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ABSTRACT Due to the high penetration of renewable energy resources in microgrids (MGs), the grid
inertia becomes low which leads to the grid to be vulnerable to large disturbances. The energy storage
devices can play an important role to enhance the inertia of MGs. However, due to the high investment
cost of storages or their dp/dt limitation, the installed energy storages cannot cover the challenge of high
df/dt. A prominent solution to solve the problem is to use the inertia response of the wind generators.
However, relatively high second frequency nadir is the main drawback of using the inertia response of
the wind generators which may impose an extensive disturbance to MGs. Accordingly, a coordinated
operation strategy for MGs between wind generator and hybrid energy storage (HES) system is proposed in
this paper. In addition, to improve the inertia response of the MG; providing high-quality communication
infrastructures with low delay and increasing the Ultracapacitor capacity have been paid attention. In this
paper, the costs of the installed Ultracapacitor and quality of communication services are defined as the
operation cost. Guaranteeing enough frequency damping for theMGwith low operation cost are two conflict
objectives. Therefore, a multi-objective optimization method is used to set the controllers’ values and reduce
the operation cost. The results confirmed that the effectiveness of the proposed strategy to control hybrid
power storage in coordination with the wind generator and the frequency recovery process is improved.
Also, employing the optimum values guaranteed the frequency damping effectively with low operation cost.
The Integral Absolute Error (IAE) value and operation cost are reduced by 13.6% and 32%, respectively.
Also, the simulation results show that the maximum MG frequency deviation and maximum df/dt is well
compatible with different standards in the presence of load perturbations and different wind speeds.

INDEX TERMS Microgrid (MG), frequency control, wind generator, hybrid energy storage (HES),
ultra-capacitor, inertia response, multi-objective optimization.

I. INTRODUCTION
Nowadays, the design trend of conventional power systems is
toward to use small power systems which are called MG. The

The associate editor coordinating the review of this manuscript and

approving it for publication was S. Ali Arefifar .

use of MGs has been accelerated due to their many benefits
such as reliability, resilience, cost savings and increasing grid
ability to operate under fault conditions. MGs have the capa-
bility to integrate the Distributed Energy Resources (DER),
which includes Energy Storage Systems (ESS), controllable
loads and communication platforms [1], [2]. MGs combine
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clean and cost-effective renewable energy resources with
reliable generator sets which can meet the requirements of
the future power industry [3]. These grids have the capability
to operate in long-term or short-term independently from
the upstream grid because the variety of distributed gener-
ations and energy storage resources are available in these
grids. Thus, they are free from irreparable damage caused
by upstream network faults [4]. The ability to store energy,
buy-sell energy at different times increase the economic justi-
fication ofMGs. Due to their high reliability, they are suitable
for critical applications such as hospitals and main grids [5].

In today’s world, the deleterious effects of greenhouse gas
emission from fossil fuel power plants have attracted a lot of
attention, but significant reduction of using these pollutants
from heating and transportation systems have not yet possible
according to present and future conditions. Modern societies
are moving toward the use of renewable energy sources [6].
These sources are connected to the grid with power electronic
based interfaces [7]–[9]; however, the high penetration of
renewable energy sources may impose challenges to critical
frequency stability. Generally, renewable energy resources
have little or no inertial response. Therefore, replacing con-
ventional resources with renewable energy resources reduces
the overall inertia of the system. Renewable energy sources
penetration which commonly cannot participate in frequency
control has been increased. This issue is targeted for higher
penetration in power grids in the future. Thus, the number
of other energy units that provide controllable power for
primary and secondary control, decreases and as a result,
the frequency deviation would increase [10]. To overcome
the challenges of frequency instability, renewable energy
resources must be developed so that they can participate
in frequency regulation and increase system stability [11].
In off-grid MGs, DERs are used to regulate power and load
perturbations by injecting or absorbing power result in adjust-
ing the frequency of the MG. Adjusting the output power
of controllable power resources can improve the damping
frequency oscillations [12], [13]. Nevertheless, due to inher-
ent delays in power supplies and limitations in power gen-
eration or consumption, power resources cannot respond to
disturbances immediately. Thus, frequency fluctuations in the
MGs can occur. To minimize the negative impact of the high
penetration of renewable energy sources, different frequency
control methods and inertia response of energy sources tech-
niques for renewable energy sources with [14]–[16] and
without [17], [18] employing energy storage systems are con-
sidered in the previous researches. So that renewable sources
such as wind turbines and photovoltaic units can participate
in frequency regulation [19].

Nowadays, realizing high penetrated wind base MGs is
not far from expectation. However, low inertia of the MGs,
sudden frequency drop in case of significant power distur-
bances, result in cascade failures are challenges of the MGs
using renewable energy sources. Using the capability of the
wind turbines contribution in inertia response and primary
frequency control is one of the solutions. To overcome high

frequency deviation in wind farm based MGs, some papers
use deloading operation mode for the wind turbines to pro-
vide fast virtual inertia and primary frequency support for
the MGs [20]–[28]. In [23], [24], [26], and [27], the con-
troller gains are tuned with respect to the wind speed. The
wind speed estimation methods are not precise methods and
impose uncertainties to the controllers. However, by keep-
ing the operation point of the wind turbines in deloding
points [20]–[28], large derivable power of the wind turbines
would be lost which may not cost-effective solutions for wind
farm owners.

To cover the delaoding operation techniques, using the
kinetic energy of wind generators in inertia response is
another approach [29]–[36]. References [31]–[33] utilized an
improved power-rotor speed trajectory curve with using df/dt
term is proposed to provide frequency support and positive
damping during frequency events. In thesemethods, a point in
which the mechanical and electrical power equal is required.
Thus, these methods implementation, due to wind speed
variations and other mechanical and electrical uncertainties,
in real systems is difficult. Implementation of stepwise inertia
control is utilized in [34], [35] to prevent high rate of fre-
quency change. However, relatively high second frequency
nadir is the main drawback of this method. Due to low inertia
of MGs, the second nadir may impose very large disturbance
to MGs. It should mention that the majority of works that
discussed in [29]–[36] did not consider the limitation on the
rate of change of inertia power of wind.

