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Abstract: Massive penetration of renewable energy sources having inertia-less converters has degraded the inertia support capability of
the grid. This inertia deficit affects the dynamic frequency stability of the Microgrid (MG) and may result in a total blackout under
contingencies. This paper addresses the inertia problem with a de-loaded Photo-Voltaic (PV) system having a PI-Virtual Damping
(PIVD) controller, optimally tuned using Particle Swarm Optimization (PSO). The effectiveness of PSO algorithm in tuning the
controller is justified by comparing it with firefly algorithm. The system’s frequency performance is further enhanced by adding a
derivative controlled Energy Storage System (ESS). The simulation results are validated by OPAL-RT real-time simulations. The results
reported demonstrates the effectiveness of the proposed scheme.
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1. INTRODUCTION
The modern power system is encountering large-scale

penetration of Renewable Energy Sources (RESs) interfaced
through power electronic converters. This, in turn, is re-
sponsible for the growing frequency instabilities in the grid
[1]. Unlike conventional power system, where frequency
stability during any sudden load change is ensured by the
Synchronous Generators (SGs), the major problem in these
systems is the decline in system inertia and damping [2].
In-order to overcome these challenges, Virtual Synchronous
Generator (VSG) concept was developed [3] which mimics
the behavior of SGs. To enhance the dynamic stability and
system reliability, VSG control techniques and different
topologies which improve its performance are discussed
in [4], [5]. A detailed review of the active power support
and inertia emulation by VSG models is undertaken in [6],
where inertia support is provided through energy storage
devices like flywheel [7], battery ESS [8], super-capacitor
[9] and superconducting magnetic ESS [10], [11]. In ad-
dition, hybrid storage configurations like battery-flywheel
storage [12] and battery-supercapacitor combinations [13]
are being used for inertial support.

For a multi-area system connected with HVDC, the
derivative control method is used to address the dynamic
effects of inertia [14]. The frequency response and sta-
bility of multi-area interconnected systems having large
RES penetration based on derivative control approach is
presented in [15]. A derivative-controller based ESS that can
quickly track the frequency deviations and supply the deficit

inertia due to high RES penetration is presented in [16].
The performance of derivative control is not satisfactory
for the system with low damping as settling time and
steady state error is larger and hence a PI damping loop
[17] is provided for the system with ESS. An improved
technique with a PI controller for the Rate of Change of
Frequency (ROCOF) control and a fuzzy controller for
selecting the appropriate inertia constant is suggested in
[18]. The controller performance is further optimized with
genetic algorithm in [19].

Primary frequency control by ESSs help to maintain the
system reliability up to a certain level. With an escalation
in RES penetration into the grid, the use of ESS for
emulating inertia becomes uneconomical due to its high
cost and frequent maintenance requirements [20]. Due to
these challenges, a frequency support function from RES
is anticipated. So Virtual Inertia Reserve (VIR), similar to
conventional SGs needs to be maintained in the MG with
higher penetration of RESs to regulate the frequency under
contingencies. A de-loading control to operate the power
plant below the Maximum Power Point (MPP), thereby
maintaining VIR, was first proposed for the Wind Power
Plant (WPP) in literature [21], [22]. A coordinated droop
and virtual inertia control is utilized for de-loading WPPs
in [23]. The de-loaded PV system is another source that can
solve the inertia problem by maintaining the reserve power
below MPP [24], [25]. Even though de-loading results in
revenue decline for the plant owners, stability is to be
given precedence in future MGs as the number of sources
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interfaced with inertia-less converters are on the rise. Cost
assessment studies on a 6-bus system in [26] reveal that a
combination of SG and de-loaded PV system with optimal
usage is cost-effective and efficient compared to SG +
ESS system. In literature [27] authors have introduced
a combination of de-loaded PV and ESS with derivative
control for VI support. A PI Virtual Damping (PIVD) based
control for de-loaded PV system is presented in [28], [29]
for enhancing the performance of the system with low
damping. However, as the controller is not tuned, it leads
to degraded performance under varying scenarios.

