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Abstract: In recent years, the transition process towards clean energy has caused many challenges to power systems,
especially in the field of operation and power system control. Conventional generators, which have been providing ancillary
services to maintain stability and reliability to the system, are being replaced by intermittent renewable generators. Therefore,
maintaining system quality and stability in terms of power system frequency control is one of the major challenges that require
new resources and system integration. Battery energy storage systems (BESSs), as fast-acting energy storage systems, with
the capability to act as a controllable source and sink of electricity are one of the prominent solutions for system services. This
study investigates the primary frequency control provision from BESSs to the renewable energy sources dominated power
system. The simulation results for various cases have shown that integration of BESSs has significantly improved power system

frequency stability.

1 Introduction

Denmark is an example of a coherent integrated system, which
includes all energy sectors and has a high amount of renewable
energy sources (RES) [1]. In 2016, the share of wind power
production corresponded to 42% of the total Danish electricity
consumption. One of the primary challenges, concerning wind
power generation in the future, is to meet 50% of electricity
consumption in 2020 [2]. It is expected that the share of RES in
electricity production will be increased to 90% by 2025 [3].
Therefore, changes in electricity production have brought new
challenges to the power system. Control of power system, as one of
the fundamental requirements in the operating power system,
considers reliable production and delivery of power while
maintaining system voltage and frequency within permissible
boundaries.

Frequency is one of the most important factors in power quality
and in order to maintain its stability, generation and demand should
always be matched. In the interest of minimising frequency
deviation in the power system, ancillary services are used [4].
Conventionally, there are manual and automatic operating
frequency reserves — primary regulation (PR), secondary regulation
(SR) and tertiary regulation (TR). By replacing conventional
generators with RES, the system frequency is subjected to more
frequent and larger deviations which, consequently, lead to the less
secure and unstable power system. Accordingly, new balancing
reserves have to be used and provided to the power system [5]. For
that reason, the integration of energy storage systems (ESSs) to the
system is suggested.

Schlegel et al. [6] have presented different ESS solutions based
on storage capacity and discharged time as a support for the
frequency regulation. In [7], the performance of the ESS with a
limited capacity, which are providing PR, is discussed. As fast-
acting ESSs when compared to conventional generators and with
the capability to act as a controllable source and sink of electricity,
battery ESSs (BESSs) are considered as a prominent solution for
system services [6, 8]. BESS support in terms of PR in RES
dominated power system is researched in [9] where the
performance of BESS with limited capacity and different control
strategies is investigated. Oudalov et al. [8] implemented a control
algorithm with adjustable state of charge (SOC) limits for BESS. In
terms of PR, one of the proposed algorithms is considered for
optimal BESS operation.
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The novelty of this work combines modelling of BESS
including a suitable PR strategy with variable droop, which
imitates governors’ proportional control and their implementation
in an interconnected two-area power system for which dynamic
simulations are conducted in DIgSILENT PowerFactory.

The main objective of this work is to develop PR to integrate
and test the performance of BESS in an interconnected two-area
power system with variable power penetration from RES in order
to explore the capability of providing frequency regulation to the
power system with RES and BESS.

An overview of frequency stability theorem and theory behind
PR is given in Section 2. Section 3 presents the models of different
components. Grid model and simulation scenarios to be tested and
analysed are discussed in Section 4. In Section 5, the results and
discussion of tested scenarios are presented. Additionally,
sensitivity analysis for sizing of BESS units is performed. Section
6 gives the conclusion of this work.

2 Frequency regulation in conventional power
system

PRs are automatic reserves activated within seconds after the
disturbance with complete deployment within 30 s. According to
the European Network of Transmission System Operators for
Electricity (ENTSO-E) [10, 11], the frequency range, before
primary control is provided to the system, is within £20 mHz and
primary control must be supplied before frequency deviation
exceeds +200 mHz. SRs are activated after the frequency is
maintained by PR. Meaning, within 30 s to 15 min after the
disturbance with the purpose of restoring and maintaining
frequency to its nominal value and replenish used PRs. TRs are
provided manually with tertiary control, which is slower than the
previous two mentioned. The purpose of TR is to absolve the
activated SR in a time interval from minutes to hours [12, 13]. All
three regulation processes are shown in Fig. 1.

2.1 Primary regulation

In a conventional power system, PR is provided by generators’
governor. Generator speed is directly coupled to the grid frequency
and consequently, active power as well. The relation between
inertia response, as the change in frequency of the synchronous
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generator and power imbalance, is called swing equation and is
expressed in [15] as follows:

2-H-Sg dfy
T'T—Pm_Pes 1)
where f;, denotes the rotating frequency of the machine, H inertia
constant, Sg rated power of the generator, P,, mechanical power
supplied by the generator and P, is the electric power demand. H is
the time at which machine is supplying rated power with kinetic
energy stored.

