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ARTICLE INFO ABSTRACT

Keywords: Today, with the expansion of low-inertia (such as wind power
Primary frequency, plants) and non-inertia (such as photovoltaic power plants)
response, technologies, the amount of network inertia and power related to

Energy storage,
Virtual inertia,
Sensitivity analysis.

the primary frequency response has decreased significantly. As a
result, in the event of disturbances, the frequency changes with a
relatively higher slope and it may violate its permissible range. To

solve this problem, several methods have been presented so far
that create artificial inertia by power electronic converters
connected to storage devices or renewable generation. Therefore,
the models make the operation of these sources similar to
traditional power plants and increase their contribution to the
frequency response during storage contribution events. In this
paper, the sensitivity analysis of energy storage contribution to
providing inertia for the primary frequency response has been
carried out. IEEE 3-bus and 118-bus networks are used as test
networks. MATLAB software is also adopted for optimization. The
results show the impact of each storage parameter on the
frequency response and how it is possible to meet the frequency
response limitations of the network by managing the storage
devices.
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1. Introduction

Distributed generations (DGs) such as photovoltaics (PVs) and wind turbines (WTs)
have expanded in recent years in power systems and some cases have replaced fossil units
|1]. Renewable energy sources (RESs) are highly dependent on climate changes and high
fluctuations in their output power are observed. To deal with and eliminate these
fluctuations, energy storage systems (ESS) are usually used, which have many advantages
such as high response speed, stable power transmission, and no dependence on climatic
conditions. One of the issues regarding ESS is their optimal placement in the network,
determining their optimal size, and managing their charging status in the network. Adding
storage devices to the network requires an initial investment cost, but with its optimal
design and management, the total costs of network operation can be reduced. Many
studies have been presented in the field of optimal design of ESS. Reference |2] reviewed
these methods and their design criteria. Reference [3]| provided a review of battery
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technology for energy storage. ABB company has designed a storage system and a special
converter for it, which provides inertial response in power systems with high reliability.
The speed of this system is very high and its ability to reduce frequency deviations has
been well proven |3]. In reference [4], storage batteries were used to provide the primary
frequency response. In fact, the combined storage system including a battery and a
supercapacitor was used to provide the primary frequency response of an isolated
microgrid. The principles of providing primary frequency response using storage devices
are based on the management and planning of coordinated charging of storage devices.
Reference [5] suggested the implementation of a market for frequency response reserve
(FRR) in the future grid, specifically targeting generators and load resources equipped
with under-frequency relays. The purpose of [6] was to investigate the notion of
orientational smoothing in conjunction with the frequency management of deloaded
photovoltaic (PV) systems to enhance self-balancing, decrease reliance on battery energy
storage systems (BESS), and guarantee a consistently higher availability of regulatory
reserves. Study 7] optimized temporary main frequency control parameters during rotor
speed recovery using an analytically determined technique to limit secondary frequency
deviation induced by DFIG inertial control. Optimized parameters included termination
time and active power. Literature [8] focused on the current research trend that aims to
increase the participation of wind turbine generators in rapidly regulating the grid
frequency (inertia emulation), in addition to conventional power system alternators.
Reference [9] presented an adaptive primary frequency support technique for clusters of
electric vehicles (EVs) that are limited by the operation region specified by their charging
behavior. In reference [10], a DC microgrid was investigated from the point of view of
secondary frequency response. This microgrid included RESs and the use of energy
storage improved the operation of the microgrid. Energy storage is one of the important
components of microgrids that reduce the fluctuations of DGs and improve the operating
conditions of the grid both in islanded and grid-connected conditions. In reference [11],
integration of ESS units was adopted to provide the secondary frequency response of
power systems. In the future, small storage units will be integrated to create a frequency
response control service. The method of load frequency control was described in [12]
using ESS. In literature [13], the tertiary control of a set of microgrids was presented. In
that study, voltage, and frequency control were presented to restore these parameters to
their desired nominal value in a set of islanded microgrids. This method is activated when
the existing methods for controlling energy storage and generators do not work
successfully. This method performs well as a strong support in networks containing a high
level of DGs. In reference [14] a storage battery was used to control the voltage and
frequency of microgrids. In that study, storage devices with high response speed were
incorporated. The results showed that voltage and frequency were able to follow their
reference signals suitably. A variety of adaptive control methods for WTs have also been
provided, among which the pitch angle control and the rotor speed control have been
provided. The results prove that the adaptive control method provides considerably
better results than other frequency control methods. From the point of view of the rate of
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change of frequency (RoCoF), frequency drop, and reduction of frequency deviation in
steady state have been provided. The stepping method of inertial control can reduce the
RoCoF, but it leads to a secondary frequency drop [15]. The traditional networks contain