To use saved kinetic energy of wind turbines with less
challenges, coordination operation of the wind turbines and
energy storages is utilized in the literature [37]–[41], which
suffer some disadvantages. But [37], [39] do not give any
solution to charge the ultra-capacitor to be ready to par-
ticipate in case of successive frequency drop perturbations.
As regards delivery of absorption of power with high rate
is not cost-effective solution and lifetime limitation of the
battery units is an important challenge of [38], [41], the con-
tribution of battery units in inertia response is not possible in
real [42], [43]. Therefore, utilizing of HES units for providing
inertial response and primary frequency control required to
considerer the ramp rate of output power limitation with
minimum possible capacity [44]–[46].

The previous researches worked out have different chal-
lenges. To categorize the challenges clearly, Table. 1 sum-
marises inertia response techniques challenges. It should
mention that the effect of the phase-locked loop (PLL) on
frequency control is also another challenge that is not in our
paper scope [47].

In addition to all the challenges that are discussed, delays
in the measurement and transmission of the signal are
another challenge of power grid stability. For the stable
performance of MG, a real-time balance between demand
and generation must be established so that the frequency
remains constant in allowable frequency limits [48]–[57].
The stability of the frequency control in the presence of
time delay is investigated [58], [59], but these studies do not
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TABLE 1. Inertia control techniques in high-penetrated wind generator grids and their challenges.

consider wind power participation in frequency behaviour
improvement.

According to the aforementioned discussions about the
challenges, Fig. 1 illustrates the research gaps and highlights
the related contributions. Also, the process derivation of the
proposed ideas of this paper is shown in Fig. 1. According
to this Figure, this paper attempts to improve the inertia
response of theMG using virtual inertia control of a wind unit
in coordinated with a hybrid energy storage, which consists
of ultra-capacitor and battery units. The dp/dt limitation of
the wind unit, SOC control of the HES, and communication
delay are considered in this study. Finally, the multi-objective
optimization method determines the capacitance of ultra-
capacitor, the contribution level of wind units in the inertial
response, communication system delay, and the values of the
controller coefficients to minimize the operation cost of MG
operation and frequency oscillation.

II. VIRTUAL INERTIAL CONCEPT OF WIND GENERATOR
In this paper, two power sources are used to participate in
increasing the virtual inertia of the studied MG.

• Wind generators: High kinetic energy can be released
to the grid and reduces power imbalance in the grid.

• Energy storage sources: different energy storage
sources are necessary for each MG to store or release
energy. These sources can participate in frequency
damping in the MGs.

A. THE CAPABILITY OF WIND GENERATORS IN INERTIAL
SUPPORT
Wind generators output powers can be regulated by con-
trolling the power electronics interfaces. On the other hand,
the available kinetic energy in the wind turbine can provide
inertia response to MGs. Therefore, wind power generators
can participate in MGs frequency damping when a high dis-
turbance occurs in the MG.

The wind generator output power depends on different
factors such as air density ρ, Rotor diameter R, and wind
speed υω [23]–[28].

pw =
1
2
ρπR2υ3ω (1)
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FIGURE 1. Derivation process of the different approaches considering challenges of pervious works.

It is not possible to convert all energy into electricity. The
total power generated by the wind turbine can be calculated
as follows,

Pm =
1
2
ρπR2υ3ωCp(λ, β) (2)

In the above equation, the factor Cp(λ, β) depends on the
design of the turbine, the pitch angle β and the tip-speed
ratio λ. Pm =

1
2
ρπR2υ3ωCp(λ, β)

λ = ωrR/υω
(3)

where ωr is the angular velocity of the wind turbine. Consid-
ering a constant value for β, themaximumpower point (MPP)
can be derived for different wind speeds as shown in Fig. 2.

To implement a cost-effective wind generator, the wind tur-
bines are recommended to operate under MPPT conditions.
These conditions can be approximated as a simple function
that is shown in Fig. 2. To operate the wind turbine under
maximum power point tracking (MPPT), deloaded operation
strategy is not employed, thus the wind turbine participates in
inertial response only [23]–[28].

FIGURE 2. Aerodynamic characteristics of a wind turbine for different
wind speeds.

MGs are targeted to feed by a high penetration level of
renewable energy sources which have low inertia. In these
grids, when a sudden high-power unbalancing occurs, severe
frequency oscillation maybe not damped effectively.

Thus, many power sources or loads may be isolated from
the grid by opening protection relays. With continuing this
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situation, the blackout phenomenon is inevitable. For a lim-
ited time, to improve the inertial response of the grid, the wind
generators can release more power over of MPP. Releasing
the kinetic energy of the wind turbine causes to reduce wind
rotor speed.

In a MG consisting of grid-connected generator units,
the net power disturbance is in result of sudden changes
in power generation (1PG) or load consumption (1PL).
The frequency deviation function is depending on the net
power disturbance (1PG − 1PL), the MG inertia value and
frequency dependant load coefficient (D) as seen in fol-
lows [12]–[16], [21]–[23], [25], [60], and [61]:

1f (s) =
1PG(s)−1PL(s)

2Hs
fsys
s+ D

(4)

Due to applying new grid codes to MGs, the wind genera-
tors are required to inject more power to the MGs to prevent
high frequency drops. Increasing the inertia of the MGs in
cases of load disturbances is an alternative solution. Increas-
ing the inertia response of the MGs causes to reduce the rate
of change of frequency (ROCOF). With decreasing ROCOF,
other power sources have enough time to increase their output
power to compensate the unbalance of active power. Thus
the frequency nadir would be decreased significantly. The
ROCOF can be calculated as follow:

1f (s) =
0− 1PL

s
2Hs
fsys
s+ D

(5)

ROCOF =
d(1f (t))

dt t=0+
=
−1PL
2Hs
fsys

(6)

If a power source can inject future power to the grid
with respect to the d(1f (t))

dt at the load disturbance moment,
the inertia of the MG increases for transient states.