This paper proposes a de-loaded PV system for main-
taining a reserve with an optimized PIVD controller to
minimize the frequency undershoots and overshoots in the
grid during disturbances. The controller parameters are
tuned with customized PSO to get improved performance
under different scenarios. Further, additional inertia support
is provided by derivative controlled ESS which will assist
the de-loaded PV, particularly under low irradiance. Energy
from the ESS can be used for frequency support to keep
the grid stable whenever the PV de-loaded energy is insuf-
ficient.

The main contributions of this paper are:

1) An optimized PIVD controller for frequency regula-
tion in low inertia MGs.

2) Comprehensive performance analysis of the system
with the proposed controller, encompassing diverse
operating scenarios.

3) Assessment of the proposed controller performance
without and with ESS in the system.

4) A comparative study on the controller performance
tuned using PSO and firefly algorithms.

5) Performance validation of the system with the pro-
posed controller in real-time.

This paper is organised as follows: The system descrip-
tion is depicted in Section 2. The PIVD controller and
its design are presented in Section 3. PSO algorithm used
in this work is explained in Section 4. The performance
of optimised PIVD controlled de-loaded PV system with
and without the ESS, performance assessment of the PSO
algorithm and real-time analysis of the system with the
proposed controller are presented in Section 5 and Section
6 concludes the work.

2. SystemModeling
Figure 1 shows the schematic diagram of the MG used

in this study to demonstrate its practical dynamics. The
system consists of a 15 MW SG, 6.5 MW x 2 solar PV
system, a domestic load of 5 MW and an industrial load
of 10 MW. A 3 MW WPP is added to meet the load when
the PV system is out of service during the night or during
any contingencies. In addition, a derivative controlled ESS
is used to support the grid when the demand exceeds the
power generated by the solar PV system.

Figure 1. Schematic diagram of the MG under study

The frequency deviation within the MG with a load
change scenario can be stated as;

∆ f =
KPS

D + 2HS

[
∆Pm+∆PPV+∆PWG±∆PES S −∆Pload

]
(1)

where ∆ f is the frequency change, H is the cumulative
inertia of the grid, D is the damping coefficient and ∆Pload is
the load change. Also, ∆Pm, ∆PPV , ∆PWG, ∆PES S represents
the change in power output of SG, solar PV system, WPP
and ESS respectively and are given by (2) - (7) [28].

∆Pm =
Ktr

1 + sTtr
∆Pg (2)

∆Pg =
Kgov

1 + sTg

(
∆ACE −

1
R
∆ f

)
(3)

∆ACE =
KI

s

(
∆ fβ

)
(4)

∆PPV =
1

1 + sTPV

(
∆PIrra

)
(5)

∆PWG =
1

1 + sTinv
∆Pair (6)

∆PES S =
KES S

1 + sTES S

[
∆ f
s

]
(7)

The primary control in this system is through the gover-
nor action (∆Pg) with droop 1

R and secondary control using
Area Control Error (ACE). Also, the change in the solar PV
output ∆PPV is due to the change in input solar irradiation
∆PIrra and the change in the WPP output is due to the
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change in wind speed ∆Pair.

A. Frequency Stability Analysis
In conventional power system, the necessary inertia

support for the frequency stability is provided by the kinetic
energy stored in the heavy rotor of SGs [27]. However, in
MG, as the penetration of RESs interfaced through inertia-
less converters increases, the inertia of the grid decreases.
Hence, sufficient active power support has to be provided to
the system to regulate the frequency deviation, particularly
during islanded mode of operation of MG. The ultimate
aim is to reduce the lowest point attained by frequency
(frequency nadir) during disturbances [28].

The dynamic model of the MG for frequency stability
analysis, considering the VI is developed as in Figure 2 and
the control parameter values used are included in Table I.
The low order dynamic model is used for the study, as it
is sufficient for accurately analyzing the frequency stability
issues [30].

Figure 2. Dynamic model of MG

In this scheme, the solar PV system is de-loaded to
operate below MPP to maintain VIR. The ESS provides
inertia support to the solar PV system when the disturbance
exceeds the reserve. The WPP is used to inject power into
the MG when the solar power plant is not operational and
hence not participating in frequency control. So, variations
in wind power, industrial loads and residential loads, are
considered as external disturbances to the system.

