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Abstract

The high intermittency of offshore renewable energy presents a major challenge to the
power grid’s secondary frequency control capability. Underwater Compressed Air En-
ergy Storage (UWCAES), which uses flexible airbags for constant-pressure energy storage
and release, is a key technology for smoothing grid fluctuations. Because the storage pres-
sure in a UWCAES system is directly proportional to the water depth, deploying airbags
at different depths allows for the flexible dispatch of compressed air at multiple pressure
levels. Multi-level UWCAES (M-UWCAES) deploys airbags at different depths to provide
compressed air at multiple pressure levels, significantly enhancing system flexibility. This
paper proposes a turbine-side power tracking strategy for M-UWCAES based on adaptive
fuzzy PID. A dynamic model of the turbine side is first established to elucidate the multi-
stage energy storage and release mechanism. An adaptive fuzzy PID controller is then
designed to adapt to the system’s multi-mode operational characteristics. Simulation re-
sults show that compared with conventional UWCAES, M-UWCAES exhibits smaller off-
design deviations under low regulation demands, with partial-load exergy efficiency im-
proved by 4.69-13.75%. The M-UWCAES system, utilizing adaptive fuzzy PID control,
exhibits a faster power tracking response speed and effectively mitigates the overshoot
caused by mode switching.

Keywords: underwater compressed air energy storage; multi-level gas storage; adaptive
fuzzy control; power command tracking

1. Introduction

In recent years, offshore wind farms have attracted increasing attention and devel-
opment because of land-use constraints and the specific characteristics of onshore wind
resources. By the end of 2024, China’s cumulative installed grid-connected capacity of
offshore wind power exceeded 40 GW. Compared to onshore wind farms, offshore wind
resources exhibit higher intensity and better uniformity [1,2]. However, the strong vola-
tility, randomness, and intermittency of offshore wind power, coupled with its reverse
peak regulation characteristics, pose significant challenges to the stable operation of
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power systems. To enable the large-scale and efficient utilization of offshore wind power
and support secure grid operation, reliable energy storage technology is crucial. Com-
pressed air energy storage (CAES), a form of mechanical energy storage, offers distinctive
advantages in terms of clean storage media, scalability, long life, long discharge duration,
high durability, and relatively low capital cost per unit of stored energy [3,4]. Among
CAES technologies, Underwater Compressed Air Energy Storage (UWCAES) offers the
advantages of isobaric CAES while partially overcoming the strict geographical con-
straints associated with abandoned mines or salt caverns [5]. UWCAES is particularly
suitable for the local storage and utilization of offshore renewable energy, effectively ad-
dressing the challenges posed by the grid integration of intermittent sources like offshore
wind and providing robust support for the construction of offshore smart microgrids.

Currently, UWCAES technology remains primarily in the stage of experimental val-
idation. In 2015, Hydrostor, in collaboration with Toronto Hydro, conducted the first
proof-of-concept of UWCAES at a depth of 55 m in Lake Ontario. In China, institutions
such as Tsinghua University, the Institute of Engineering Thermophysics of the Chinese
Academy of Sciences, and China Southern Power Grid have pioneered principle valida-
tions at simulated depths exceeding 100 m [6-9]. Research on UWCAES systems has
mainly focused on thermodynamic performance analysis and efficiency improvement [10].
In thermodynamic analysis, Carriveau R et al. [11] performed a transient exergy analysis
of the first grid-connected UWCAES facility, revealing the distribution and changes in
exergy destruction during startup and steady-state phases and indicating that 75-82% of
the exergy destruction could be avoidable. Wang Zhiwen’s team [12,13] quantified the
interactions between system components through advanced exergy analysis, showing
that avoidable exergy destruction is greater than unavoidable destruction for all compo-
nents, and further proposed integrating UWCAES into an island hybrid energy system,
demonstrating through sensitivity analysis that system efficiency is most sensitive to the
isentropic efficiency of expanders/compressors. Szablowski L et al. [14] focused on an ad-
iabatic UWCAES system, confirming heat exchangers as the core component for exergy
destruction optimization and discovering synergistic effects among components. Regard-
ing efficiency improvement, Cheung B C et al. [15] focused on multi-objective thermody-
namic-economic optimization at the system level, using a genetic algorithm to balance
efficiency, cost, and profit, laying a design foundation. Zhao Peng et al. [16] extended the
application to a wind-solar-UWCAES hybrid system for seawater desalination, using a
MOPSO-TOPSIS algorithm to compare grid-connected/off-grid schemes, thus proving the
off-grid scheme is more environmentally friendly while the grid-connected scheme is eco-
nomically superior. Li Mengjie et al. [17] thermodynamically revealed the influence of
wind power fluctuations on energy conversion in a single-stage UWCAES system, point-
ing out that the heat transfer oil flow ratio and wind speed stability are core factors for
efficiency optimization.