In the case of loss of generation or sudden increase of the
electrical load, system frequency drops from its nominal value.
Generator governor has the purpose of bringing the frequency to its
nominal value and that type of control is called droop control.
Speed droop R is the ratio of frequency and power output change
[16] and it is given in the following expression:

_Af
R=1p 2

where A f denotes frequency change and AP power output change.
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3 Dynamic models of the components

All dynamic models, including BESS and RES, the interconnected
two-area system and PR strategies are developed and simulated
using DIgSILENT simulation language (DSL) models in
DIgSILENT PowerFactory software.

3.1 Renewable energy sources (RES) models

Solar photovoltaic (PV) output power of the module is calculated
as follows:

where Ppy is the output power of the PV module, S is the solar

irradiance (W/m?), 4 is the area of the PV module (m?), 5 is the
efficiency of the PV module and PR is the performance ratio.

The output power of the wind turbine (WT) is given by the
following expression:

1
Pyt = 5pCoAw, (4)

where Pyt is the output power of WT (W), p is the air density
(kg/m3), C,, is the power coefficient, 4 is the WT swept area (m?)
and v, is the wind speed at hub height (m/s). Given wind speed
depends on the wind speed measured at the reference height and
roughness of the terrain.

Based on the real data provided from the laboratory facility at
Aalborg University, profiles of wind speed at the reference height
and solar irradiance for 2 h are shown in Fig. 2.

3.2 BESS model

The SOC is the relevant parameter when it comes to the BESS
control for PR support. As stated in [17], ‘Coulomb counting’ is
the method used to calculate SOC of BESS. Based on [18], the
mathematical expression of the given method is as follows:

SOC(t) = %/i(r)dr + SOC(0), 5)

where FCC is the full charged capacity or rated BESS capacity in
Ah. SOC(0) is expressed as

€
SOC(0) = e 6)
where C(0) is the initial charge of the BESS. The BESS model
based on (5) and (6) is shown in Fig. 3. The available data is given
in the Appendix. It should be pointed out that even though the SOC
value is obtained, in the look up table depth of discharge (DOD) is
used due to the correlation of DOD and voltage. DOD is
representing the percentage of BESS maximum capacity that has
been discharged, while SOC is representing present BESS capacity
as a percentage of BESS maximum capacity.

The main concept of BESS control is to imitate governor's
droop characteristic such as in conventional generators. In [9],
different control strategies, which consider the SOC change of
BESS, are analysed. Based on the presented results, the strategy
with variable speed droop and SOC limits for normal and an
emergency operation is considered to be the most suitable one in
the aspect of frequency regulation (FR). The value of speed droop
is changeable and dependent on the SOC value. SOC;g, and
SOC,w are for normal operation and SOC,,, and SOC,;, are for
emergency operation. The values of the limits are given in the
Appendix

R =

Ruw|1 = ((SOC = SOCyi)/SOCyin = SOCug’), Af <0 7
Ru[1 = ((SOC = SOCi04)/(SOCpyin — SOCiow))’], Af > 0°
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Fig. 4 Two-area system model [16]

Table 1 Simulated and calculated values of the relevant

parameters
Load change event, % 1 5 15
G1 active power output, MW 702.24 713.68 748.88
G2 active power output, MW 703.12 716.32 757.68
G3 active power output, MW 712.8 72424 759.44
G4 active power output, MW 702.24 713.68 748.00
Af, Hz -0.026 -0.057 -0.150
APy, MW -4.84 -28.93 -100.69
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Fig. 5 System with RES integration
(a) Frequency deviation on the tie line, (b) Active power flow from area 1 to area 2

where Ry, is the maximum value of the speed-droop expressed in
Hz/W and Af is the system frequency deviation in Hz.

Since the BESS provides PR for negative and positive
frequency deviation, calculation of BESS speed droop will depend
on both, the sign of the frequency deviation and SOC value.

4 Grid model and simulation scenarios
4.1 Model of the interconnected two-area power system

The model of the interconnected two-area system is based on [16]
and shown in Fig. 4 and it is used as a test case network. Two areas
are connected with a tie line consisting of two lines and each area
has five buses.

The main aim to accomplish when it comes to the tie line power
and frequency deviation is to keep frequency at its nominal value
and have a scheduled tie line flow.