1f (s) =
Kis1f (s)−

1PL
s

2Hs
fsys
s+ D

(7)

ROCOF =
d(1f (t))

dt t=0+
=
−1PL
2Hs
fsys
+ Ki

=
−1PL

2(Hs+Hvir )
fsys

(8)

where, Ki is the inertial gain of the system. Also, Ki =
2Hvir/fsys. Considering (8), with increasing the inertia of
the MG, ROCOF decreases. Thus the inertia control adjusts
the power output of a wind turbine based on the ROCOF
of the power system. To adjust the inertia response of the
wind generator, the reference signal (Pref _wind ) for the wind
generator should be summation the MPP power reference
(PMPPT ) and inertia power reference (PVir_H_wind = Ki

d2f
dt2

)
as follow:

Pref _wind = PMPPT + Ki
d2f
dt2

(9)

Considering the previous equations, it can be found that
to implement virtual inertia; a derivative term in controllers
of the power sources must be used. In practical applica-
tions, using a derivative controller might bring the risk of

noise amplification for higher values of controller gain. Thus,
using different filtering methods are reported by the previ-
ous researches [45], [46]. In this paper, a low-pass filter is
used for the Ultracapacitor to suppress the noise and very
low-frequency disturbances. Also, in this paper, two dead-
bands, which can reduce the effect of noise on the used
controller operation [47] are used to prevent power wind
generators to react against small frequency fluctuations.

More details of mathematical modelling for wind
turbines’ synthetic inertia can be found in the litera-
tures [11], [32], [34], and [35] which are not discussed in this
paper to prevent the expression of redundant and duplicate
content. According to the literature reports, the dp/dt value
of the wind generator should be limited to reduce mechanical
stress of wind turbines [60]. Thus, the PVir_H_wind and Pwind
can be rewritten as follow:

dPVir_H_wind

dt
≤

(
dp
dt

)
max

(10)

Pwind ≤
{(

dp
dt

)
max
× t + PMPPT

}
(11)

In the literature, different recovery stages are pre-
sented [29]–[36]. In the recovering process, the operating
region of a wind generation must be considered, which
is investigated appropriately in few papers. The mentioned
region limits the released kinetic energy to the grid and short-
age duration time of the wind generator participating in iner-
tia response. The maximum power, torque limitation, low and
high-speed limitations are effective factors in the maximum
available kinetic energy. These limitations are determined by
green lines that shown in Fig. 3.

FIGURE 3. The proposed Inertia control process of a wind turbine with
the defined limitations.

Besides the mentioned limitations, a new limitation bound,
which is shown with gray line in Fig. 3 is considered in this
paper to reduce the sudden power decreasing amplitude in
changing operation stage. Upon issuance of command from
the controller after detecting severe frequency drop, the out-
put power increases suddenly. According to the literature
reports, the dp/dt value of the wind generator in sudden
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increasing power mode duration its contribution in inertia
response should be limited to reduce mechanical stress of
wind turbines [60]. This limitation is also considered in the
proposed power-rotor speed trajectory.

The wind generator output power depends on wind speed
υω. For high υω, the operation point of the wind turbine
trajectory automatically reaches a point in which the mechan-
ical and electrical power is equal. When the wind turbine
operates that point, the wind turbine power and the rotor
speed remain constant until the time duration of the wind
turbine contribution in inertia response reach the end (tmax)
and after that, the operation mode of the wind turbine changes
to the MPPT mode. An example of operational features of
the proposed strategy scheme for high wind speed is shown
in Fig. 4. As seen in this figure, when the operation point
of the wind turbine reaches A4(PA, ωrA), the mechanical and
electrical power equals and the operating point of the turbine
will remain constant at this point until time duration of the
wind reach tmax . Then, the wind turbine operation mode
changed to the MPPT mode and the wind power dropped
suddenly.

FIGURE 4. Contribution of the wind turbine in inertia control for high
wind speed.

Two criterions are considered to terminate the contribution
of the wind generator in inertia response. When the rotor
speed of the wind turbine reaches the critical value of the
desired time duration of the wind energy generation which
participates in inertia response is over, the output power
falls suddenly and the system mode is changed to MPPT
mode. With applying conventional stepwise inertia control,
the magnitude of 1Poff is high and may lead the MG to
unstable operation condition or causes a non-acceptable fre-
quency dropping. Thus, using the capability of wind gener-
ators in inertia response faces serious challenges. To solve
this problem, firstly, the power-rotor speed trajectory is mod-
ified in this paper as seen in Fig. 4. Second step is utilizing
extra power storage units with high dynamic response must
be employed. Motivated by the mentioned challenges, this
paper proposes using power storage units in coordinated with

inertia response of wind generators to improve the frequency
recovery of the MG.

III. POWER STORAGE UNITS PARTICIPATING IN
INCREASING THE INERTIA CONSTANT OF MG
Among power storage units, batteries and Ultra-capacitors
have good characteristics for integration into the MGs,
which would give the MGs active and effective capability
to improve frequency recovery while sudden disturbances
occur. Ultra-capacitors are good candidates for releasing or
observing high power support in the milliseconds to seconds’
time scales. Batteries can support the grid for more time
scales. These storage units should co-operate together to
solve the challenge of wind generators participating in inertial
response.

A. PROPOSED HES COORDINATION STRATEGY WITH
WIND TURBINE OPERATION
Ultra-capacitors can inject/absorb power with high dp/dt and
so they can be employed to improve the inertia response of
MGs. Due to their fast dynamic response in charging and
discharging, these equipments can emulate inertia response
of synchronous energy sources in MGs. But ultra-capacitors
have low energy density. On the other hand, with develop-
ment in battery technologies, the batteries are cost-effective
with high storing energy capability. Therewith, batteries can
be used widely in MGs to keep the power balance between
power sources and load power consumption. Meanwhile,
employing batteries to handle low power peaks is not recom-
mended, because lifetime of the batteries may be damaged
significantly [42], [43]. Therefore, batteries can be good
candidates just for participating in primary and secondary
frequency supports.With increasing the penetration of renew-
able energy sources in the MGs, the energy storage units
may not support suddenly transient load demands, thus the
frequency would drop with high rate (high df/dt). To solve
this problem, the contribution of wind generators to improve
frequency is necessary. Also, a new strategy to control the
output power of energy storage devices and wind turbine
should be applied.

