INERTIA AND DAMPING PROPERTY
Scenario 3: This scenario represents a normal operating sit-
uation of the microgrid with low penetration of wind and
solar generations (see Fig. 6a) and high power consumption
of residential and commercial-industrial loads (see Fig. 6b).
Both system inertia and damping are reduced 20% from
their nominal values (see Table 1). To replicate the typi-
cal microgrid operation, the power fluctuations due to wind
velocity, solar irradiance, and electrical load consumption are
simultaneously applied to the microgrid. How the proposed
inertia control regulates the microgrid frequency stability
under the impact of high load power consumption with low
RESs production is also examined in this scenario. For this
scenario, the control parameters have been listed in Table 1.
Fig. 5 shows the microgrid frequency response under this
scenario. Obviously, due to the connection of wind power
plants at 200 s, it results in the huge frequency rise of
+0.37 Hz in case of no virtual inertia control, +0.26 Hz
in case of conventional inertia control, and +0.22 Hz
(the lowest) in case of the proposed inertia control. Moreover,
the conventional virtual inertia control yields longer settling
time, which is almost the same as the case of no virtual
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FIGURE 6. The considered power disturbances: (a) Low penetration of wind and solar energy (b) High consumption of commercial-industrial and

residential loads.

inertia control due to the lack of virtual damping emula-
tion. On the contrary, when the proposed inertia control is
applied, the frequency rise has the lowest value with less
settling/stabilizing time. This improvement is due to the capa-
bility of the proposed virtual inertia control to emulate virtual
inertia and damping, simultaneously. During no contingency
event, for example from 460 to 490 s, the proposed control
technique could effectively regulate frequency deviation with
the lowest value. This indicates the efficiency in maintaining
stable microgrid operation. Following the disconnection of
solar power plants at 700 s, it causes the frequency drop
of —0.31 Hz in case of no inertia control, —0.21 Hz in case
of conventional inertia control, and —0.17 Hz (the lowest)
in case of the proposed inertia control. Similarly, both con-
ventional inertia control and no inertia control give longer
settling/stabilizing time due to the lack of damping emula-
tion. By designing the virtual damping as in the proposed
control technique, the stabilizing/settling time is significantly
reduced, effectively enhancing frequency stability margin
and resiliency of the microgrid. Fig. 7 illustrates the emu-
lated virtual inertia power from the ESS for Scenario 3.
The positive value indicates the charging power while the
negative value indicates the discharge power. It is obvious
that the ESS controlled by the proposed technique is greatly
charged/discharged in response to the applied disturbances
and contingencies.

Hence, the simulation results confirm that the pro-
posed inertia control technique provides much better
stability/performance in suppressing frequency devia-
tion/transient excursion and improving system resiliency,
specifically in settling/stabilizing time under the normal
operating situation of the microgrid.

C. FREQUENCY STABILITY ASSESSMENT UNDER LOW
SYSTEM INERTIA AND DAMPING

Scenario 4: In this situation, the robustness of the proposed
control technique under the critical operating condition is
examined. According to the frequency stability point of view,
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FIGURE 7. Power change of the ESS with virtual inertia and damping
emulation for Scenario 3.

the worst operating situation of the microgrid is when the
system operates at the maximum RESs power production
(e.g. in this case, 90% of its installed capacities, see Fig. 9a)
resulting in the extremely low system inertia (e.g. in this
case, 80% reduction from its nominal value). To force more
severe operating situation, the microgrid has the minimum
load consumption (20% of its peak demand, see Fig. 9b)
resulting in the extremely low system damping (e.g. in this
case, 80% reduction from its nominal value). For this sce-
nario, the related parameters have been listed in Table 1. This
severe scenario is executed over a total time of 15 minutes.
The necessity of applying the proposed inertia control for
compensating the impacts of low system damping and inertia
and achieving the stable frequency performance has been
demonstrated in this scenario.

Fig. 8 reveals the system frequency stability under the
critical scenario. With increasing penetration of RESs in
this scenario (specifically after 200 s), it is obvious that the
maximum frequency deviation of the microgrid significantly
increases. In case of no inertia control, the microgrid com-
pletely fails to regulate the frequency stability, leading to
the power blackout. In case of conventional inertia control,
strong frequency peak/transient and larger frequency devia-
tion can be observed during the connection of the wind farms
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FIGURE 9. The considered power disturbances: (a) High integration of wind and solar energy (b) Low consumption of commercial-industrial and

residential loads.

from 200 s (i.e., the period of maximum RESs power pen-
etration). During no contingency event (from 201 to 699 s),
the microgrid frequency in case of conventional inertia con-
trol severely oscillates over the frequency operating standard
of £1 Hz [33] twice due to the lack of system damping.
This situation may lead to the instability and system collapse.
To prevent such severe situation, the disconnection of solar
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power plants at 700 s is required in case of conventional
inertia control. On the contrary, it is obvious that the proposed
virtual inertia control gives much smaller frequency transient
and derives frequency deviation close to zero with smooth
changes for the whole operating situation.

