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A B S T R A C T   

High shares of intermittent renewable sources cause volatile frequency movements that could jeopardize the 
continuous operation of the grid. Liquid Air Energy Storage (LAES) is an emerging technology that not only helps 
with decarbonisation of energy sectors, but also has potentials for reliable ancillary services. In this paper, a 
hybrid LAES, wind turbine (WT), and battery energy storage system (BESS) is used to investigate their contri
butions in fast frequency control. The inertial control, droop control and combined inertial and droop terms are 
applied on each source of the hybrid renewable system and a comprehensive analysis is conducted to study their 
impacts on the frequency nadir improvement. The analysis shows that LAES with combined inertial and droop 
control terms along with inertial control of WT and BESS provide reliable frequency control. To further improve 
the frequency nadir, a Fuzzy control is proposed and applied on the LAES. The proposed control system provides 
a more adaptive performance against disturbances. Also, experimental tests are conducted to validate the pro
posed control method using a real-time hardware-in-the-loop test rig. The simulation and experimental results 
show that LAES in a hybrid renewable system can significantly contribute to the frequency control when variable 
gain control schemes are implemented.   

1. Introduction 

With the emerging concerns on the global warming, there has been 
an unprecedented push towards decarbonisation. The UK government 
has set policies and commitments to decarbonise the UK electricity 
system by 2035. In this regard, the coal-based power plants will be 
phased out from the electricity network by October 2024 [1]. According 
to the British energy security strategy, 50 GW offshore wind power ca
pacity will be accommodated into the electricity network, as well as 
production of 10 GW hydrogen by 2030, alongside large-scale and 
long-duration compressed air energy storage to achieve increased sys
tem flexibility [2]. Hybrid renewable energy sources (RES) have been 
put into development and operation as the key enablers to reach net zero 
targets. Around 90% of the global power capacity expansion between 
2021 and 2022 has come from renewables [3,4]. 

Large shares of RESs into the power system cause reduction in the 
system inertia, where grid frequency movements become more volatile 
and unpredictable [5,6]. In particular, where the power system is small 

or even in the microgrids, ancillary service support from hybrid RESs 
along with energy storage technologies is essentially required. Battery 
energy storage (BESS) as a competitive solution, provides fast power 
response and with short duration storage up to 4h [7]. However, they 
remain unfavourable due to high maintenance costs, short life cycle and 
degradation in performance with aging [8,9]. 

Other forms of maturely developed large-scale energy storage tech
nologies such as pump hydro energy storages (PHES) [10] and com
pressed air energy storage (CAES) [11] are restrained by the 
geographical locations. For PHES, water will be stored in an elevated 
reservoir, it is the most widely adopted electrical storage technology due 
to its low cost (5–100 $/kWh), high efficiency and high technology 
readiness level [12], but is limited by geographical requirements. The 
compressed air energy storage requires underground caverns and costly 
high-pressure vessels, which has relatively high efficiency (up to 70%) 
with low cost (20–200 $/kWh) [17]. But these storages have low energy 
densities and require large storage volumes [27]. Therefore, low-cost, 
long-duration and geographically unconstrained grid-scale energy 
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storage solutions are in urgent need. 
Liquid air energy storage (LAES) has been an attractive alternative to 