Fig. 5 shows the proposed strategy steps mentioned above.
The schematic diagram of the ultra-capacitor, battery and
grid-connected inverter are shown in Fig. 5(a). The output
power profiles of the mentioned subsystems versus the time
are shown in Fig. 5 (b). The mentioned steps discussed in this
section can be distinguished in Fig. 5 (b). Themain task of the
proposed ultra-capacitor-battery hybrid systemwhich is coor-
dination with the wind generator inertia response. It should
be mentioned that when a large disturbance occurs to theMG,
high df/dt imposed on the MG, thus the frequency-based con-
troller of the wind generator issues the command of kinetic
energy releasing at t = ton. Therefore, ton is a time that
high df/dt appearances. When the wind generator changes it
operation mode to the MPPT mode, t = toff can be obtained.
With consideration of the mentioned discussions and

Fig. 5, the proposed strategy steps can be presented as follow:
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FIGURE 5. The coordination HES systems with the wind generator,
(a): Schematic diagram of the energy storage systems with the wind
generator, (b): Output power profile of the energy storage systems and
the wind generator.

• The Ultra-capacitor can act immediately, but the battery
bank can act after a delay [42], [43]. Thus, at first, wind tur-
bine and the Ultra-capacitor should participate in the inertia
response of studied MG to solve high df/dt challenge.
• While the wind turbine injects its kinetic energy to the

grid, the battery power should set at a suitable level ( PBI ).
The PBI value can be calculated according to the maximum
power limitation of the battery and the 1Poff . The gener-
ated power by the battery (PB2) must be absorbed by the
Ultra-capacitor to increase the SOC of the Ultra-capacitor
which was reduced due to its participation in inertia response
at t = ton. When the operation mode of the wind turbines
changes at t = toff , the PB2 immediately can be completely

transferred to the common inverter to supply the grid. With
employing this strategy, the battery is kept be ready to act as
an additional inertia source to reduce the second nadir due to
the operation change of the wind turbine. The output sum-
mation powers of the energy storage devices can compensate
wind power drop 1Poff
•Also, when the operation point of the wind turbine meets

the new limitation bound (t = tm), the battery can inject
power to grid to compensate the power dropping of the wind
turbine. Since the reference power of the common inverter
must be set with respect to the operation point trajectory of
the wind turbine, the reference power for regulation PB(ωr )
can be calculated easily.
•When large load disturbance occurs, the frequency drops

with high df/dt. The wind generator injects some portion of
its kinetic energy to the grid, thus the df/dt reduces. When
the output powers of the energy sources reach certain values,
the frequency recovered. Since the wind generator power is
higher than the MPPT power, the summation of the output
power of other energy sources is less than the load power.
With decreasing thewind turbine power at the operationmode
changing moment, the frequency drops suddenly and the sec-
ond frequency nadir occurs. But applying the coordinated
strategy between the wind and HSE unit, the frequency is
recovered.When the operation of the HES unit comes back to
the normal operation mode, the third nadir frequency occurs.
Secondary and primary controllers of the power sources cause
to compensate the third frequency nadir smoothly.

In MGs, power sources are commonly distributed in the
grids. But there are high potentials for equipping the MGs
with communication links. In cases that the energy storage
units are far from the wind farms, it is possible to coordinate
the power profiles of the storage unit with the power-rotor
speed trajectory of the wind farm through communication
links. The rotor speed of the wind turbine, the link dc voltage,
the power reference of the inverter, ton and toff can be trans-
mitted through the communication link to controller unit of
the HES as shown in Fig. 6.

B. PROPOSED HES CONTROL SCHEME
In the HES unit, the Ultra-capacitor and battery units are inte-
grated to provide high power density and high energy density
features simultaneously. Each storage device is controlled by
its own controller. In this section, the controllers’ structures
of the Ultra-capacitor and battery units are described.

Fig. 7 shows the block diagram controller of the Ultra-
capacitor. To participate in inertia response of MG, the power
reference of the Ultra-capacitor unit must have a term which
is depended on df /dt as follow:

PVir = −2HVir
df
dt

(12)

In the above equation, PVir,HVir , and df /dt are the virtual
power contribution of the Ultra-capacitor, the virtual inertia
value and frequency derivative, respectively.
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FIGURE 6. Information exchange link diagram of the HES unit and the
wind generator.

FIGURE 7. Block diagram of the Ultra-capacitor unit controller.

When the rotor speed is close to the wind turbine critical
speed or the participation time of the wind turbine is coming
to end, the suddenly wind turbine power can be estimated
(1Pold ) as follow:

1Poff = PWT |t=toff orωr=ωcritical − PMPPT (13)

where, PMPPT = kω3
r
(see Fig.1).

Due to contribution of The Ultra-capacitor unit in reduce
the second nadir and inertia response; its stored energy may
reach to a critical level. Thus, the SOC of the Ultra-capacitor
unit is monitored and it is targeted to be fixed on a certain
value. As seen in Fig. 5, the Ultra-capacitor unit absorbs the
PB2 duration ton and toff which is shown in Fig. 7. Also,
the net power transferred from the Ultra-capacitor unit must
be set zero to guarantee capability of the Ultra-capacitor unit
to handle the transient of subsequent disturbances. Two PI
controllers can do the mentioned tasks appropriately as seen
in Fig. 7. In this figure, the SOC of the Ultracapacitor is
monitored and compared to the reference SOC to apply to a
PI controller. Thus, the sufficient SOC of the Ultracapacitor

can be guaranteed during simulation. Also, to prevent the
contribution of the Ultracapacitor in generation power in
steady-state conditions, another PI controller is used. Thus
the steady-state reference power is set zero.