For UWCAES systems, the configuration of air storage plays a crucial role in system
performance and stability. Traditional single-level storage configurations face challenges
such as insufficient flexibility and slow response times when dealing with complex and
variable power demands. Wang Zhiwen et al. [18] proposed a UWCAES system that con-
siders a multi-level storage configuration and performs system design and thermody-
namic analysis. Wang Zichen et al. [19] employed a genetic algorithm to optimize the ca-
pacity configuration of a UWCAES system with multi-level storage, demonstrating that
M-UWCAES can significantly enhance the grid’s capacity for wind and solar power inte-
gration and improve operational economy. Multi-level storage configuration, through the
rational design of storage levels with varying pressures and capacities, can significantly
enhance the energy storage regulation capability and adaptability to different operating
conditions. It allows for flexible dispatch of compressed air from different storage levels
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based on actual charging/discharging demands, enabling more efficient energy manage-
ment. However, in the existing multi-level underwater compressed air energy storage op-
eration process, there are power intervals that cannot be operated under the three opera-
tion modes due to the safety operation constraints of the turbine. It is necessary to combine
other forms of energy storage to achieve continuous output power. At the same time, due
to the complex system structure of M-UWCAES, there are different operation modes and
multiple control variables, making it more difficult to achieve good operation control.

Traditional PID controllers use fixed parameters, neural-network PID depends on
historical data, and model predictive control requires complex modeling; consequently,
these methods have limited adaptability for M-UWCAES. By contrast, fuzzy PID control
retains the advantages of simple structure and ease of implementation of traditional PID
while compensating for its deficiencies in nonlinear adaptability and the need for manual
parameter tuning through fuzzy logic [20,21]. Therefore, this paper proposes a power
tracking control strategy based on adaptive fuzzy PID control. First, the principle of the
UWCAES system with multi-level storage configuration is analyzed. Second, a dynamic
model comprising air turbines, heat exchangers, throttle valves, and flexible storage de-
vices is constructed based on thermodynamic laws, mass conservation, and energy con-
servation. Finally, targeting the total shaft power output of the turbine unit and using the
air mass flow rate as the control variable, we develop a power tracking control strategy
based on fuzzy PID control.

2. M-UWCAES Expansion Power Generation System

In the modeling process, to highlight the core coupling relationship between the
switching characteristics of the system’s two distinct gas storage modes and the control
strategy, this paper makes reasonable engineering simplifications to the thermodynamic
model. Air is assumed to be a binary mixture consisting only of nitrogen and oxygen,
which follows ideal gas behavior under a given working pressure and has a constant spe-
cific heat capacity, ignoring the minor effects of other components such as water vapor
and the nonlinear changes in physical properties with temperature on the thermodynamic
process; assuming that the turbine’s nominal expansion ratio is a fixed value; and simul-
taneously ignoring the flow pressure loss of air in the pipeline, equipment heat dissipation
loss, and pressure loss on the heat exchange medium side.

2.1. M-UWCAES System Structure

The M-UWCAES system mainly consists of two-stage compressors, two-stage tur-
bines, inter-stage heat exchangers, two-stage storage devices, throttle valves, etc. Its struc-
ture is shown in Figure 1.

This study primarily focuses on the turbine power generation subsystem, excluding
the compression process. The energy release process of the M-UWCAES system comprises
two modes:

(1) Low-pressure Energy Release Mode (LERM): When the power demand does not ex-
ceed the rated output of the low-pressure turbine, the deep-water storage airbag ex-
haust valve is closed, the shallow-water storage valve is opened, only the low-pres-
sure turbine operates. The high-pressure turbine remains inactive, the high-pressure
turbine does not operate, and the inlet air temperature and pressure for the low-pres-
sure turbine are those of the shallow-water storage airbag.

(2) High-pressure Energy Release Mode (HERM): When the power demand exceeds the
rated output of the low-pressure turbine, the shallow-water storage airbag exhaust
valve is closed, the deep-water storage valve is opened, and both the high-pressure
and low-pressure turbines are activated for energy release. The inlet air temperature
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and pressure for the high-pressure turbine are those of the deep-water storage airbag,
while the inlet air for the low-pressure turbine is the exhaust air from the high-pres-
sure turbine.

{P <P, Low- pressure Energy Release Mode )

P> P, High— pressure Energy Release Mode

where 11 is the rated power of the low-pressure turbine.
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Figure 1. Overall framework diagram of the M-UWCAES system.