3. Structure of PIVD Controller
In order to enhance the MG stability with high RES

penetration, the inertia/damping properties of SGs need to
be imitated. In PI Virtual Damping (PIVD) controller [28],
a PI damping loop along with the derivative loop is applied
to the solar PV system, for maintaining the reserve and
to improve the system stability. The PIVD controller de-
loads the PV so that the reserve can be maintained to meet
the sudden change in load. The amount of reserve will
be determined based on the frequency change, controller
parameters and system operating conditions.

TABLE I. MG parameters

Parameters Values
Governor gain, Kgov 10
Governor time constant, Tgov(s) 0.4
Turbine gain, Ktur 0.05
Turbine time constant,Ttur(s) 0.5
Droop control, R (Hz/pu.MW) 1
Bias factor, β (pu.MW/Hz) 1
PV inverter time constant,Tinv (s) 0.5
Wind inverter time constant,Tinv (s) 0.5
ESS time constant, TES S (s) 10
Power system gain, KPS 100
Inertia constant, H (pu.MWs) 15
Damping constant, D (pu.MW/Hz) 1
System base (MW) 15

The control law of the PIVD controller in frequency
domain is defined as (8).

∆PPIVD =

[(
KP +

KI

s
+ KDs

)
× ∆ f

]
(8)

where KP, KI and KD are proportional, integral and
derivative coefficients of PIVD controller respectively. The
output of PV is expressed as (9).

∆PPV =

[
∆Pirra − ∆PPIVD

]( 1
1 + sTinv

)
(9)

∆PPV =

[
∆Pirra−

(
KP+

KI

s
+KDs

)
×∆ f

][( 1
1 + sTinv

)]
(10)

Here the PV is de-loaded to operate at a lower value
from the ∆PMPP to ∆PPV to maintain the VIR for frequency
regulation and is calculated as (12).

VIR = ∆PMPP − ∆PPV (11)

VIR =
[((

KP +
KI

s
+ KDs

)
∆ f ×

( 1
1 + sTinv

))]
(12)

From (11), the VIR of the PV system is zero at MPP op-
eration and increases with a decrease in demand. Hence the
PV system can participate in inertia control up to the MPP
rating of the PV. The Maximum Available Power (MAP) of
the solar PV system can be determined by forecasting [31].
The introduction of PIVD controller enhances the virtual
inertia and damping property as indicated in (13) & (14)
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[28].
Cumulative Inertia = 2H +GinKD (13)

Cumulative Damping = D +GinKP (14)

Where KP decides the de-loading level, KD controls the
de-loaded operation and KI decreases the settling time.

A. Performance Analysis with PIVD Controller
The system frequency response and VIR for a load

change of 0.2 pu with and without PIVD controller are
shown in Figures 3(a) and 3(b) respectively.

Figure 3. (a) Frequency change and (b) virtual inertia reserve

From Figure 3(a), it is clear that the PIVD controller
limits the frequency deviation to 0.15 Hz. However, as the
load change increases or the environmental conditions are
not conducive, frequency deviation increases. Hence, there
is scope for further performance improvement, reducing the
under and over-shoots of frequency, through proper tuning
of the PIVD controller.

4. Particle Swarm Optimization
In this work, PSO is used to optimize the PIVD

controller parameters. PSO is a simpler concept, easy to
understand, robust and able to handle complex tasks to get
optimum solutions with a lesser number of iterations [32],
[33]. In a typical PSO based algorithm, a fixed number
of particles are involved. Each particle will have its own

personal best (Pbest), and the swarm will have the best value
called global best (Gbest).

Initially, every single particle in the population is as-
signed a random solution and a random velocity. Each iter-
ation in the PSO algorithm causes the particle to accelerate
towards its own personal best position (Pbest), as well as
towards the overall global best position (Gbest) [34]. The
velocity and position of all particles are updated at the end
of each iteration using (15) and (16), and the performance
is evaluated. The ∆t in (15) is the time interval for swarm
movement and is usually taken as unity. In this study, the
various constants used for the optimization are, swarm size
= 20, cognitive parameter C1 = 2, social parameter C2 =
2, maximum inertia weight ωmax = 0.9, minimum inertia
weight ωmin = 0.4, maximum number of generation = 100
and number of trials = 10.