FIGURE 8. Block diagram of the battery unit controller.

Fig. 8 shows the block diagram controller of the battery
unit. To participate in primary frequency, the power reference
of the battery unit must have a term which is depended on1f
as follow:

PPB =
1f
R

(14)

where PPB,1f and R are the contribution level of the battery
in primary frequency control, the frequency deviations and
droop coefficient of the battery.

To generate the signal PB2, the maximum power of the
battery and the maximum 1Poff (i.e. 1Poff−max) should be
considered. The 1Poff−max can be calculated with respect
to the wind turbine characteristic and the defined limitation
(see Fig. 3). The maximum value of the PB2 (i.e. PBI ) can be
determined as follow:

PBI = PBmax −1Poff−max (15)

Thus, the signal PB2 can be generated according to the
proposed strategy (See Fig. 5(b)) and Eq. (8) as seen as
follows:

PB2=PBI
[
u(t − ton)− u(t − toff )

]
+PBI

[
u(t − toff )− u(t − toff _b)

]
(16)

where toff _b− toff = α. With employing this strategy, the dif-
ference between the time of sudden drop of wind turbine
power and the power drop of auxiliary converter of the battery
will be sufficient. Thus, the occurrence of high secondary
frequency drop will be eliminated.

As the battery unit do many tasks duration of the wind
turbine contribution in frequency support, the SOC of the
battery may reach to the critical level. A PI controller is
used to stabilize the SOC of the battery. Also, the net power
transferred from energy storages is controlled by another PI
controller to set zero reference for the battery power in the
steady state condition. These targets are seen in Eq.10.

t=tsim∫
t=0

1PB = 0

EB(t)(t→∞) = Ef

(17)
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where, 1PB, EB, and Ef , are output power oscillation of the
battery system (pu), the saved energy in the battery system
(pu), and the final reference power (pu), respectively.

It should mention that PI controllers which are used to
maintain the SOCof super-capacitor and battery at the desired
value don’t limit their capability to maintain the stability of
system frequency and power when facing continuous distur-
bances, it seems that there are contradictions in maintaining
constant SOC of hybrid energy storing system and the stabil-
ity of system frequency as well as its power output. However,
the PI controllers control the SOC and the net power of
these devices slowly and the primary frequency responses
of the hybrid energy storage provide faster and more robust
performance.

IV. THE STUDIED MG
In this paper, an islanded MG system is considered as a case
study. A wind energy penetrated MG is considered. The MG
consists of production units, storage devices and telecom-
munication infrastructures. Diesel generator, fuel cell, solar
system and wind unit are responsible to generate power.
The electrolyser unit is also used to absorb excess power.
A HES device consists of an ultra-capacitor and battery units
is employed in this MG. An ultra-capacitor unit is used to
generate or rapidly absorb the power, aims to increase the
virtual inertia of the grid. The battery is responsible to support
the primary or secondary control. The PV penetration level
is considered low and the PV unit works under MPPT mode
for all the time. The batteries and other power sources will
participate in primary and secondary frequency response to
eliminate the frequency steady state error.

A. THE MG CENTRAL CONTROLLER
In the studied MG, secondary control orders are set by a
central control base. The central controller requires grid fre-
quency and unbalancing power value information to prop-
erly command the power generation and the electrolyser
units. Theses main measured parameters are transmitted by
the telecommunications platform with a certain delay time,
which is very effective on the stability of theMG. The studied
MG block diagram is illustrated in Figure 9. As discussed in
the literature such as [11], [25], and [44], first-order and sec-
ond order models for diesel generator and other sources
are well-known and acceptable models for investigating the
frequency area. Also, to simulate the behaviour of the wind
unit for frequency analyses, a model consists of aerodynamic
characteristic, mechanical and electrical model can be used.
A Detail of each source model is shown in Fig. 9. Except
diesel generator, the power sources units are connected to the
grid by power electronic interfaces which are used to convert
the generated power to AC power from DC sources such as
solar panels, fuel cells, and storage equipment.

Primary and secondary controllers are employed to damp
frequency oscillation. Each power source has its own unique
droop characteristic. This characteristic is shown as an R
coefficient in the frequency-related feedback block.

The primary controller controls the power exchange of
the power units around the operating point for small load
changes. When a large disturbance occurs, the central con-
trol unit faces steady-state frequency deviation. Therefore,
a secondary controller is required as a supplementary con-
troller to adjust the new operation point of all power sources.
In secondary control, the central control unit monitors the
frequency and power fluctuations. Frequency fluctuation is
multiplied by bias coefficient (B) and power fluctuation sig-
nal. Then, they apply to a PI controller in the central control
unit to regulate the new operation point for each power source
unit.

B. OPTIMIZATION DETAILS
In this paper, it is assumed the Ultra-capacitor capacity as
an additional inertia source is employed. With increasing
its capacity, the inertia response of the MG improves [61]
but, the cost of the installed Ultra capacitor increases signifi-
cantly [62]. In case of using the Ultra-capacitor for emulating
the inertial response, relationship between its capacity and
virtual inertia should be determined. In this regard, detail
equations are discussed in [61]. It can be concluded that
there is a linear relationship between the virtual inertia value
and the capacitance of the Ultra-capacitor. High virtual iner-
tia values are obtained with selecting high capacity Ultra-
capacitors. Thus, the value of HVir determines the capacity
of the Ultra-capacitor.

Less communication delay means high communication
services quality and thus it cost more [63]. Thus, damping fre-
quency oscillations with consideration communication delay
as high as possible is an interesting objective. It means cheap
communication infrastructure is required for the MG.