The frequency deviation in the case of disturbances in area 1
[16, 19] is calculated as follows:

_ _APLI
AL = R + (R’ ®)
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where APy, is the non-frequency sensitive load change and 1/Req,
and 1/R.q, are the sum of reciprocal values of speed-droops of each
generator in area 1 and area 2, respectively.

4.2 Simulation scenarios

Simulations on frequency regulation for a given system are
performed for three main cases. Firstly, a case with only
conventional generators providing PR is analysed.

Meaning, testing of dynamic models of steam- and gas-based
power plants, representing conventional generators, has been
performed in order to study and understand their dynamics
subjected to disturbances in the interconnected two area power
system. Chosen gas and steam turbine models are gov. GAST and
gov IEEEGI1, respectively, and are part of DIgSILENT
PowerFactory global library. Secondly, RES components, such as
WT and PV, are integrated into the system with only conventional
generators. In area 1, generator (G) G2 is replaced by the wind
farm while in area 2, a PV system is connected to the same bus as
generator G4. Additionally, the active power output of G4 is
reduced by 200 MW. As a final case, BESS is integrated into both
areas of the system and connected to the same buses as RES. This
has been done in order to evaluate and analyse its impact on system
frequency deviation. The MW size of aggregated BESS units is
evaluated based on sensitivity analysis conducted. It should be
noted that RES components in an interconnected two-area system
are represented through aggregated MW size models of WT and
PV. Profiles with high fluctuations are chosen which means that for
PV minimum and maximum output power are 0 and 880 MW,
respectively. For WT minimum is 90 MW while the maximum is
880 MW. Average output powers for PV and WT for the observed
period are 140 and 534 MW, respectively. The capacity of all units
is given in the Appendix.

5 Results and discussion
5.1 Frequency regulation in a conventional system

Simulation results for frequency deviation and active power flow
are shown in Table 1 for the case of different load increase events
in area 1. It can be observed that with the higher load increase,
frequency deviation on the tie line is higher and consequently
power produced from the generators is higher to meet additional
load in the system. Moreover, active power flow from area 1 to
area 2 is lower as a result of higher power required by the load in
area 1 and it deviates from the scheduled power flow of 408 MW.
Lastly, it should be pointed out that the frequency reaches steady
state after every simulated event and system is stable, due to the PR
provided by conventional generators but its value is not within a
dead band of £20 mHz.

5.2 Frequency regulation with RES integration

Fig. 5a shows frequency deviation on the tie line while Fig. 5b
shows active power flow from area 1 to area 2 on the tie line. As it
can be observed, active power flow is variable and most of the time
is positive due to the fact that active power is being exported from
area 1 to area 2. Furthermore, frequency deviation is negative for
most of the period, as a result of the decrease of RES generation. In
such cases, conventional power generators need to increase their
power production.

Maximum positive frequency deviation is 0.304 Hz. Maximum
negative frequency deviation in area 1 and area 2 is —0.471 Hz. It
should be pointed out that both values exceed dead band of +20
mHz. In Fig. 5b, active power flow from area 1 to area 2 is shown
only in one line and the peak value of active power transported to
area 2 is 316.023 MW, while to area 1 is 55.865 MW in one line.
Since the scheduled power is 204 MW in one line, 116 MW is the
deviation from the scheduled value for that line.

As seen in Fig. 6, during periods of low WT generation, G1 is
increasing its active power output to meet the load in area 1. Due to
the reduced PV power production, G3 and G4 are increasing power
generation. The output power of G3 is higher as its nominal output
power was not previously reduced. Additionally, it may be
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observed that G3 production around 72 min is at the peak since the
RES power production is the lowest.

Based on the aforementioned observations, two main scenarios
may be analysed. The first scenario is when the frequency
deviation on the tie line is positive. Generally, frequency deviation
is positive when there is power overproduction. In this case, WT
output power is very high and thus, G1 is not producing that much
and overall power production in area 1 is higher than the load.
Also, PV power production is high and consequently power

J. Eng., 2019, Vol. 2019 Iss. 18, pp. 4986-4990

production from G3 and G4 is lower. As a result of high PV and
WT power generation and lower amount of power produced by
conventional generators, frequency deviation is very high due to
the lack of PR reserves. The second case is when there is a low PV
and WT power production in which G1, G3, and G4 are generating
more power than RES. During this period, the power required by
the load is higher than the power generation from PV, WT, and
generators. Therefore, the frequency deviation is negative. Overall,
frequency deviation is lower due to the higher amount of power
produced by conventional generators as they can provide PR.