2.2. Thermodynamic Model of the Turbine Subsystem
2.2.1. Turbine

The turbine is a device that expands high-pressure gas to drive a generator to pro-
duce electrical power. Its actual expansion process approximates an isentropic process.
The outlet pressure, outlet temperature, and output power are expressed as follows:

pin,k = ﬂkpout,k’k = (li h) (2)
R

Tout,k = T;rr,k .ﬂ 7 (3)

Pk = 77c'r}"lz11'r,lccp (T;n,k _T;ut,k) (4)

where [ denotes the low-pressure turbine, /1 denotes the high-pressure turbine, pinx is the
inlet air pressure of the k stage turbine (Pa), poutk is the outlet air pressure of the k stage
turbine (Pa), Toutk is the outlet air temperature of the k stage turbine (K), Tink is the inlet
air temperature of the k stage turbine (K), Poutk is the output power of the k stage turbine
(W), sk is the isentropic efficiency of the k stage turbine, kis at different depths to pro-
vide the expansion ratio of the k stage turbine, vy is the specific heat ratio (typically 1.4 for
air), cp is the specific heat capacity of air at constant pressure (typically 1005 J/(kg-K)), thair
is the air mass flow rate through the k stage turbine (kg/s), n.is the mechanical efficiency
of the turbine, which equivalently encompasses the energy loss incurred due to mechani-
cal friction and wear of turbine components during operation and mode switching.

The characteristic curve of the turbine is represented based on a modified Fliigel for-
mula [22]:
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where 7 is the dimensionless reduced mass flow rate through the turbine, " s the di-

Fin
Tk

mensionless reduced rotational speed of the turbine, is the dimensionless value of

775,/(

the dimensionless value of the turbine isentropic efficiency, and the dimensionless param-

the turbine inlet air temperature, ﬂk is the expansion ratio of the k stage turbine, is
eter b is determined by fitting based on the actual operating characteristic curves of the
turbine, and its value varies across different turbines. (typically taken as 0.3).

2.2.2. Heat Exchanger

The heat exchanger on the turbine side is primarily used for heat exchange between
low-temperature air and the internal heat transfer fluid. Its heat exchange characteristics
can be expressed as:

. in out | __ . out in
Collyix (Tair =T ) = €, ureMure (THTF - THTF) (7)

in out

where T is the heat exchanger inlet air temperature (K), T is the heat exchanger

outlet air temperature (K), Mair s the air mass flow rate through the heat exchanger (kg/s),
Cpurr g

in
L

M1 s the mass flow rate of the heat transfer fluid after heat exchange (kg/s),

the specific heat capacity of the heat transfer fluid at constant pressure (kJ/(kg-K)),
is the temperature of the heat transfer fluid before entering the heat exchanger (K), and

T is the temperature of the heat transfer fluid after exiting the heat exchanger (K).

2.2.3. Throttle Valve

During the energy release process, the valve opening is controlled to change system
operating mode and regulate the air mass flow rate exiting the airbag. Assuming the air
passing through the throttle valve behaves as an ideal gas with constant specific heat, and
the throttling process is adiabatic, the mass flow rate can be expressed as:

my, = €,C, f () pPAP 8)

&

where " is the outlet mass flow rate of the throttle valve (kg/s), "™ is the fluid com-

pressibility factor (applicable to air using the provided formula), G is the valve admit-

tance, f@w) is the throttle valve characteristic function, P is the inlet air density
(kg/m3), AP isthe pressure difference across the valve (Pa), and k is the specific heat ratio.

2.2.4. Storage Device

This paper employs a flexible airbag as the storage device. It overcomes the geologi-
cal constraints of traditional CAES that rely on specific salt caverns or rock caves, allowing
deployment in nearshore areas, lakes, or reservoirs with sufficient water depth, signifi-
cantly enhancing site selection flexibility. Moreover, by arranging airbags at different wa-
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ter depths, stepwise differentiation of storage pressure can be achieved. The rated operat-
ing pressure of each storage unit is determined by its deployment depth, following the
hydrostatic pressure formula:

ps,k =pa +png (9)

where %4 is atmospheric pressure (Pa), /7 is the storage depth (m), € is the accelera-
tion due to gravity (m/s?), and pwis the density of seawater (kg/m?3).