PHES and CAES due to its low cost, ease of deployment and scalability 
without geographical constraints. As the storage medium is liquid air, 
the tank size is considerably smaller, with reduced operational costs, 
higher energy density and better integration with other energy sources 
[28] to form a hybrid system. At present, most researchers have worked 
on the thermodynamic analysis and parametric studies of LAES. For 
example, Guizzi et al. [12] and Xue et al. [13] stated the round trip ef
ficiency (RTE) of the stand-alone LAES can reach around 50% when the 
system operated under optimal thermodynamic conditions. She et al. 
[14] and Peng et al. [15] discussed the impacts of recoverable waste heat 
and cold energy on RTE, which can be improved to be around 60%. In 
Ref. [29], a preliminary study on the optimal configuration of a small 
microgrid scale air liquefaction cycle for LAES application was con
ducted, in order to minimize the specific consumption. LAES can also 
provide multiple benefits to the hybrid systems, including price arbi
trage, peak shaving, renewable capacity firming, operating reserve and 
back-up power, as well as providing flexibility and other auxiliary ser
vices [16]. The research in Ref. [30] assessed the economic feasibility of 
LAES technology in the UK energy market and focused on the short-term 
operating reserve service provided by a stand-alone LAES system. Au
thors in Ref. [31] modelled and assessed the interdependence 
techno-economic performance of a LAES plant providing energy arbi
trage and reserve services in the UK electricity market. The research in 
Ref. [32] presented the frequency response time characteristics of 
large-scale energy storage system in a high renewable integrated grid. 
Several researchers have worked on developing the control strategy of 
LAES based on the full dynamic model of LAES. A 10% of load step-down 
method and a combination control model were proposed by Guo et al. 
[17] to achieve shorter load balance time and smaller dynamic over
shoot. Cui et al. [18] proposed that the control strategy design, and the 
sensitivity analysis of rotor speed rising rate and frequency disturbance 
can help expand the understanding of LAES and provide practical 
application guidance. The same authors [19] have developed the 
schemes for start-up and primary frequency regulation. Lu et al. [20] 
studied the impact of rotor time constant and valve closing time on the 
rotor speed and shutdown time of the LAES discharging unit. It is rec
ommended that the rotor time constant should be less that 7s, the closing 
time of the control valve should not exceed 1.5s, to meet the safety re
quirements of the system. 

Whilst there has been a progressive research on the efficiency 
enhancement and utilization of LAES in the energy mix, only very few 
attempts have been made to analyse its application for fast frequency 
response (FFR) in a low inertia system. Motivated to fill this gap and 
utilize the advantages of the LAES technology for power system fre
quency control as a new emerging renewable source, this paper develops 
a hybrid RES-based frequency control for microgrid applications, 
comprising LAES, battery energy storage (BESS) and variable speed 
wind turbine (WT). A Fuzzy-based FFR scheme is developed that allows 
LAES to participate in frequency control upon occurring a disturbance. 
An autonomous inertial control system is also developed for the BESS 
and WT to contribute to the frequency control. The proposed control 
scheme of this hybrid renewable system is analysed in different 
scenarios. 

The main novelties and contribution of this paper are as follows:  

• A novel hybrid renewable energy-based scheme comprising LAES, 
WT, and BESS is proposed to participate in FFR and improve the 
frequency nadir against active power unbalances in a microgrid 
system.  

• A Fuzzy control is proposed and developed to adaptively control the 
power output of LAES during frequency events. The grid frequency 
deviation and rate of change of frequency (ROCOF) are used as the 
input of this controller. The output of the controller is the active 
power reference of LAES.  

• Inertial and droop control terms are applied on WT and BESS to 
provide FFR support. A comprehensive assessment on impact of in
ertial, droop and both inertial-droop control terms of the hybrid 
system on the frequency nadir is conducted. The impact of these 
control terms on secondary frequency dip (SFD) is also analysed. The 
comparison demonstrates the effectiveness of the proposed Fuzzy 
control of LAES along with the inertial control of WT and BESS on 
grid frequency nadir improvement.  

• The proposed control scheme is tested on a microgrid system 
comprising PV, WT, BESS, LAES, diesel generation, and load. The 
control scheme is also validated using a real-time power hardware- 
in-the-loop experimental platform. 

The remainder of the paper is organized as follows: in Section 2, the 
hybrid RES system is described in detail. The control strategy is 
explained in section 3. The proposed hybrid system and its novel control 
scheme are tested in Section 4, on a microgrid comprising PV, WT, LAES, 
BESS, loads and distributed generator, to provide a realistic and complex 
low inertia system scenario. The proposed system is validated using a 
state-of-the-art real-time hardware-in-the-loop test rig. In section 5, a 
discussion is presented on the economic and environmental aspect of 
LAES along with the future works. Finally, section 6 concludes the re
sults of the paper. 