a high capacity of synchronous generators (in the form of hydropower, thermal, gas, coal,
combined cycle, or nuclear) with high inertia. The high inertia prevents severe frequency
deviations in the case of events. Therefore, in the past, the behavior of primary or
secondary frequency response was not crucial [ 16]. Hydroelectric, nuclear, and fossil fuel-
based units are naturally effective in providing primary frequency response in two ways.
First, due to the high mechanical and kinetic energy of these generation units, these
generators provide a high level of inertia response for the grid whenever they are
connected to the grid. Second, the inherent characteristic of these units is that they are
usually kept connected for a long time, and this leads to a longer persistence of inertia in
the network [17]. The emergence of clean energies and their high penetration level in the
power system can be considered the main factor of the emergence of frequency response
limitations in power system problems. Frequency recovery, the discussion on the
frequency stability of the network against disturbances, and the adjustment of the
frequency response of the network against sudden incidents of the network are among
the priorities of recent research on the operation of power systems. Also, the solutions to
increase the penetration level of DGs in the system and the approaches to provide as much
inertia as possible are among the most important recent challenges of the frequency
response studies of the power system. The effects related to the uncertainty of the
behavior of these DGs in the frequency of their power system are technically and
economically important [18]. Another economic effect of frequency response limitations
in network operation is that the network operator must adjust and plan DGs in such a way
that at any moment there are units connected to the network that guarantee sufficient
frequency response for a network. New planning of power plant units by considering
frequency limitations means adding extra costs of network operation [19]. In reference
[20], the effect of energy storage in improving the stability of the frequency response was
considered. It was shown that the presence of an ESS device of 1 to 2 MWh next to a 10
MW wind farm can provide the possibility of automatic central control during 29 days of
the month. Also, the investigation of the capabilities of ESS in the implementation of
automatic central control in the wind research park was considered. Reference [21]
reviewed the ESS technology and the progress made in this field. It was mentioned that
with the current state of the electricity market, it is difficult for ESS units to compete with
traditional electricity generation units. In reference [22] determined the optimal capacity
of network storages and optimal control of these systems to provide network frequency
improvement. Frequency deviations of power systems, which are usually caused by the
fluctuations of grid-connected wind generators, are one of the main factors limiting the
penetration of distributed RESs. Reference [23] investigated the effect of frequency
response limitations in network operation and in the presence of energy storage.
Considering the limitation of the RoCoF in planning the generation of power plants and
the use of energy storage can have a great impact on the frequency behavior of the
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network. In reference [24], the placement and determination of the optimal size of ESS to
control the primary frequency response of an isolated section of the Mexican power grid
was presented. The paper showed that the increase in the level of penetration of DGs leads
to problems with network frequency. In order to provide the desired frequency response,
energy storage batteries were used. In reference [25], the benefits of using energy storage
in the market of providing fast frequency response in the national network of England
were evaluated. Using equipment with fast response speed can reduce the power
imbalance between supply and demand. A real-time strategy for controlling storage
devices was presented. Controlling the charge level of energy storage has a significant
effect on the life of the storage. In reference [26], ESS was used to prevent under-
frequency load shedding. The under-frequency load shedding is one of the temporary
measures to prevent the frequency violation at a value lower than the set limit. This action
is taken to restore the network to a safe state. By using energy storage and power
electronics converters [27], power can be quickly injected into the network, and
frequency deviations can be avoided when a power imbalance occurs in the network. In
reference [28], lithium-ion batteries were adopted as a tool for fast power transfer in
sudden events and stabilization of frequency response. This reference showed how these
storage batteries should be installed and utilized in the network. Also, in this research, the
charging level of ESS after passing the transient frequency states was optimized.
Determining the charge level of energy storage has a significant effect on increasing the
life of these equipment. In reference [29], the simultaneous contribution of WTs and ESS
to the electricity market to provide frequency response was discussed. In literature [30],
the design of the frequency droop controller in hybrid electric vehicles to control the
primary frequency response was analyzed. To better understand the primary frequency
response control in the presence/absence of ESS, special designs are proposed in this
paper and the stability margin of each of these designs is determined. RES and ESS have
little or no inertia. Increasing the penetration level of these sources has led to a decrease
in network inertia and an increase in the probability of frequency deviation or sudden
network collapse. The inertia of the network was not very important in the past, but today,
with the penetration of DGs and the change in the dynamic characteristics of the network,
the discussion of providing the inertial response and the primary frequency response has
received much attention from scholars. One of the most novel approaches to increase
network inertia is to utilize the control methods of power electronic converters to show
behavior similar to synchronous machines, called virtual inertia, in these sources. This
study intends to provide an inertial response for ESS to maintain the frequency stability
of the network against the occurrence of sudden events.