V(i, j) = ω × V(i, j) +C1 × rand1 ×
(
Pbest − X(i, j)

)
+

C2 × rand2 ×
(
Gbest − X(i, j)

) (15)

Xi+1 = Xi + Vi × ∆t (16)

In the case of tuning a PIVD controller, the search space
is three-dimensional and the parameters to be tuned are
the KP, KI and KD values. A flow chart which depicts the
PSO algorithm is given in Figure 4. For optimal tuning of
the controller using the PSO algorithm, the ranges of the
parameters are chosen as KP ∈ [0, 50], KI ∈ [0, 50] and
KD ∈ [0, 50]. For the system with ESS, KES S ∈ [0, 100].
The objective function to be minimised is given by (17).

J =
∫ t

0
∆ f 2dt (17)

5. Results and Discussion
The performance of the tuned PIVD (PSO PIVD) con-

troller in reducing frequency deviation under disturbances
is demonstrated in this section. The dynamic structure of
the PSO PIVD controller is as in Figure 5.

To show the efficacy of the tuned controller, the results
are compared with conventional systems. The PSO algo-
rithm for tuning KP, KI and KD of the PIVD controller
is implemented using MATLAB/Simulink. To investigate
the frequency stability of the MG, various test scenarios
under different practical climatic and system conditions
considered are as follows:

A. Abrupt Load Change
In the first scenario, the effect of an abrupt variation

of the load is investigated. An industrial load of 0.2 pu
and a domestic load of 0.1 pu were applied at 100th

sec simultaneously, and the load is reduced to 0.1 pu at
200th sec. The irradiation level is assumed to be normal
(0.9 pu).
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Figure 4. PSO algorithm for PIVD tuning

1) System performance with tuned PIVD controller
The PSO-based tuning procedure for the PIVD con-

troller converged with the controller parameters KP = 44,
KD = 46 and KI = 40. Figure 6(a) demonstrates the
frequency response of the optimized PIVD controller under
abrupt load changes. Under both cases of load change, the
proposed controller has regulated the frequency deviation
below ±0.005 Hz, better than conventional PIVD (±0.25
Hz) and conventional system (±0.96 Hz). Figure 6(b) shows
the VIR with load changes. The VIR has decreased from
0.36 to 0.06 with 0.3 pu load change at 100th sec. With
a further decrease in load to 0.1 pu by disconnecting the
industrial load at 200th sec, the VIR has increased to 0.26

Figure 5. Structure of optimized PIVD controller

pu.

2) System Performance with tuned PIVD controller + ESS

By tuning the system with ESS, the optimized param-
eters obtained are; KP = 41, KI = 49, KD = 37 & KES S
= 17. The frequency response, VIR and the power output
from ESS are given in Figures 7(a), 7(b), 7(c) respectively.
The Response shows that the frequency is regulated well
below ±0.0042 Hz under both cases of load changes. It can
also be noted that MG performance has improved with the
ESS as it forms another inertia loop.

B. High RES Penetration
To emulate high RES penetration in the MG, the inertia

and damping constants were decreased by 60% (H = 6 and
D = 0.4) under normal irradiance (0.9 pu).

1) System Performance with tuned PIVD controller
By solving the optimization problem using PSO, the

optimal PIVD controller parameters of the system under
study are obtained as KP = 40, KI = 48, KD = 33 and the
frequency response during disturbance is shown in Figure
8(a). With the application of a step load change of 0.3
pu at 100th sec to the system, the frequency fluctuates.
The optimized controller exhibits superior performance
in controlling the frequency and regulates the frequency
within ±0.005 Hz. However, the PIVD (±0.25 Hz) and
conventional system (±1.80 Hz), on the other hand have
a degraded performance. In addition, beyond 200th sec an
overload demand results in the behaviour of an optimized
system similar to a conventional system with a frequency
deviation of ±1.25 Hz. This is due to the absence of VIR
after MPP of the PV system and hence demands additional
inertia support during such cases.
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Figure 6. Impact of load change on PIVD system (a) frequency
response and (b) virtual inertia reserve

2) System Performance with tuned PIVD controller + ESS
The ESS generates inertia support for the system when

the demand exceeds VIR. The tuned values of the parame-
ters are obtained as; KP = 34, KI = 20, KD = 18, KES S =
49. With ESS assistance, the frequency is regulated below
±0.0042 Hz, as seen in Figure 9(a), until the load changes
up to MPP of the PV system (0-200 sec). Beyond MPP
(above 0.66 pu), ESS will control the frequency below 0.06
Hz and guarantee the system’s dynamic stability. Figure
9(b) represents the VIR of the PV system and Figure 9(c)
represents the change in ESS output. The ESS output shows
a large deviation of 0.15 pu at 200th sec as PV has no reserve
remaining and ESS has to solely control the inertia.