2. Hybrid renewable energy system description 

2.1. Liquid air energy storage 

LAES is a kind of cryogenic energy storage that uses liquefied air or 
nitrogen as a storage medium [33]. The operation principle of LAES 
technology is divided into three processes, the charging, storage and 
discharging processes, as shown in Fig. 1. In the charging process, the 
surplus electrical power from the grid or RESs in the microgrid is used to 
purify the ambient air, compress and convert into liquid air by cooling it 
down. The liquefied air is then stored at low-pressure in an insulated 
tank. When the load demand in the grid increases or a frequency dip 
event occurs, the stored liquid air is pumped to high pressure and heated 
by waste heat for evaporation, which then drives the turbine and gen
erates electricity. During the compression stage, the compression heat is 
stored in a hot storage tank, which can be used to superheat the air in the 
discharging process to increase power output. During the evaporation 
stage, the high-grade cold exergy is recovered and stored in cold storage 
tank, which can be reused in the cooling-down process, reducing power 
consumption at the charging system [34]. The harness and re-use of hot 
and cold thermal steams can significantly increase the plant efficiency. 

2.1.1. Compressor model 
A compressor train is used in LAES to increase the air pressure. The 

compression ratio for each stage is πc [21]. 

πc =
Pc,out

Pc,in
(1)  

where, symbol P – pressure, subscript c – compressor, in – inlet position, 
out – outlet position. 

The efficiency ηc of compressors is expressed by empirical equation 
[21]: 

ηc = 0.91 +
πc − 1

300
(2) 

The outlet temperature of the compressor is Tc,out[22]: 

Tc,out = Tin,c

(

1+
1
ηc

(
πc

k− 1
k − 1

))

(3)  

where, symbol T – temperature, k – adiabatic index. 
The power consumption of the compressor is expressed as [22]: 
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Pw,c =
1
ηc

qmcCpTin,c

(
πc

k− 1
k − 1

)
(4)  

where, symbol Pw – power output, qm – mass flow rate of fluid. Cp – 
specific heat capacity. 

2.1.2. Turbine model 
A turbine train is used in LAES to expand the air to produce power 

output. The expansion ratio for each stage is πt [21]. 

πt =
Pt,in

Pt,out
(5)  

where, subscript t – turbine. 
The efficiency ηt of turbines is expressed by empirical equation [21]: 

ηt = 0.9 −
πt − 1

250
(6) 

The outlet temperature of compressor is Tt,out [22]: 

Tt,out = Tin,t

(
1 − ηt

(
1 − πt

1− k
k

))
(7) 

The power output Pw,t of the turbine is expressed as [22]: 

Pw,t = ηtqmtCpTin,t

(
1 − πt

k− 1
k

)
(8)  

2.1.3. Heat exchanger model 
The counter-flow heat exchangers (HEX) are widely adopted in 

LAES, including the coolers, heaters, cold boxes and evaporators. The 
HEX model can be expressed by the ε-NTU method [23]. ε is the heat 
transfer effectiveness. The NTU is around 10–14. CR is a dimensionless 
parameter [23]. 

Ta,out = εTm,in + (1 − ε)Ta,in (9)  

Tm,out = εTa,in + (1 − ε)Tm,in (10)  

ε= 1 − exp[ − NTU(1 − CR)]

1 − CRexp[ − NTU(1 − CR)]
(11)  

where, subscript a – air, m – another heat transfer fluid. 

2.1.4. Pump model 
The pump is modelled according to affinity law, which expresses the 

relationship between the pressure head and the mass flow rate, shown as 
the following. The efficiency of the pump is expressed by a second-order 
poly-nominal fitting equation [24]. 

ΔP
ΔP0

=

(
qm,p

qm,0p

)2

(12)  

where, δP – heat of pump, subscript 0 – the state at the rated conditions, 

p – pump. 

2.2. Variable speed wind turbine 

In normal operations, the WT operates at the maximum power point 
tracking (MPPT) to extract maximum power from the varying wind. The 
Pmppt is the electric power output of the machine in the MPPT mode that 
is a cubic function of the rotor speed, ωr [38]. 

Pmppt(ωr)= koptωr
3 (13)  

where kopt is the constant controller gain and coefficient of the MPPT 
curve. The MPPT operation mode is at the maximum mechanical power 
extraction, formulated as follows [36,42]: 

Pm =
1
2

ρπr2Cp(λ, β)v3
w (14)  

Cp(λ, β)= 0.22
(

116
λi

− 0.4β − 5
)

e
− 12.5

λi (15)  

1
λi
=

1
λ + 0.08β

−
0.035
β3 + 1

(16)  

λ=
rωr

vw
(17)  

where ρ, r, λ, and β are the air density, blade radius, tip-speed ratio and 
the pitch angle, respectively. The maximum value of mechanical power 
Pm can be obtained by maximizing the function Cp(λ, β), which is a 
nonlinear function of the tip-speed-ratio λ and the blade pitch angle β as 
formulated in (15)-(17) and illustrated in Fig. 2. The maximum me
chanical power extraction is when the pitch angle β = 0. 