The contribution of this paper is to provide an inertial response for ESS with fast
response capability. Also, investigating the effect of providing this response in
establishing frequency response and network behavior after sudden events is considered
among other contributions of this work. Considering the new model of the problem and
applying the novel algorithm for this problem are other innovations of current research.
Other parts of the paper are structured as follows. In Section 2, the description of the
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proposed model is presented. In Section 3, simulations are performed, and a summary of
the results is presented in Section 4.

2. Modeling and problem formulation
2.1. Providing the virtual inertia

Inertia response can be created by using fast storage devices because these devices can
be charged or discharged at their maximum nominal rate in less than 1 ms. This section
of the paper focuses on the primary frequency response, which is dedicated to a period of
tens of seconds. Without any specific control strategy, the output level of energy storages
( ps in per-unit or p.u. and P, in MW) remains at its initial value (i.e., pgo or Py, ) after some
time (several seconds) after the event. Therefore, fast ESS does not contribute to the
transient stability of the network. A method is presented to control the ESS so that they
can create virtual inertia Hy in the network. The main idea of this design focuses on
controlling the output power of the storage device so that it adjusts its output power
based on the local frequency of each of the storage devices. If the local frequency in terms
of per-units is f; and the nominal frequency of the network is fz = 60 Hz, then the
corresponding virtual rotation speed is denoted by w; = 2nf; and the nominal rotation
speed is expressed by wg = 2mfp; therefore, Equations (1) and (2) are established.

Aps = ps — pso = —2H;Aw; (1)
Aps € [ps = Dso, Bs — Pso (2)

It can be seen that the control signal completely depends on the local frequency. Virtual
inertia can be represented by Hy = ]‘;gﬁfif (in seconds) where J; is in MWs. Therefore, the

virtual kinetic energy of the storage device is Eg = % Jsw? and the virtual mechanical

frequency is ws = wi:’B, and r shows the virtual poles of the device. Therefore, the

relations can be rewritten as Equation (3):
—AFs = Es = Jsws;0s & —Aps = 2H;0;0; = 2H;w; (3)
Control signals can be measured on the generator side (rotation speed) or the network
side (connection point frequency). To achieve real results, storage dynamics, response
time, and communication delay are also considered in the simulation. In this paper, ESS is
equipped with a dynamic response adjustment controller. The local frequency w; can be
adjusted using the active power output of the storage control module and the connection
point voltage using the reactive power of this module. In this paper, a simplified dynamic
model of the storage system is presented, which has two lagging-phase blocks with time
constants Trp and Tsp. Therefore, the inertial response provided by the module is equal to
K,p = —2H,w?. This study assumes that the grid power plants are divided into two
categories: thermal power plants and gas power plants. Each of these plants has its
characteristics and is of special importance from the point of view of dependence on
natural gas. It is also assumed that the management of unit commitments will be divided
into two parts [31]. The first part (upstream) is related to daily planning (or day-ahead

Journal of Green Energy Research and Innovation 1(3) (2024) 30-48



M. Mohseni et al.

planning) to comply with the restrictions related to daily energy exchange contracts and
the general status of power plants in terms of start/shutdown or initialization (binary
variables of the problem) should be specified. The second part (downstream) is related to
daily operation (same day) in which any uncertainty or fluctuations are answered in the
form of adjusting the power generation of power plants (real continuous variables). In
this stage, uncertainty has shown itself and usually, the final result of this stage is obtained
based on mathematical expectation of probable events. In this paper, uncertainty is
considered on the limits of gas supply lines. Also, to understand the effect of natural gas
pricing on the problem, separate case studies will be examined. In the following, the
mathematical model of the problem is discussed and then the stochastic form of the
problem is presented. Figure 2 shows the output power of the storage device and the
frequency deviation in different values of the virtual inertia of the storage devices. The
higher the virtual inertia, the better the frequency response of the system. Also, higher
values of virtual inertia require higher charging and discharging capacity of ESS.