Although the underwater storage device is not perfectly adiabatic, the underwater
temperature variation range is relatively small. Therefore, it is assumed that the tempera-
ture of the gas inside the storage device equals the ambient underwater temperature. The
change in compressed air mass within the airbag is calculated as:

V
m=L (10)
g
M=J.bdm=ff’—p dV:—p(Vb_V“) (11)
' ‘R,T R,T

where p is the gas pressure (Pa), V is the gas volume (m?®), m is the gas mass (kg), T is the
thermodynamic temperature of the gas (K), Vais the initial volume of the airbag (m?), and
Wb is the final volume of the airbag (m?3).

3. Fuzzy PID-Based Power Tracking Control
3.1. Fuzzy PID Control Framework for the Turbine Subsystem

The purpose of secondary frequency regulation in the UWCAES system is to quickly
and accurately track the power system’s Automatic Generation Control (AGC) commands,
ensuring that the system’s power output matches grid demand in real time. However,
with a multi-level storage configuration, this power tracking process becomes more com-
plex. On one hand, parameters such as pressure and flow rate across different storage
levels are interdependent, requiring precise coordinated control for optimal energy con-
version and utilization. On the other hand, the multi-level configuration increases system
dynamics. During system operation, switching occurs between high-pressure and low-
pressure release modes. Traditional PID controllers have fixed parameters determined
through tuning for a specific operating condition, lacking the ability for online parameter
re-tuning; they are suitable only for single-mode operation. Therefore, considering fuzzy
logic rules, a fuzzy PID controller is applied to the M-UWCAES system. The designed
fuzzy PID control framework for the turbine power generation subsystem is shown in
Figure 2. The system dynamic process is characterized by a first-order inertia element,
where t represents the time delay coefficient of the turbine process, with a value of 0.5.

Pref> PI? Yes
\’No/ etrl =1

ctrl =0
Fuzzy
Inference
AK,[ K| AK, 0:LERM
Pref 1
_ e Pt'D” - /| LHERM
Pom de/dt ontroller T1S+1

https://doi.org/10.3390/en19153573



Energies 2026, 19, 3573

7 of 19

Figure 2. Fuzzy PID Control Framework for Energy Release Process.

In the fuzzy inference stage, the adaptive fuzzy PID controller in this paper is de-
signed based on the standard Mamdani fuzzy inference process. First, input fuzzification
is performed, utilizing triangular membership functions to map crisp input variables into
degrees of membership for various fuzzy sets. Next, the fuzzy operator and implication
are applied; the minimum (min) operator is used to handle the logical “AND” when eval-
uating the rule antecedents, and the min method is similarly employed to truncate the
consequent fuzzy sets based on the activation weight of the antecedents. Subsequently,
aggregation is conducted, using the maximum (max) operator to combine the truncated
consequents of all activated rules into a single output fuzzy set. Finally, the system em-
ploys the Centroid method for defuzzification, converting the aggregated fuzzy set into
the precise control laws required by the actuator. The calculation formula for the Centroid
method is as follows:

*

Zﬂc(zj)'zj
=

Z == (12)
z/uc (z j)
j=1
where Z represents the precise output variation after defuzzification (i.e., r, 7

AK, ) Z
;uc(zj)

This mechanism ensures the smoothness and continuity of the PID control parameter ad-

denotes the discrete sample points in the output universe of discourse; and

is the membership value of the aggregated fuzzy set at the corresponding point.

justments.

Based on the dynamic characteristics of the deviation e between the total output
power of the M-UWCAES system and the power command, and its rate of change e., fuzzy
control rules (detailed in Tables 1-3) are formulated. The basic domains of the input vari-
ables are [-2, 2] and [-2, 4] respectively. Triangular functions serve as membership func-
tions for input and output variables. Through fuzzy inference, the changes in proportional
coefficient AKj, integral coefficient AK;, and derivative coefficient AKa of the PID controller
are adjusted in real-time, achieving adaptive PID parameter tuning.

Kp(t) ZAKP +Kp(t0)
K,(t)=AK, +K,(t,) (13)
K,)=AK, +K,()

In the rule design, the input and output variables are each divided into seven fuzzy
sets: NB, NM, NS, ZO, PS, PM, PB (Negative Big, Negative Medium, Negative Small, Zero,
Positive Small, Positive Medium, Positive Big), representing different magnitudes and
trends of deviation. The fuzzy rule tables (Tables 1-3) are constructed according to the
dynamic characteristics of the M-UWCAES turbine-side power generation process and
the regulation principles of PID parameters under different power tracking error states.
When the deviation is large or changing rapidly, proportional action is enhanced for faster
response, while integral action is suppressed to avoid overshoot. When the deviation is
small or near steady state, integral action is strengthened to eliminate steady-state error,
and derivative action is appropriately adjusted to suppress oscillations. The 49 rules com-
prehensively cover the combinations of e and ec, enabling adaptive adjustment of PID
parameters during different power command variations and operating-mode transitions
[23-25]. The membership functions of input and output variables for fuzzy adaptive PID
controller are shown in Figure Al.
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Table 1. Fuzzy rule table for AK.