The grid frequency is a dynamic response of mismatched balance 
between the generation and consumption. When a disturbance such as 
connection of a big load or disconnection of a large generator occurs, the 
frequency deviates from its nominal value. Considering the frequency 
response model of a power system [35], the frequency deviation at the 
time of disturbance, can be calculated as follows [36]: 

Δf = =

(
RΩ2

n

DsR + Km

)(
(1 + TRs)Pd

s
(
s2 + 2ζΩns + Ω2

n

)

)

(18) 

subject to 

Ω2
n =

DsR + Km

2HsRTR
(19)  

ζ=
[

2HsR + (DsR + KmFH)TR

2(DsR + Km)

]

Ωn (20)  

where Ds presents the grid damping factor; Km is mechanical power gain 
factor; R refers to the regulation factor of the governor; FH is the fraction 
of total power generated by the HP turbine; Hs is the system inertia 

Fig. 1. Schematic diagram of the liquid air energy storage system.  
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constant; TR is the reheat time constant. Pd is the disturbance that causes 
frequency deviation [35,36]. 

The time domain presentation of the frequency deviation, is the in
verse Laplace Transform of (18), which is formulated as [35]: 

Δf (t) =
RPd

DsR + Km

[
1+αe− ζΩnt sin(Ωrt+φ)

]
(21)  

where, 

Ωr =Ωn

̅̅̅̅̅̅̅̅̅̅̅̅̅

1 − ζ2
√

(22)  

α=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 − 2TRζΩn + T2
RΩ2

n

1 − ζ2

√

(23)  

φ=φ2 − φ1 = arctan
(

ΩrTR

1 − ζΩnTR

)

− arctan

( ̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − ζ2

√

− ζ

)

(24) 

At the instance of the disturbance event (t = 0), the df/dt has the 
largest magnitude, while it becomes smaller till the frequency arrives to 
its nadir, in which df/dt = 0 [35]. 

dΔf
dt

⃒
⃒
⃒
⃒

t=0
=

αΩnRPd

2π(DsR + Km)
e− ζΩnt sin(Ωrt + φ1)

⃒
⃒
⃒
⃒

t=0
=

Pd

2Hs
(25)  

2.3. Battery energy storage 

For a Li-ion battery, the charge model is modelled as [25,26]: 

Et,cha = E0 − K ⋅
Qmax

Qt + 0.1 ⋅Qmax
⋅ Ilow − K ⋅

Qmax

Qmax − Qt
⋅ Qt +A⋅e(− B ⋅ Qt)

(26) 

The discharge model is formulated as [25,26]: 

Et,dis = E0 − K ⋅
Qmax

Qmax − Qt
⋅ Ilow − K ⋅

Qmax

Qmax − Qt
⋅ Qt +A⋅e(− B⋅Qt) (27)  

where, E0-the constant voltage, V. Qmax - the maximum capacity, Ah. K – 
the polarization constant, V/Ah. Qt – the extracted capacity, Ah. Symbol 
A - exponential voltage, in V. B is the exponential capacity, in Ah− 1. Ilow – 

low frequency current dynamics, A. Et- voltage at time t. subscript cha- 
charging process, dis – discharging process. 

3. Fast Frequency Response Control strategy 

3.1. Inertial-droop control scheme 

Frequency of a power system is an indication of how balanced the 
power generation and demand are. When the total generation power Pgen 
is equal to the total consumption power Pload, the grid frequency is at its 
nominal value. When a frequency event occurs, such as disconnection of 
a large generator or connection of high loads, the synchronously con
nected generators and motors will naturally rotate slower by releasing a 
portion of their kinetic energy into the grid, corresponding to the size of 
the disturbance. The change in the frequency should always be kept 
small within the statutory limits to maintain the operation of the con
nected appliances as well as ensuring the stability of the entire system. In 
this context, the frequency changes are small around the nominal value 
(e.g. 50 Hz or 60 Hz) and the frequency drop is formulated as [37]: 