It can be seen in Figure 3 that if the storage capacity is less than 30 MW, by increasing
the charging and discharging capacity, the advantages of virtual inertia in improving the
primary frequency response will be reduced.

/_Fs
Wi SKSP 1

1+ sTg 1 + sT,p [P
Wref P-o BS_/

Figure 1. Simplified structure of the grid-connected storage system.
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Figure 2. The effect of virtual inertia on the frequency response of the power system
considering the dynamics of the storage battery.
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Figure 3. Dynamic simulation by considering the upward charge/discharge limit of storage
and dynamics of the storage batteryH, =9s..
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Figure 4. Dynamic simulation with variable initial output of the storage by considering the
storage dynamics.

Figure 4 illustrates that the initial output values of the storage devices play a significant
role in the behavior of the primary frequency response. The charging state of the storage
devices helps to prevent the frequency drop, and the discharge state of the storage devices
brings a worse situation in terms of the frequency nadir compared to the state without
the use of the storage device. It should also be noted that the storage units with an initial
output of -10 MW contribute to the inertial response exactly after the event, but the
storage units with an initial output of 10 MW do this only after the frequency drops. These
results seem reasonable. Storage devices usually have less free capacity to respond to
frequency reduction.

2.2. The problem of minimization of ESS’s planning cost

Usually, the generation planning of the power plant is done in 24-hour intervals, and
economic load dispatch is carried out every 15 minutes. In fact, after the implementation
of the economic load dispatch program every 15 minutes, the necessary measures will be
determined to provide transient stability in the next period. To ensure that the frequency
or the post-event rate of change occurs within the allowed range, the problem of economic
load dispatch is solved.

Journal of Green Energy Research and Innovation 1(3) (2024) 30-48



M. Mohseni et al.

The purpose of this method is to find the lowest contribution cost of ESS. Under-
frequency events are discussed in this paper and the constraints related to the lowest and
highest rate of change of frequency are considered in the problem.

2.2.1. Formulation of the storage planning problem

The vector x = [xq, X5, ..., Xy ]! represents the non-negative virtual inertia provided by

the storage (decision variables of the optimization problem). The upper and lower limits

D — T
of these variables are denoted by mathematical symbols H = [Hl, H,, ...,HN] and H =

[ﬁl, H,,..,H ]T. The problem of economic planning of storage is formulated as Equations
(4-7):

ine T
mxln. c'Xx (4)
S.tifye (5)
rbr,r;axb (6)
xTL € {O, [I:In; I:In]}; forvn € N (7)

In these equations, N = {1,2,..., N} shows the set of storage units, c is the cost of virtual
inertia, fbﬂéinxis the minimum frequency, and rbrr;ax"expresses the rate of change of

frequency of each bus b € Bduring any given e € ¢ event.

2.3. Iterative solution to problem-solving

Searching in the solution space requires simulating the transient stability of the
problem. It seems impractical to provide a comprehensive method for the final results in
the real world. To reduce the computational burden, an algorithm for the planning
problem is presented in this section. As shown in Figures 5 and 6, linearization can be
used to approximate the role of virtual inertia of the storage devices at the minimum
frequency of each bus and the highest rate of change of its frequency. The accuracy of the
proposed method is optimal. Based on these linearizations, the mixed-integer linear
problem is presented and an iterative method will be presented to solve it.

59.52 . — 7  —
t zfim |[H1=2] — fr. |[4,H2]
559.51 -7 le,neml[Hlﬁz] / """ zl,rgnl[4>Hz]__
=
% 395
2
59.49 T T T T T T T I T T ’I L] 1 L] 1 L] 1 I 1 I |>I
0 2 4 o6 8 10 00 1.6 32 48 64 80
FSD 1 vitual mertia (s) FSD 2 vitual inertia (s)

Figure 5. Minimum frequency linearization in a network with two storage devices.
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Figure 6. Linearization of the RoCoF in a network with two storage devices.