C. Heavy Rain Condition
The optimized system performance is simulated under

heavy rain conditions with the PV system not generating
at full capacity due to a lack of enough irradiation, which
reduces the participation factor to 0.75.

1) System Performance with tuned PID controller
The PSO-optimized controller parameters obtained for

the system under this condition are KP= 44, KI = 46, and

Figure 7. Impact of load change on PV+ESS system (a) frequency
response (b) virtual inertia reserve and (c) ESS output

KD = 40. To test the performance of an optimized system,
0.1 pu domestic load is added at 300th sec and 0.2 pu
industrial load at 500th sec. Then an additional domestic
load was applied at 600th sec to demonstrate an overload
situation. Figure 10(a) shows the frequency response of the
system. From Figure 10(a), it is clear that the proposed
controller is capable to limit the frequency deviation below
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Figure 8. Impact of high RES penetration on PIVD system (a)
frequency response and (b) virtual inertia reserve

± 0.005 Hz. With industrial load connected at 500th sec
the frequency deviation increases to 0.15 Hz due to non-
availability of sufficient VIR to support. During an overload
situation at 600th sec, the frequency becomes unregulated
due to the lack of sufficient VIR from PV. Finally, the wind
farm is connected at 700th sec for additional support to the
MG. So with an optimized PI damped controller the system
frequency can be preserved within limits up to the MPP of
the PV system. Figure 10(b) shows that the VIR decreases
with the addition of load up to MPP and it gets improved
as the WPP is integrated at 700th sec.

2) System Performance with tuned PIVD controlled System
+ ESS
MG with PIVD based PV and derivative controlled

ESS system is optimized using the PSO algorithm and
parameters are obtained as; KP = 19, KI = 37, KD = 46,
& KES S = 98. Figure 11(a) shows the frequency response
and Figure 11(b) shows the change in ESS output under
different load change scenarios. Till the overload demand
at 600th sec, the frequency is regulated below 0.0042 Hz by
PV and ESS together and during overload, it is regulated
at 0.01 Hz by ESS. At 700th sec, with the connection of

Figure 9. Impact of high RES penetration on PV+ESS system (a)
frequency response (b) virtual inertia reserve and (c) ESS output

the wind energy system, frequency deviation occurs and is
regulated to 0.045 Hz by the charging operation of ESS.
Frequency regulation in this case is better than the PIVD
system (± 0.50 Hz) and conventional system (± 0.79 Hz).

The comparison between various controllers under dif-
ferent operating scenarios is listed in Table II. As can be
seen, the PSO tuned PIVD controlled system shows su-
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Figure 10. Impact of heavy rain on (a) frequency response and (b)
virtual inertia reserve

TABLE II. Frequency deviation with PSO optimized controller

Event Load
Change

Max. Frequency Deviation (Hz)

Conv PIVD PSO
PIVD

PSO
PIVD
+ ESS

Abrupt
Load
Change

+0.3 pu -0.9600 -0.2100 -0.0048 -0.0042

-0.2 pu +0.7200 +0.1400 +0.0035 +0.0032

High
RES
Pene-
tration

+0.3 pu -1.8000 -0.2100 -0.0048 -0.0042

+0.2 pu -1.7200 -0.1400 -0.0032 -0.0023

+0.2 pu -1.4000 -1.2000 -1.0000 -0.0600

Heavy
Rain
Condi-
tion

+0.1 pu -0.4200 -0.1400 -0.0014 -0.0020

+0.2 pu -0.8200 -0.2100 -0.0030 -0.0032

+0.2 pu -0.4800 -0.2500 -0.1500 -0.0100

-0.2 pu +0.8400 +0.5000 +0.4200 +0.0450

perior performance in minimizing the frequency deviation.
The proposed scheme ensures a significant reduction in
frequency deviation and ROCOF leading to improved MG
stability.