dEKE

dt
≈ Jf0

df
dt

≈ Pgen − Pload (28)  

where, EKE denotes the stored kinetic energy of the rotating masses, 
synchronously connected to the grid, f is the grid frequency with its 
nominal value presented by f0. The total system inertia is shown by J. To 
respond to a frequency event, the mechanical inputs of synchronous 
generators need to change via governor action. As the mechanical re
sponses are slow, the changes in Pgen do not instantaneously happen. 
Therefore, the system inertia J determines the initial frequency move
ments. This inertial response is critical to stabilize the grid frequency. 
Larger J directly improves the frequency nadir and limits ROCOF, 
providing a momentum to the primary frequency control to counter
balance the frequency. 

With higher shares of intermittent renewable sources such as wind, 
the total system inertia decreases, causing a more volatile frequency 
movement, sensitive to disturbances. WTs are decoupled from the grid 
due to the power electronics converter interfaces and do not naturally 
participate in frequency control. There are two main strategies for WTs 
to provide fast frequency response. The stepwise inertial control ap
proaches [38,39] and the frequency-based methods [40,41]. The step
wise methods immediately inject a predefined active power to the grid 
by extracting all or a portion of their stored kinetic energy in the rotating 
mass. However, in these schemes, to avoid the over-deceleration of rotor 
speed, the overproduction terminates in ramp-like or stepwise form, 
imposing an SFD that may jeopardize the grid stability. 

The frequency-based methods emulate the natural behaviour of 
synchronous generators, by measuring the frequency and its change to 
proportionally provide active power to the grid. The control scheme is 
shown in Fig. 3. 

When a large active power event occurs in the system, the frequency 
deviates from its steady state, and an additional inertial response, pro
portional to the derivative of the frequency is added to the output power 

Fig. 2. Aerodynamic performance of a wind turbine. (a) as a function of λi and 
β (b) as a function of vw and ωr when β = 0. 

Fig. 3. Inertia emulation and droop control scheme.  
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of WT. 
The inertial response can be interpreted as the injection of active 

power, proportional to the size of ROCOF [37]: 

Pin = − kin
df
dt

(29) 

To bypass the measurement noise in the frequency, a low-pass filter 
is used. It is important to finely adjust such filter as the differentiation 
operation on a noisy signal may lead to undesired torque pulsation in the 
WT drive train. Also, a dead-band is assigned to avoid the activation of 
the inertial response loop against small load changes. 

Complementary to the inertial response loop, a droop term is added, 
proportional to the frequency deviation (Δf = f-f0). At the instance of the 
frequency event, the deviation from the nominal frequency f0 is small 
until it arrives at the frequency nadir, where the frequency deviation is 
largest. Therefore, the contribution of the droop term is small at the 
beginning and large when arriving at the frequency nadir, formulated as 
follows [37]: 

Pdroop = − kdroopΔf (30) 

To ensure that the droop term of the WT does not operate at the 
steady state, and allowing the rotor speed recovery to its previous 
working point, a high-pass filter is added. However, the proper param
eter tuning of the high-pass filter shown by THF, is essential. Adding both 
droop and inertial response terms, the final reference power for the wind 
turbine is [37]: 

Pref =Pmppt + Pin + Pdroop = Pmppt − kin
df
dt

− kdroopΔf (31)  

3.2. Fuzzy-based FFR from LAES 

Application of Fuzzy control has been widely investigated in the 
open literature, thanks to its robustness, simplicity and being indepen
dent of the detailed mathematical model of a system. Fuzzy control 
methods use the expert’s knowledge on the dynamics of a system to 
develop the controller based on if-then sets of relationships between the 
inputs and outputs of that system. Three building blocks of this 
controller are Fuzzification, Fuzzy Interference System, and 
Defuzzification. 

In the Fuzzification step, the input/output signals are described with 
the linguistic membership functions. In this paper, three linguistics 
variables are used, namely N (negative), Z (zero), P (positive), as shown 
in Fig. 4. The frequency deviation and its derivative are the two inputs of 
the Fuzzy controller. The output signal is the power reference sent to 
LAES to provide ancillary service and to counterbalance the frequency. 