2.3.1. Formulation of the linearized planning problem

Considering that H < x < H, each of the solution zones {xn:ﬂn <x, < ﬁn} can be
divided into Zn sections. The favorable virtual inertia of the nth storage is shown by a
vector (Z, + 1) x 1,named h,, = [h, o = Hp, By 1, wrhyz = Hn]T. The present settings of
the virtual inertia are represented by H = [hy, h,, ..., hy]T. The only difference between

vectors Hyp, = [, Ang, .| and H = [..., hy, ... ] is in the virtual inertia settings of the nth

storage. Moreover, a vector Hn,—l = [...,hn,_l, 0, hypgq) o ]T with h,; =0 and Z, =
{0,1, ..., Z,} is defined. The metrics under study and their limits are provided as m € M =
{fmin (—r)max} and M,, € {€,, —7},}, respectively. Therefore, the marginal gain of the zth
part of virtual inertia's contribution to the nth storage is given as Equation (8). Also, the
equivalent index of the rate of change of frequency or the minimum frequency is
represented as Equation (9). With a planning

scheme, the value is defined as Equation (10), which shows the value of participated
inertia, H, in the range [hy,_1, hy, |- Figure 7 illustrates the definition of parameters.

I’_\Inz [.” hnfl ' hn' hn‘+1 ]
I:I ['“ hnfl hn hn‘+1 ]
Hn z—-1 [ e n-1 h n,z—1 h n+1 ]

------------- -

the only different element

% selected metric
m‘ﬁmz ’_-";Je\
rn |H 1, 2—1 =,|\_’ SlOpe
m . .
L [ E—— »e a,.,1zlla  FSD n inertia
H L ___1... 4L ... ces Ly
h n
h,, =0 ,
hn,O = ]in hn_.z—l hn,z hn,Zn :Hn

Figure 7. Demonstration of parameters adjustment.
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mb,e Iﬁn,z—l

air)r,le,n[z]lH = h o —h ,fOT Z€Zy (8)
n,z n,z—1
Vpeln = Mp — Mpely 9)
hn,z - hn,z—l; if hn,z < hn
Ahn,z = 0, if hn < hn,z—l (10)

hy — hy z—1; otherwise

The objective function in Equation (11) deals with minimizing the overall cost of the
contribution of storage devices. In the constraints of Equation (12), the parameter
apnlz] |Hdn,z or Ah,, , is linearized in the form of z-segment virtual inertia related to the
nth storage named d,, , or apy, [z]ydy, - Hence, Ynee zee, ApnlZln (dn,z — Ahn,z) is the linear
improvement of the considered indices, and vy’ |H is the minimum improvement
necessary for each index to observe its limits. Equation (13) represents the upper limit of
the virtual inertia d,, ; related to the z th part. Equations (14) and (15) state that none of
the storage devices can produce virtual inertia between zero and H,,. The (z + 1) th part
can establish

inertia only when the zth part proposes the whole inertia between h,, , — h, ,_4, and

these constraints are given in Equations (16) and (17).

ming,:c'd (11)
s.t: forvbeB,e€egmeM (12)
Ynenzez, Wen [Z]|H(dnlz — Ahn,z) >vp.ly forvb€B,e€e,z€Znn€N (13)
U, , € {0,1} (14)
dn,z < un,z(hn,z - hn,z—l) (15)
un,Ohn,O = dn,O (16)
un,z+1(hn,z - hn,z—l) < dn,z'z * Zn (17)

The linearized problem of the contribution of power plants has made it possible to
implement iterative algorithms. Here, a two-step method to solve the problem is
introduced. This method has two loops. The outer loop, denoted by s, updates the solution
space and divides the solution space. The inner loop, denoted by k, will improve the
required criteria when there is a violation in the RoCoF or the frequency nadir from the
allowed limit. Equation (18) gives the relationship related to updating the outer loop.

K k=1 Kk (s, k—
vy = v 4 B (My, — | dGHD) (18)
At the end of each outer loop s, the algorithm updates the center of the solution space
of the problem HG*D using the obtained optimal solution d*|ysx,) = d*®%). To

guarantee the convergence of the proposed method, the coefficient a,(ls) € [0,1] is used to
break the solution space. Again, the virtual inertial space of each storage device is divided
into a new space. Therefore, the marginal profit and its related restrictions are as follows.

In other words, it can be said that in the planning stage, based on the base load, the on
and off status of the power plants and their working pointis determined from the previous
day, taking into account the energy reserve, and based on that, a contract with the gas
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supply company is drawn. Then, any difference that occurs on the current day will be
determined by operation. In fact, in operation, on/off status is not an issue anymore, and
the only goal is to change the generation capacity of power plants. Therefore, there is a
possibility of some difference in the operating point of the power plants, their gas
consumption, or measures such as load shedding, so that the load can be fully met and the
security restrictions of the network are respected.