For low ultra-capacitor capacity and the high delay value of
telecommunication systems, the operation cost would be low.
These two parameters are integrated in one objective function
and shown in following Equation:

F1 =
HVir
HVirm

+
Tdc
Td

(18)

The communication system delay and the average accept-
able delay the simulation process are notated with Td , and
Tdc respectively. Also, HVirm is the average virtual inertia.
Selecting high values for HVirm means that the high capacity
ultra-capacitor can be chosen. Different values for HVirm can
be selected depending on the maximum allowable capacity
for the ultra-capacitor. For example, in [47], theminimum and
maximum inertia values are zero and 0.2 (pu/Hs) respectively.
Thus,HVirm is 0.1 (s) in this paper to conduct optimization and
analyses. The values considered for communication delay in
the presented studies (<0.5s) are realistic for a small micro-
grid where the length of communication links is short [63],
and [64]. In this paper, Tdc is 0.2 (s) as the weight factor of
the fitness functions.

The main aim of this paper is to reduce the frequency
oscillation of the MG. Equation (11) shows one of the fitness
functions. As wind turbine and the Ultra-capacitor should
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FIGURE 9. Block diagram of the MG with the central control unit based on the sources models reported in [11], [25], [44], [55], [65]–[68].

participate in the inertia response of studied MG to solve
high df/dt challenge, df/dt in the optimization of the control
parameters must be considered. Also, keeping the frequency
in desirable range [0.95-1.05] pu has a specific importance.
Thus, a penalty factor (ρ) is applied to the second objective
function.

IAEVwk =



ρ ×

N∑
i=1

|1f |i×ti

∣∣∣df/dt > kmax

∣∣∣ or |1f | > 0.05pu

N∑
i=1

|1f |i×ti

else

F2 =
∑
k=8.5

IAEVwk (19)

where, IAEVwk is the integral absolute error of The MG fre-
quency when the wind speed is k (m/s). ti is simulation time
step.

In this paper, ρ = 10 and kmax = 0.4 are considered.
By using NSGA-II algorithm, equation (19) is attempted to
be minimized so that frequency recovery will be improved.
In this paper, 16 coefficients are targeted to be found by
NSGA-II algorithm to minimize the Eq. (18) and (19) simul-
taneously. These coefficients are listed in Table. 2.

V. SIMULATION RESULTS
To implement the MG, MATLAB/ SIMULINK software is
used. As reported in the literature [55], [65]–[67], first-order
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TABLE 2. The controllers and main parameters limitation ranges.

TABLE 3. MG constant parameters.

dynamic models for the fuel-cell, the diesel generator, the
electrolyser, the battery and the ultra-capacitor have suffi-
cient accuracy to simulate dynamic response in frequency
deviation analyses. Also, a low order model of the wind
generator consists of the aerodynamic characteristic wind
turbine, the mechanical part and MPPT unit [68] can be
used in the frequency analysis of MGs. The feasibility of
the proposed strategy discussed in previous sections with
considering nominal parameters given in Table 3; is shown
through simulation results. In this paper, two scenarios for
participating the power sources in load frequency control
are investigated. In the first scenario, the frequency of the
grid with and without employing the proposed strategies
is investigated. In the following, the optimized parameters
that are tuned with NSGA-II algorithm are employed. Then,
the obtained results are compared.

A. SCENARIO I: CONTRIBUTION OF THE HES AND WIND
TURBINE GENERATOR IN INERTIA CONTROL
Firstly, the MG is simulated with and without wind turbine
contribution in inertia response. In this step, the coordination
operation of the wind turbine and the HES is not applied in
the simulation. The non-optimum parameters for simulation
in this first scenario are listed in Table. 4.

The wind speed is 9.5 m/s. The wind-turbine characteristic
is shown in Fig. 2. The MG is in the steady state before
t= 500(s). At t= 500(s), the load changes suddenly and cause
to high df/dt as seen in Fig. 10. The df/dt value is 0.571 Hz/s
in this case. The frequency is dropped suddenly. But with
using the capability of the wind turbine in inertia response,
the df/dt is reduced (0.4 Hz/s) and the maximum frequency
drop is reduced effectively. But, when the operation mode of

TABLE 4. The non-optimum Parameters for the first scenario.

FIGURE 10. Frequency of the MG in Scenario I, without coordination
operation the wind turbine and the HES unit under 9.5 m/s wind speed.

the wind turbine changes, due to the sudden power drop of the
wind turbine, high power disturbance is imposed on the MG
and the second nadir frequency appears which is higher than
the first frequency nadir. Therefore, the contributions of wind
turbines in theMGs, due to the low inertia of theMGs, are not
recommended without any additional resourcefulness. The
necessity coordination of the HES with the wind generator
for improving the frequency response of grid is highlighted
in Fig. 9.

In the second step, the MG is simulated with applying the
coordinated operation schema of the wind turbine with the
HES unit in inertia response. The frequency of the MG is
shown in the Fig. 11. The second nadir is reduced effectively.
While the wind turbine injects its kinetic energy to the grid,
the second dc/dc converter which is connected to the battery
(see Fig. 4) smoothly increase its output power (PB2) up to
the PBI value. Before t = toff , this additional power of the
battery is absorbed by the Ultracapacitor. When the operation
mode of the wind turbine changes, the PB2 immediately is
completely transferred to the grid to compensate the second
frequency nadir. With employing this strategy, the battery
is kept be ready to act as an additional inertia source to
reduce the second nadir due to the operation change of the
wind turbine. When the duration time of participation of the
battery unit in inertia control frequency reach the end, the PB2

74694 VOLUME 9, 2021



T. Rahimi et al.: Inertia Response Coordination Strategy of Wind Generators and HES

FIGURE 11. Frequency of the MG in Scenario I, with and without
coordinated operation the wind turbine and the HES unit under 9.5 m/s
wind speed.

reduced smoothly. But the third frequency nadir is imposed
to the MG. However, the third frequency nadir is not critical.

FIGURE 12. SOC profiles of: the Ultracapacitor and the battery.