Fuzzy Inference is the process of mapping the inputs to the outputs, 
using the if-then rule based relationships. The Mamdani-type Fuzzy 
Inference System has been used for this purpose and the Fuzzy rules are 
presented in Table 1. To Defuzzify the linguistic rules into a crisp 
executable number, the Centre of Area (COA) is used. The centre of 
gravity of the final fuzzy space is calculated and executed by COA. 

The LAES, WT and BESS provide fast dynamic responses for ancillary 
services. In this paper, The LAES uses Fuzzy controller to adaptively 
respond to the frequency events. The WT and the BESS use the emulated 
inertial response control to contribute to the frequency response. 

4. Simulation and experimental results 

4.1. Simulation results 

In this section a microgrid system is used to verify the performance of 
the proposed control scheme for the fast frequency response capability. 
The microgrid system is shown in Fig. 5 and comprises a hybrid 
renewable energy system of 8 MW PV plant, 10 MW full-scale converter 
WT, 10 MW LAES, 5 MW BESS. The diesel generator has 15 MW capacity 

while the load is 50 MW. The microgrid is connected to the upper stream 
grid. At t = 5s, it is disconnected from the grid to provide a realistic 
power imbalance event. 

Firstly, the hybrid LAES-WT-BESS system operates with the inertial 
response control. The inertial control system has three operation pos
sibilities, inertia term only, droop term only, or both inertia and droop 
loops. Having three resources of LAES, WT and BESS, therefore, there 
are 27 different control scenarios. Table 2 presents these scenarios and 
their performance on the frequency response. The frequency nadir at 
each case is considered the criteria to evaluate the FFR capability of 
these scenarios. Fig. 6 (a) shows the performance of 27 FFR schemes. 

Fig. 4. Fuzzy control scheme of LAES (a) frequency deviation as input1 (b) 
ROCOF as input2 (a) Reference power as output signal. 

Table 1 
Input-Output Fuzzy relationships of LAES fast frequency response scheme.   

dΔf/dt 

Δf N Z P 
N N Z P 
Z N Z P 
P N P P  

M. Kheshti et al.                                                                                                                                                                                                                                



Renewable Energy 199 (2022) 298–307

303

The labelled case number in the figure refers to the Table 2. For example, 
case no. 20 means the FFR controller scheme in which the WT is working 
at both inertia-droop terms, LAES controller is working at inertia term 
only, while the BESS is operating with the droop term only. 

It can be seen that when the hybrid system operates with the case 7 
(WT provides inertia only, LAES provides both inertia-droop; BESS with 
inertia only) frequency nadir is at its high point of 59.754 Hz. The re
sponses from the hybrid system are shown in Figs. 7–9. LAES is capable 
of storing energy with longer period, more energy density and less space 

Fig. 5. Integrated hybrid renewable energy system as the case study.  

Table 2 
Different control scheme scenarios implemented on the hybrid LAES-WT-BESS.  

Case no. WT LAES BESS Frequency Nadir (Hz) 

1 inertia inertia inertia 59.526 
2 inertia inertia droop 59.526 
3 inertia inertia inertia- 

droop 
59.526 

4 inertia droop inertia 59.754 
5 inertia droop droop 59.754 
6 inertia droop inertia- 

droop 
59.754 

7 inertia inertia- 
droop 

inertia 59.754 

8 inertia inertia- 
droop 

droop 59.754 

9 inertia inertia- 
droop 

inertia- 
droop 

59.754 

10 droop inertia inertia 59.685 
11 droop inertia droop 59.685 
12 droop inertia inertia- 

droop 
59.685 

13 droop droop inertia 59.524 
14 droop droop droop 59.521 
15 droop droop inertia- 