(s)
i a
W1 = ma 420 -5 (1), - )| 19
a ol
iz, = min i d® = (5, = i) (20)

2.3.2. Sensitivity analysis of the problem

On the left side of Figure 8, the value in terms of related to bus 4 is shown for times t =
1,2, and 3 s. According to the obtained results, the changes in the frequency nadir have an
almost linear relationship with the injected power AP. Hence, the sensitivity of the
AAFN™  AAf

0Ap op
These changes are provided on the right side of Figure 8, where the nonlinear behavior of
OAfpe"

frequency nadir to the injected power at other points can be found from

at any moment is clearly observed. Similar results to Figure 8 are provided in Figure

9, which shows the RoCoF with respect to injected power. In this case, bus 1 (two nods
away from bus 69), bus 4 (two nodes away from bus 69), bus 43 (eleven nodes away from
bus 69), and bus 17 (eleven nodes away from bus 69) are considered.

Figure 10 depicts the time-dependent changes of indices for bus 1 due to the injection
of reactive power into bus 4.
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Figure 8. The minimum changes of frequency with respect to injected power.
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Figure 11. The RoCoF in bus 1 due to active power injection into bus 4.

The change of

active power injected to bus 4 in time steps of 1.5 s with 0, 1, and 2 MW

changes in the power value was analyzed. The graphs related to these changes are also

shown in Figure

11. The results show that the output power of the storage devices has a

small effect on the network frequency. Therefore, the estimation of each part can be

estimated by reconstructing the frequency measurements in each bus.
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3. Simulations and results analysis

In this paper, two networks have been examined. A three-bus network, which includes
4 generation units, 2 fast storage units, and 3 network load units. In this network, events
usually occur in generation unit No. 4. The other network is the modified IEEE 118-bus
network, which includes 8 fast storage units. The capacity of all storage units is considered
equal to 15 MW. Also, the costs related to the energy supply of storage devices are
different from each other. The energy storage capacity is also assumed to have no limit.
There is a possibility of an event in four points of the network, where the generators
located in bus 80 (the 389 MW unit), bus 100 (the 415 MW unit), bus 61 (the 386 MW
unit), and bus 59 (the 433 MW unit), are among these cases. The permissible value of the
frequency nadir and the maximum RoCoF are assumed to be 59.5 Hz and 0.5 Hz,
respectively.

3.1. Case studies

In this paper, various study cases have been considered, each of which can represent a
different aspect of simulation. These study cases are:

Case I: First, the effect of each technical parameter on the frequency response of the
sample power system is investigated. A network with 10 traditional 120 MW units (1.2
p.u.) and variable inertia between 2.5 to 3.5 s (with steps of 0.1 s) and time constants
T,,=058T,,=25s, T, ,=5.5 has been considered. An event is assumed in which the

load suddenly increases by 1 p.u. from the basic value of 10 p.u. and the amount of energy
stored in the storage device is equal to zero. For all storage devices, we have T, =0.1s

andT, =0.5s . The purpose of this case is to somehow analyze the sensitivity of the model

to the technical parameters of the problem.
Case II: In this case, the planning of the 3-bus network is carried out in such a way that
it is necessary to solve the differential equations of the frequency swing in each case.

3.2. Simulation results
3.2.1. Casel

3.2.2.1. Impact of inertia of storage on frequency response

Figure 12 shows the effect of changing the inertia of energy storage on the frequency
response of the power system. The output power of the storage device, the output power
of the traditional power plants, and the frequency deviation in different values of the
virtual inertia of the storage devices are shown. The higher the virtual inertia, the better
the frequency response of the system. The frequency deviations or the distance between
the frequency nadir and the nominal frequency are reduced and the intensity of the
maximum RoCoF is also reduced. The deviation of the power balance of the network is
answered with the simultaneous contribution of traditional power plants and energy
storage. The more the inertia of grid storage devices increases, the contribution of storage
devices to the power supply increases, and the share of traditional power plants
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decreases. Therefore, higher values of virtual inertia require higher charging and

discharging capacity of ESS.