It should notify that the SOC of the battery and the
Ultracapacitor changes suddenly duration their coordinated
operation with the wind turbine. But the mentioned SOC
controllers can regulate their SOC at the desirable level. The
SOC of the Ultracapacitor is shown in Fig. 12. Since the
Ultracapacitor is charged by the PB2, the SOC of the Ultra-
capacitor is increased duration of coordinated operation the
wind turbine and the HES unit. After this duration, The SOC
controller regulates the SOC of the Ultracapacitor smoothly.
Also, the SOC of the battery is shown in Fig. 12.

The battery unit contribute in primary frequency control
and inject the PB2 to the MG for the specific time, thus the
SOC of the battery reduced. But the SOC of the battery
comes back to the initial value by using the PI controller.
As discussed in here, with employing the SOC controllers,
the HES unit kept ready to participate effectively for the next

FIGURE 13. The HES output power versus time: (a) : the Ultracapacitor
output power, (b) the battery output power under 9.5 m/s wind speed.

events. Also, the net exchanged power of the Ultra-capacitor
and battery units is set on zero value. Thus, the HES unit
just participate in transient response of the MG to reduce the
frequency deviation. The output power of the energy storages
is shown in Fig. 13. As seen in this Figure, the net exchanged
power of the energy storages with the MG was at the zero
level. After t= 500 (s), these devices inject power to the grid
and then the output powers of them are going toward zero.
Therefore, the output power controllers of the HES unit have
successful feasibility.

The impact of the wind turbine operation point on the
capability of wind generators in inertial support should be
investigated. In the third step, the capability of the wind
turbine in inertia response and its effect on the MG frequency
response for different wind speed is investigated. The Virtual
inertia capability of the wind turbine is closely related to
operation range of wind turbines. Therefore, the power-rotor
speed trajectories, the wind generator output power and the
MG frequency deviation for different wind speed are derived
and shown in the Figs. 14-16, respectively.

When the rotor speed reaches the critical speed
(ωcr = 0.72p.u), the operation mode changing is enabled
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and the wind generator operation mode come back to the
MPPT mode. Also, for high wind speed, the time duration
of the wind turbine contribution in inertia response may be
higher than tmax(= 10(s)), therefore, the rotor speed of the
wind generator may be higher than the critical speed at the
changing operation mode time.

FIGURE 14. Operational characteristics of the wind turbine in inertia
emulation schemes for different wind speed.

FIGURE 15. The wind generator output power in inertia emulation
schemes for different wind speed.

With respect to the Fig. 14 and Fig.15, time duration of
contribution of the wind generator in releasing its kinetic
energy increases. Reducing the first nadir with employ-
ing inertia response of the wind turbine by increasing the
wind speed is observed in Fig. 16. But, for high wind
speed (>= Vw = 10.5/s), the amplitude of instantaneous
increase in wind generator power for improving system iner-
tia is low. Thus the first frequency nadir is increased. Due
to tmax limitation, the operation mode changing of the wind
turbine is realized before the ωcr for high wind speed. Thus,
the 1Poff−max is increasing with increasing the wind speed
and as a result, the second frequency nadir is increased as
seen in Fig. 16. Higher first and second frequency nadir
for the conditions that the wind speeds are high; are results
of applying the mechanical and electrical limitations to the
wind generators. But time duration of the wind generator in

FIGURE 16. The MG frequency response with considering inertia
response of the wind turbine for different wind speed.

inertia response is high for high wind speeds. Thus the other
power sources can increase their output as more as possible
to reduce the second nadir. Selection proper parameters of
the controllers can be solved this challenge significantly.
An optimizing approach is described in the 4.2 section.

To reduce the first and second frequency drops as much as
possible, the capacity of the Ultracapacitor can be increased.
But the installation cost of the Ultracapacitor increases
significantly.

In the fourth step, employing the wind turbine in the pri-
mary frequency control is investigated. The wind turbine con-
troller is equipped with drooped controller as shown in Fig. 8.
With employing the drooped controller, the primary fre-
quency response of theMGcan be improved. Thus the tertiary
frequency nadir is expected to be reduced. Fig. 17 shows the
impact of employing drooped controller of the wind generator
on the frequency deviation of the MG. When the operation
mode of the wind generator changes, the frequency deviation
is reduced as shown Fig.17.

FIGURE 17. The frequency response of the MG with employing drooped
control of wind turbine under 9.5 m/s wind speed.

In fifth step, to illustrate the effect of delays on the MG
frequency response, three sets of communication are consid-
ered as seen in Fig. 18. The power sources and loads data
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FIGURE 18. Frequency responses of the MG for different communication
delays.

are transmitted to the central controller and local controller
through communication delay. With increasing the com-
munication delay, the frequency deviation increases. Thus,
the communication delay time should be reduced as much as
possible. By using the advanced communication infrastruc-
ture, the communication delay would be reduced but the oper-
ation cost increases. Therefore, trade of the operation cost
and frequency deviation should be done by the MG operator.
Fig. 18 shows that the first, second and third frequency nadirs
increase with increasing the time delay.

FIGURE 19. Stochastic load profile.

B. SCENARIO: APPLYING OPTIMUM PARAMETERS FOR
THE CONTROLLERS
In this section, the different parameters of the controllers
are obtained through multi objective optimizing algorithm
and consideration stochastic load and PV power profiles for
different wind speeds. The step changes pattern of the load
profile and PV output power follow normal and beta distri-
bution [69] as shown in Fig. 19 and Fig. 20, respectively.
As discussed in Eq. 19, the simulation setup must be run
for different wind speed cases to calculate the final sec-
ond fitness function. Thus, for multi-objective optimization,
the wind speed is increased step by step to cover all wind

speed possibilities. In this section, Maximum wind speed is
Vw = 10.5 (m/s). Thus, with respect to the Fig. 3, the maxi-
mum wind generator output power is 0.67 (pu).

FIGURE 20. Stochastic output power profile of PV.