droop 
59.521 

16 droop inertia- 
droop 

inertia 59.577 

17 droop inertia- 
droop 

droop 59.574 

18 droop inertia- 
droop 

inertia- 
droop 

59.574 

19 inertia- 
droop 

inertia inertia 59.701 

20 inertia- 
droop 

inertia droop 59.702 

21 inertia- 
droop 

inertia inertia- 
droop 

59.702 

22 inertia- 
droop 

droop inertia 59.543 

23 inertia- 
droop 

droop droop 59.544 

24 inertia- 
droop 

droop inertia- 
droop 

59.544 

25 inertia- 
droop 

inertia- 
droop 

inertia 59.587 

26 inertia- 
droop 

inertia- 
droop 

droop 59.585 

27 inertia- 
droop 

inertia- 
droop 

inertia- 
droop 

59.585  

Fig. 6. Fast Frequency Response Control in the microgrid (a) different control 
scenarios of hybrid LAES-Wind-BESS system on frequency nadir (b) SFD effects 
of the corresponding control cases. 
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compared to other energy storage technologies. When the LAES is 
controlled more adaptively, e.g., the proposed Fuzzy control case in this 
paper, the fast frequency response performance becomes much better. 
The Fuzzy based control of LAES combined with the inertia terms of WT- 
BESS has yielded the best frequency nadir improvement of 59.974 Hz, a 
significant improvement compared with all other cases. It is notable that 
when none of the connected renewable sources participate in the fast 
frequency response, the microgrid frequency nadir is the lowest, which 
may cause the system to collapse if the load is not shed. Also, in most of 
the control schemes, at first the frequency improved but later caused a 
worse SFD. This effect is presented in Fig. 6 (b). Such a large SFD 
jeopardizes the stability of the system. Therefore, it is very important to 
provide a control scheme, capable of keeping the frequency within the 
statutory limits. In this context, the proposed Fuzzy-combined approach 
has been effective to improve the frequency nadir, significantly better 
than the other 27 fixed gain schemes. 

In the next scenario, the load demand is set to the high and severe 
case of 52 MW. The system frequency is at the nominal value of 60 Hz 
while the microgrid is connected to the upstream grid. At t = 5s, the 

microgrid is disconnected. The same control schemes are applied to 
observe their performance in presence of a more severe power 
mismatch. 

The high magnitude of the load demand causes frequency collapse if 
no frequency control is performed from the hybrid RES. Also, the clus
ters of cases 4–6, cases 13–15 and cases 22–24 failed to maintain the 
frequency stability as a result of their severe SFDs. Given the dynamical 
complexity of LAES and yet its efficiency to provide ancillary service, the 
proposed Fuzzy control scheme is applied to allow a more flexible 
control response. The main aim of the proposed Fuzzy controller is to 
improve the frequency nadir and keep it within the statutory limits. As it 
is seen from Fig. 10, the FFR performance of the Fuzzy control-based 
scenario is much better, while some other cases failed to keep the sta
bility of the system. The cases 7–9 also provided an acceptable and 
robust frequency response to stabilize the system. 

4.2. Experimental results 

The performance of the control scheme on the hybrid LAES-WT-BESS 

Fig. 7. Response of the WT against microgrid disconnection (a) active power response (b) reactive power response (c) voltage at the access point (d) Current 
waveform response of the WT. 

Fig. 8. Response of the LAES against microgrid disconnection (a) active power response (b) reactive power response (c) voltage at the access point (d) Current 
waveform response of the LAES. 
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is validated using the real-time Opal-RT Hardware-in-loop test rig, 
shown in Fig. 11. The microgrid is modelled in RT-LAB. One grid 
emulator and three load emulators have been used to emulate the per
formance of the grid, WT, LAES and BESS. The data transmission be
tween the real-time simulator and the emulators is operated over 
Modbus communication protocol. The overall stable performance of the 
system is shown in Fig. 12. The voltage level at the microgrid busbar 
remains stable and the injected power by the LAES emulator, the WT 
emulator, and the BESS emulator to the microgrid busbar follow the 
command signals of the developed FFR controller, sent from the real- 
time simulator. Superposition of the injected powers from these emu
lators counterbalance the power mismatch in the microgrid system 
which was a result of grid disconnection and the power imbalance 

between RES generations and load. 

5. Discussion 

The UK electricity system operator has an obligation to control sys
tem frequency at 50Hz within the narrow range of ± 0.5 Hz. While, the 
UK electricity system is planned to be decarbonised by 2035, the costs 
regarding the frequency containments may increase with the growth in 
the shares of intermittent renewable sources. The total spent to balance 
the electricity system for the month of July 2022 alone was £333.52 m in 
which £89.81 m spent on ancillary services [43]. From the economic 
perspective, the proposed control strategy utilizes LAES as a more pre
dictable and reliable source of energy to provide multi-time scale 
renewable-based ancillary service and results in lowering the opera
tional costs and spinning reserves, hence, decreasing costs to the 
consumers. 