3.2.1.2. Impact of the rated power of storage on frequency response

Figure 13 depicts the effect of rated power of energy storage on the frequency response

of power systems. As can be seen, with the increase in charging and discharging capacity,

the frequency response of the power system shows more improvement. Also, the

contribution of ESS will increase.
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Figure 12. The effect of virtual inertia on the frequency response of the power system by

considering the dynamics of the storage battery. (a) Frequency response (upper right), (b)

storage output power (upper left), and (c) output power of traditional generators (bottom).
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(upper left), and (c) output power of traditional generators (bottom).
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3.2.1.3. Impact of the rated power of storage on frequency response

Figure 14 shows the effect of the initial charge of the storage device on the frequency
response. As it is known, the initial output values of the storage devices play a significant
role in the behavior of the primary frequency response. The charging state of the storage
devices helps to prevent the frequency drop and the discharging state of the storage
devices brings a worse situation in terms of the frequency nadir compared to the state
without the storage device. It should also be noted that the storage units with an initial
output of -10 MW contribute to the inertial response exactly after the event, but the
storage units with an initial output of 10 MW do this only after the frequency drops. These
results seem reasonable. Storage devices usually have less free capacity to respond to
frequency reduction.

3.2.2. Casell

Figure 15 shows the maximum RoCoF and the minimum frequency nadir of the
network in the inertial space of storage batteries, which is divided into two categories: the
possible space and the impossible (unacceptable) space. This space shows the importance
of virtual inertial services and the non-linear relationship between selected parameters
(such as the frequency nadir and RoCoF) with the virtual inertia of the network. To
simultaneously meet the requirements of the RoCoF and the frequency nadir, it is
necessary to find the intersection of the acceptable space of the two regions.

Table 1 lists some boundary points related to RoCoF and frequency nadir. As it is
known, some of the solutions have provided only the constraint related to the frequency
nadir, while others have provided that of the RoCoF, and some have met both constraints.
The solution with the lowest allowed cost by observing both conditions is selected as the
best solution to the optimization problem. In Table 1, red values are unacceptable while
green ones are acceptable. The best solution obtained, which has the lowest cost among
the allowed solutions, is marked with blue color.
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Figure 14. Investigating the effect of the initial charge level of the storage on the frequency
response of the network for H, =9s . (a) Frequency response (upper right), (b) storage output

power (upper left), and (c) output power of traditional generators (bottom).
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Figure 15. Maximum RoCoF (left) and frequency nadir (right) in different inertias of test
network storages.

Table 1. Boundary points of constraints on frequency nadir and RoCoF.

Frequency
Hi Hz RoCof i Cost ($)
nadir

0 2.1053 0.5246 59.4823 421.0526

0 2.5263 0.5090 59.4997 505.2632

0 2.9474 0.4943 59.5159 589.4737
0.5263 1.6842 0.5206 59.4868 442.1053
0.5263 2.1053 0.5052 59.5038 526.3158
0.5263 2.5263 0.4907 59.5198 610.5263
1.0526 1.2632 0.5167 59.4911 463.1579
1.0526 1.6842 0.5015 59.5079 547.3684
1.5789 0.8421 0.5128 59.4954 484.2105
1.5789 1.2632 0.4979 59.5120 567.4211
2.1053 0 0.5246 59.4823 421.0526
2.1053 04211 0.5090 59.5159 589.4737
2.1053 0.8421 0.4943 59.5159 589.4737
2.6316 0 0.5052 59.5038 526.3158
2.6316 2.4211 0.4907 59.5198 610.5263

4. Conclusions

The formation of virtual inertia is one of the different methods of controlling ESS. By
using power electronic converters connected to these sources, it is possible to contribute
to the primary frequency response or inertial response if an event is detected. Since
storage devices are highly capable of quickly increasing their power from the lowest value
to the highest value, they can provide a significant improvement in the frequency
response. In this paper, the storage parameters effective in the improvement of the
frequency response of the network were investigated and the sensitivity analysis of the
contribution of ESS to providing inertia for the initial frequency response was discussed.
The effect of power capacity and energy storage, the amount of virtual inertia designed
for it, etc. on the improvement of frequency response parameters such as RoCoF and
frequency nadir were analyzed and investigated. Also, an optimization-based method for
the optimal management of ESS was presented, which determined the best necessary
inertia for each of the storages. These inertias were chosen in such a way that in addition
to providing the boundary constraints of the problem, the amount of operating costs of
the storage devices was minimized.
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