It should mention that the employed optimizing algorithm
is just used to remove the complexity of the parameters
tuning. The main aim of this section is showing impact of
optimized parameters on operation cost (F1) reduction and
improved frequency deviation of the MG, simultaneously.
At the end of the optimizing process, the final Pareto solution
points are obtained as shown in Fig. 21. As seen in this
figure, different solutions can be selected. To have aminimum
oscillation frequency with minimum operation cost, a middle
point can be selected as seen in Fig. 21.

FIGURE 21. Frontiers of Pareto of the two objective functions driven from
NSGA-II optimization.

The obtained results for the selected solution are listed
in Table 5. To show the effectiveness of selected solution
in overcoming frequency drops and overshoots, the sys-
tem is simulated, and the obtained results compare with a
non-optimum base strategy.

Fig. 22 shows this comparison and effectiveness of the pro-
posed strategy with optimized parameters. Frequency over-
shoots, nadirs and settling times are reduced effectively with
employing the optimum parameters. The fitness functions
values are listed in Table. 5. By employing optimum parame-
ters, the F1 value which is related to the operation cost of the
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TABLE 5. The optimum parameters.

FIGURE 22. Frequency deviation with optimum and non-optimum
parameters.

MG decreases. Since the Ultracapacitor capacity is reduced
for the selected optimum solution, the installation cost of the
Ultra-capacitor is expected to reduce significantly [61], [62].
Also, the F2 value reduction indicates that the overall fre-
quency deviation of the MG for different wind speeds, are
reduced.

To prove the controller of HES unit, simulation results of
SOC of energy storages when facing continuous disturbances

are shown in Fig. 23. This figure is just presented when the
wind speed is 8.5(m/s).

C. STUDYING FREQUENCY DEVIATIONS WITH RESPECT
TO THE GRID CODES
When the MG frequency is outside of the desired range,
the power sources can tolerate this situation for the specific
time ranges. If the frequency of the MG cannot come back
to the normal conditions quickly, the power sources would be
isolated from the MG, and cascade tripping events may be
occurred and this has the potential to MG blackouts in worst
conditions.

It is important to note that the simulation results show that
the maximum MG frequency deviation and maximum df/dt
is well compatible with different standards in the presence of
load perturbations and different wind speeds. In this section,
different grid codes are considered to investigate the capa-
bility of the implemented control system in overcoming the
frequency deviations challenges. Some simulation results are
shown in Fig. 24. The maximum 1f and df/dt of the MG are
reported in Table. 6. This table information is used to show
that the frequency can deviations of theMGmeet the different
standards. Some grid codes are listed ad follow:

TABLE 6. The MG response to load disturbances with/without wind
contribution in frequency support.

• IEEE Std 929-2000: This standard allow the PV units
to be connected to the grid just for six cycle for a con-
ditions that the frequency deviation is beyond +0.833%
or −1.166%.

• IEEE Std 1547-2003: This standard offered to set
the under-frequency relay according to the defined
‘‘clearing time’’. If the frequency deviation is beyond
+0.833% or −1.166%, the distributed sources can be
connected within 0.16 (s).

• df/dt Std: df/dt standards vary in different coun-
try. The Irish (Ausgrid/ EvoEnergy), Great Britain
(National Grid), and Australian National Electricity
Market (NEM) df/dt standard cite a minimum access
standard of 1Hz/s for 1 second [70], [71].

Due to the contribution of the wind generator in frequency
regulation, the maximum frequency drops values are lower
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FIGURE 23. Simulation result of SOC of (a) : The Ultracapacitor and (b) : battery during simulation time for υω =8.5(m/s).

FIGURE 24. Frequency of the MG in with (blue curves) and without (red curves)the proposed strategy under different wind speeds.

than the 0.7 (Hz). Thus the frequency oscillation amplitudes
are in limited ranges which are advised by the standards.
Simulation results have indicated that the df/dt values due to
different response of power sources to the load disturbances
may be greater than 0.5Hz/s. But time duration of abnormal
df/dt conditions are not high and met different df/dt standards.

VI. CONCLUSION
In this paper, a new control strategy is proposed to control
the operation of the HES unit in coordinated with the inertia
response of the wind generator in MGs. It is shown that
employing coordination of wind generators with HES could
improve the frequency stability of low inertia MGs in severe
disturbance conditions. The HES consists of a battery and
an Ultra-capacitor bank, which is connected to a common
DC link. In this paper, a wind energy penetrated MG is
considered. Therefore, it can participate in frequency reg-
ulation. When a frequency event occurs, the wind turbine
immediately injects incremental power and participates in
stepwise inertial control. Simultaneously, the ultra-capacitor

is discharged to boost the inertial response, coordinated with
the wind turbine. The battery and Ultra-capacitor kept ready
to inject maximum power after the wind turbine’s operating
mode changing. As the HES should not supply or absorb
power for a long time, two control loops for the hybrid storage
system is used to keep the available energy of the HES at the
desirable level. Simulation results show the feasibility of the
proposed coordination strategy to overcome high frequency
drops challenged and the reducing the second frequency nadir
due to the contribution of the wind turbine in inertia response.

Also, a central control unit is used to determine the
contribution levels of different power sources in the fre-
quency recovery process. The power sources are connected
to the central control with communication links that impose
a delay between sending and receiving ordered signals.
Obviously, with increasing the Ultra-capacitor capacitance
and decreasing communication delay, frequency oscillation
damping enhances but the operation cost of the grid increases.
To implement a satisfactory frequency damping in versus of
power disturbances in the MG and reduces operation cost,
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the controller parameters, the contribution level of the wind
generator in inertia response, and the virtual inertia value are
tuned by the NSGA-II algorithm. The simulation results with
optimum parameters.

Also, the frequency oscillations are investigated in dif-
ferent Grid Codes points of view. The frequency behaviour
of the MG can meet the requirements of the studied stan-
dards. Applying optimized parameters to the controllers, con-
sidering dp/dt limitation to the wind generator, employing
the Ultracapacitor with as low as possible capacity and the
communication infrastructure with as high as possible delay
which allows the MG to satisfy the grid code but do not
impact seriously the wind generator lifetime.
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