The proposed hybrid LAES-based ancillary service system leads to 
effective investment choices that may help build a more robust system. A 
comprehensive analysis of the fast frequency response of the hybrid 
LAES-WT-BESS system was conducted. The inertial control term, droop 
control term as well as both inertial and droop controls were applied on 
each of these three resources, forming 27 scenarios. The performance of 
these control actions can be sorted into 9 different groups, which are 
marked with different colours in Fig. 6. For example, cases 7, 8 and 9 
which are marked in black in Fig. 6 (a), performed similarly, dominated 
by the contribution of LAES. This group mitigated the frequency nadir to 
59.754 Hz, and had better overall performance compared with other 
groups. The other cases suffered from SFD or severe frequency nadir. 
Cases 1-3 marked in red, resulted in the worst frequency nadir, while the 
cases 13–15 (cyan), cases 16–18 (blue), cases 22–24 (purple) and cases 
25–27 (yellow) imposed severe SFD to the system. Cases 4, 5 and 6 

Fig. 9. Response of the BESS against microgrid disconnection (a) active power response (b) reactive power response (c) voltage at the access point (d) Current 
waveform response of the BESS. 

Fig. 10. Fast Frequency Response Control in the hybrid RES microgrid with 
higher load demand. 

Fig. 11. The real-time hardware-in-the-loop experimental test validations.  
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shown in orange, showed an acceptable performance against 50 MW 
load disturbance as shown in Fig. 6. However, this group had frequency 
control failure against 52 MW scenario shown in Fig. 10. The group 
marked in black provided a reliable FFR against different load changes. 
To further improve the frequency nadir against different disturbances, 
the Fuzzy control was used to control the output power of the LAES more 
flexibly along with the inertial control of WT and BESS systems. 

It is vital to effectively store energy from the variable RES. Taking the 
UK as an example, in the past two years, 5.8 TWh of UK’s wind power 
was curtailed and wasted at the cost of £806 million, due to the trans
mission network congestion and lack of long-duration storage capacity, 
enough to supply 800,000 homes a year [44]. The curtailment costs 
would increase along with the growth of the share of offshore wind 
farms in next few years. LAES could provide significant support to avoid 
curtailments and provide constraints managements. Furthermore, 
technologies such as LAES would help the UK realize its pledge to be 
carbon neutral by 2050. The suggested renewable supported LAES sys
tem is fully environmentally-friendly since it only uses the excess power 
of RES for the compression phase, as well as running a renewable-based 
combustion chamber [45]. 

The surplus generated power of the intermittent RES can be stored as 
liquefied air to be used during the peak demands, contingencies or 
balancing services [46,47]. The stored liquid air has the advantage to be 
used as seasonal storage or on-demand source to the grid for power 
system frequency control. Furthermore, in future works, the focus will 
be on developing an advanced intelligent control algorithm for the 
hybrid LAES-Wind system to provide ancillary service with optimal RES 
inputs in a large-scale power system in presence of dynamical load 
changes, wind uncertainties, disturbances, noise, and model un
certainties. In this regards, advanced storage models that incorporate 
off-design performance, technological restrictions to LAES operation 
such as viable power modulation regions, ramp rates, and other 
non-idealities, as well as frameworks to integrate these LAES models in 
system-level evaluation, are required and considered [48,49]. 

6. Conclusion 

LAES is an emerging technology that could help with integration of 
renewable energy sources, in particular offshore wind farms. An overall 
assessment of the fast frequency response of hybrid LAES-WT-BESS 
system was conducted using inertial, droop and fuzzy control systems. 
Of different control strategies, the WT and the BESS were equipped with 
inertial control, while a Fuzzy control system was assigned to the LAES. 
This control scheme resulted in a better frequency nadir improvement 
compared with other frequency control schemes. When designing a fast 
frequency response scheme, it is important to consider dynamical 
changes to the system. To enhance the capabilities of hybrid renewable 
energy sources, variable control gains, adaptable to the changes in the 
system, results in a better control action. Although the research on the 
ancillary services of LAES is currently at its early stage, it is recom
mended to implement adaptive and flexible control approaches more 
suitable with the dynamics of the complex power system. 
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