Figure 11. Impact of heavy rain on PV+ESS system (a) frequency
response (b) ESS output

D. Performance assessment of PSO in tuning PIVD con-
troller
To substantiate the efficacy of PSO in tuning the PIVD

controller, the controller is also tuned with the firefly
algorithm. Table III depicts the PIVD controller parameters
tuned using the firefly algorithm. The frequency deviation
under different load change scenarios is also listed in Table
III. The results clearly indicate that for PIVD and PIVD +
ESS, PSO-optimized controller has superior performance,
better convergence and is effective in regulating the fre-
quency deviations. Comparison of Table II and Table III
gives a detailed insight into the frequency deviation, and
it is seen that the PIVD controller optimized with the
firefly algorithm has a higher frequency deviation under
disturbances.

E. Real-time Validation
The efficacy of the proposed controller is validated using

the OPAL-RT OP4510 real-time simulator. Figure 12 shows
the experimental setup in which the optimized controller
performance is analysed.
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TABLE III. Frequency deviation with firefly optimized controller

Event
Load

Change

PIVD PIVD + ESS

KP KI KD ∆ f KP KI KD KES S ∆ f

Abrupt

load change

+0.3pu
24 12 26

0.0083
26 21 21 41

0.0071

-0.2pu 0.0056 0.005

High RES

Penetration

+0.3pu

20 8 18

0.012

23 13 30 36

0.0074

+0.2pu 0.0074 0.0048

+0.2pu 0.38 0.0085

Heavy Rain

Condition

+0.1pu

28 18 32

0.0025

37 30 29 46

0.0018

+0.2pu 0.0046 0.0035

+0.2pu 0.018 0.016

-0.2pu 0.46 0.08

Figure 12. Experimental setup for real-time validation

1) Abrupt load change
A load change of +0.3 pu is applied to the MG system at

200th sec and the performance of conventional, PIVD, PSO
optimized PIVD and PSO optimized PIVD + ESS system
are depicted in Figure 13. From Figure 13, it is evident
that there is a frequency deviation in the conventional
and PIVD systems, whereas the system with the proposed
controller effectively regulates the frequency, reiterating its
performance in real-time.

Figure 13. System Performance with different controllers under
abrupt load change

2) High RES penetration
The performance of the system at high RES penetration

is emulated by reducing the inertia and damping constants
by 60% and 40% respectively and load variations are
applied to the system at 100th sec, 150th sec and 200th sec.
The frequency variations at 100th sec and 150th sec are given

in Figure 14(a), while the frequency deviation at 200th sec
is given in Figure 14(b). At 200th sec, the optimized PIVD
+ ESS system is capable of regulating the frequency even
after the load increases beyond the capacity of PV. On the
other hand, other systems fail to maintain the frequency at
this event.

Figure 14. System Performance with different controllers under high
RES penetration

3) Heavy rain condition
During a heavy rain scenario, PV output for the fre-

quency regulation is very low. Under this extreme case,
load change is applied to the system with +0.1 pu at 300th

sec, +0.2 pu at 500th sec, and +0.2 pu at 600th sec. Figure
15(a) represents the frequency change at these load change
events. At 700th sec a WPP is connected to the MG and the
associated frequency deviation is given in Figure 15(b).

The real-time analysis results agree with the simulation
results and it verifies that the frequency can be regulated
effectively by the proposed optimized controller.

6. Conclusion
The increase in penetration of RESs causes a decline in

system inertia and thereby worsens the stability problem in
MG. To minimize the impact of frequency deviation, this
work introduces a solar PV system with a PIVD controller
tuned using the PSO algorithm. The controller performance
with PSO tuned parameters is compared with the firefly
algorithm. It is seen that the controller optimized with
PSO has superior performance. In addition, the proposed
controller performance is validated with OPAL-RT OP4510.
Both the simulation and experimental results verify that
the stabilizing performance of the tuned PIVD controller is
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Figure 15. System Performance with different controllers under
heavy rain condition

superior to the conventional controllers under various sce-
narios such as a sudden load change, high RES penetration
and heavy rain conditions. Moreover, to further enhance the
system inertia under conditions where the demand exceeds
MPP, ESS is added to support the PV system, thereby
preserving the stable operation of the MG. The future scope
of the work includes the analysis of the behavior of MGs
with higher RES penetration, considering the nonlinear
elements that affect the system performance.
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