To conclude, frequency deviation is higher than in the case with
only conventional generators. The main reason is the intermittent
generation of RES. Therefore, as it is assumed, with the integration
of RES, power system stability degrades. Thus, in order to improve
power system frequency and, consequently, power system stability,
BESSs are considered as a prominent solution. In the next
subsection, it is investigated whether PR provided by BESS is
sufficient enough to maintain frequency deviation within
permissible limits.

5.3 Frequency regulation with BESS integration

To find a proper BESS size, sensitivity analysis is conducted in
order to understand the impact of the relative BESS size on PR. It
should be pointed out that the BESS size is considered to be
aggregated in MW range representing the size of distributed BESS
units.

The relevant factor considered for BESS sizing is frequency
deviation. It is expected that frequency deviation decreases as the
BESS size increases due to the higher amount of PR provided.
Positive and negative frequency deviations are considered as
BESSs need to store and supply power, respectively, with respect
to the variability of RES. In Fig. 7, positive and negative frequency
deviation of different BESS sizes in MW is shown. For positive
frequency deviation, frequency saturates for sizes >375 MW, while
for negative frequency, it occurs for a value of 275 MW. Hence, the
chosen BESS size, based on the analysis conducted, is 400 MW.

As seen in Fig. 8a, frequency deviation is lower when the BESS
is added to the system. Furthermore, it may be observed in Fig. 8b
that the overall active power flow is less than in the case with RES
integration. This is due to the BESS capability of storing energy in
cases of overproduction and providing it in cases of
underproduction as shown in Fig. 8c. Therefore, power flow from
area 1 to area 2 is closer to the scheduled value of 204 MW in one
line. Maximum and minimum frequency deviation values are 0.065
and —0.175 Hz, respectively, with a decrease of 0.239 and 0.296 Hz
with respect to the previous case.

Conventional generators active power output is presented in
Fig. 9. Generators output power is not fluctuating due to the fast
BESS response. In addition, the active output power of G1 is more
intermittent than the active power output of G3 and G4 as WT
power production is subjected to higher and more frequent
fluctuations than PV power production.

To conclude, with the integration of BESS in the grid, power
system frequency stability is improved. Power flow from area 1 to
area 2 is closer to the scheduled value of 204 MW in one line, and
fluctuations in frequency are lower than in the case with the
integration of RES.

5.4 Comparison of simulation results

In Table 2, results of frequency deviation are compared on the tie
line for two cases, one with RES integration and another with
additional support from the BESS.

To conclude, frequency deviation is the highest in the case with
RES integration due to the lack of PR reserves. With the
integration of the BESS to the grid, power system frequency
stability is improved as frequency deviation is lower because of the
PR provided by the BESS.

Furthermore, in all cases analysed, frequency steady state error
is still present after PR is supplied to the system. In order to restore
frequency to its nominal value, SR should be activated. Therefore,
in a case of further analysis of power system frequency regulation,
it is expected that with SR, frequency steady state error is
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Table 2 Comparison of frequency deviations on the tie line
for cases with RES integration and BESS integration

Max Af, Min Af, Hz Mean Af, Standard
Hz Hz deviation Af,
Hz
with RES 0.304 -0.471 -0.1514 0.1695
with BESS  0.065 -0.175 -0.0297 0.0307

eliminated and active power flow on the tie line is restored to the
scheduled. As future work, the investigation of possible PR control
from PV and WT units could be conducted. Moreover, the dynamic
behaviour of the time variable load with considered load damping
constant should be included. Furthermore, a more complex model
of the BESS including its degradation behaviour could be studied.
Finally, other types of ESSs or flexible loads could be examined in
order to provide frequency regulation. In addition to suggested
improvements, the study can be continued with the integration of
SR including participation factors, ramping of various units
participating in frequency regulation and system performance
during contingencies.

6 Conclusion

This study has presented the integration of the BESS in RES
dominated power system in order to show its impact on power
system frequency stability. As expected, due to the intermittent
nature of RES, the power system is being subjected to fluctuations
in frequency and, consequently, frequency deviations are higher
and more frequent. Based on the obtained results, in the system
with a high installed capacity of RES, support in terms of
frequency regulation from conventional generators, is still required.
While the results for the system with an integrated BESS show that
the power system frequency is more stable and subject to a smaller
number of fluctuations.
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8 Appendix

G1=700 MW, G2 =700 MW, G3 =719 MW, G4 =700 MW, 1/R1
=1/R3=4.7%, 1/R2=1/R4=4%, L07 =967 MW, L09 = 1767 MW,
PWT =880 MW, PPV =880 MW, PBESS =400 MW.

BESS data: FCC=60Ah, SOC(0)=0.5,
SOC pax = 0.9, SOChigh = 0.8, SOC)y, = 0.2.

SOCypin=0.1,
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