Fig. 10 demonstrates the emulated virtual inertia power
from the ESS for Scenario 4. Clearly, the ESS controlled
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TABLE 1. The microgrid control parameters for each scenario.

Parameter Scenario 1 Scenario 2 Scenario 3 Scenario 4
Primary control unit
Governor time constant, 7, (s) 0.1 0.1 0.1 0.1
Turbine time constant, 7} (s) 0.4 0.4 0.4 0.4
Primary droop factor, R (Hz/p.u.MW) 2.4 2.4 2.4 2.4
Secondary control unit
Secondary frequency controller, K (s) 0.2 0.2 0.2 0.2
Frequency bias, 8 (p.u.MW/Hz) 0.99 0.99 0.99 0.99
Inertia control unit
Virtual inertia value, Jy;(s) 1.6 1.6 1.6 1.6
Virtual damping value, Dy; (s) 1.2 1.2 1.2 1.2
Time constant of inverter-based ESS, Tgss (s) 10 10 10 10
Maximum capacity of ESS, Pgss mar (p-u.MW) 0.3 0.3 0.3 0.3
Minimum capacity of ESS, Prss yin (p.u.MW) -0.3 -0.3 -0.3 -0.3
Renewable control unit
Time constant of wind turbine, Tyr (s) 1.4 1.4 1.4 1.4
Time constant of solar system, Tpy (s) 1.9 1.9 1.9 1.9
Microgrid control unit
System (microgrid) inertia, H (p.u.MW s) 0.082 0.082 0.066 (-20%) 0.016 (-80%)
System (microgrid) damping, D (p.u.MW/Hz) 0.016 0.016 0.012 (-20%) 0.003 (-80%)
04 | , . . . . . . . . .
T side effec.t of applying the h1gh Value. of virtual 1ne.rt1a
03 — Conventional virtual inertia control constant is that the system will require a longer time
2 [*= Enhanced virual ineria contrel to settle. On the contrary, the side effect of applying
kL the high value for virtual damping is that it can cause
@ a large second overshoot, leading to the degraded sys-
' tem performance. Thus, in applying virtual inertia and
virtual damping simultaneously, it is better to keep a
2 | | ‘ | , ‘ smaller value of virtual damping and give the main
O R - ) B I RO AW W responsibility of suppressing the. frequ.ency. deviation in
case of the contingency to the virtual inertia part.
FIGURE 10. Power change of the ESS with virtual inertia and damping 2) Time-domain analysis and results report the higher sta-

emulation for Scenario 4.

by the proposed control technique is effectively charged/
discharged in response to the severe disturbances and con-
tingencies.

Accordingly, applying the proposed virtual inertia control
not only reduces transient excursion but also shortens the
stabilizing/settling time and derives the frequency deviation
close to zero, improving the stability and robustness of micro-
grid operation and control.

V. CONCLUSIONS
In this paper, the novel enhanced modeling of derivative
technique-based virtual inertia control has been proposed to
imitate virtual damping and inertia simultaneously, improv-
ing system inertia, system damping, and frequency stabil-
ity during the severe disturbances and contingencies. The
derivative technique is applied to control the inverter-based
ESS in the microgrid for inertia emulation, by calculating the
derivative of frequency. The study results are summarized as
follows:
1) Eigenvalue investigation has been presented to evaluate
the dynamic impacts of virtual damping and virtual
inertia over the system performance. It is shown that the
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bility/performance of the proposed control technique
under different test scenarios including the severe dis-
turbances and high uncertainty situations. Obviously,
in the severe situation of high RESs penetration with
low system damping and inertia, the cases of conven-
tional virtual inertia control and no inertia control fail to
stabilize frequency stability within the acceptable stan-
dard owing to the lack of virtual damping emulation,
causing system instability and collapse. To handle this
problem, the disconnection of RESs unit is required in
case of conventional inertia control to avoid the system
collapse. On the other hand, the proposed control tech-
nique could effectively maintain the frequency within
the satisfactory range under the applied disturbances.
These results clearly validate the efficiency, resiliency,
and robustness of the proposed control technique.

The stability study confirms that the coordinated design
of virtual inertia and virtual damping is suitable and
effective to gain a new trade-off between frequency
transient/deviation and settling time of the microgrid.
It does not only reduce transient excursion/frequency
deviation but also improves the damping performance
and withstands the system disturbances without any
harmful effect.
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Finally, the simultaneous emulation of virtual damping
and virtual inertia in the derivative technique-based virtual
inertia control for microgrid frequency regulation can be
considered as an important outcome of this work. Eventually,
the proposed model of virtual inertia control will be useful
and essential for further analysis and studies in frequency
control respect to virtual inertia and damping emulation capa-
bilities. Besides, it could be implemented to any category of
microgrids with different size/complexity.

APPENDIX
The pertinent control parameters of the studied microgrid
used in each scenario are listed in Table 1.
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