e\ec NB NM NS 70 PS PM PB
NB PB PB PM PM PS PS Z0
NM PB PB PM PM PS ZO Z0O
NS PM PM PM PS Z0 NS NM
Z0 PM PS PS PS NS NM NM
PS PM PM PS Z0O NS NM NM
PM PM PM NS NM NM NM NB
PB PM PS PS PM NM NB NB
Table 2. Fuzzy rule table for AK..
e\ec NB NM NS 70 PS PM PB
NB NB NB NB NM NM Z0 ZO
NM NB NB NM NM NS Z0 70
NS NM NM NS NS ZO PS PS
Z0 NM NS PB PB PS PS PM
PS NS NS PB PB PS PM PM
PM Z0O Z0O PS PM PM PB PB
PB Z0O Z0O PS PM PB PB PB
Table 3. Fuzzy rule table for AKa.
e\ec NB NM NS 70 PS PM PB
NB PS PS Z0 Z0O ZO PB PB
NM NS NS NS NS Z0O PS PM
NS NB NB NM NS ZO PS PM
Z0 NB NM NM NS ZO PS PM
PS NB NM NS NS ZO ZO PS
PM NM NS NS NS Z0 PS PS
PB PS Z0O V4 Z0O Z0O PB PB

For the M-UWCAES system, the switching between the HERM and LERM involves
a series of physical transition processes, such as valve actuation, airflow path reconstruc-
tion, and turbine state transition. To characterize the comprehensive dynamic lag caused
by these processes, an independent first-order inertia link is introduced at the mode-
switching link of the control loop to equivalently model the dwell-time characteristic.
The transfer function of this first-order inertia link is expressed as:
1

G, jien\S) = —————
swi h( ) TwitChS"l‘l (14)

where “wieh denotes the time-delay coefficient of mode switching, and the value is set as
z-swit(:h =2s.

3.2. Safe Operation Constraints

To ensure the safe and stable operation of M-UWCAES under different operating
modes while achieving the intended power tracking objectives, inequality constraints on
the turbine side must be considered. These include lower limits for turbine outlet air pres-
sure, limits for turbine inlet temperature, upper and lower bounds for heat transfer oil
mass flow rate, constraints for air mass flow rate range, and constraints on the air-side
temperature difference across heat exchangers. The turbine outlet pressure should not fall
below the shallow-water storage pressure, and the low-pressure turbine outlet pressure
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must be at least equal to the ambient pressure to prevent backflow due to negative pres-
sure differentials. The inlet and outlet gas temperatures must be above the minimum per-
missible value and not exceed material high-temperature limits. The flow rates of gas and
heat transfer fluid must also remain within permissible limits.

{p()ut,h > ps',l

(15)
pou[,l > p a
in

Z;n,k < T;zir,max
T > Tout (16)

out,k = = air,min
mair,min S mair,k S mair,max (17)

mHTF,min < mHTF,k < mHTF,max

out in

where "™ js the dew point temperature corresponding to the gas pressure, and T
is the high-temperature material limit for turbine blades. Subscripts min and max denote
the lower and upper bounds of the respective variables.

4. Case Study Simulation
4.1. Case Description

To comprehensively evaluate the effectiveness and adaptability of the proposed con-
trol strategy, a dynamic simulation model of the turbine side of the M-UWCAES system
is developed. The main simulation parameters are listed in Table 4. Key parameters such
as turbine isentropic efficiency and heat exchanger effectiveness are set based on reference
[26]. To verify the comprehensive performance of the proposed control strategy, the per-
formance advantages of M-UWCAES over UWCAES during power tracking are first com-
pared. Subsequently, the power tracking capability of the proposed control strategy is
compared with that of traditional PID control for the M-UWCAES system.

Table 4. Simulation parameter settings.

Parameter Value Parameter Value
Deep-water storage airbag volume (m?) 1000 Rated power generation (MW) 2
Deep-water storage depth (m) 645 High-pressure turbine isentropic efficiency 0.81
Shallow-water storage airbag volume (m?) 2000 Low-pressure turbine isentropic efficiency 0.80
Shallow-water storage depth (m) 82 Turbine expansion ratio 8
High-pressure turbine inlet pressure (MPa) 6.5 High-pressure turbine inlet temperature (K) 556.65
Low-pressure turbine inlet pressure (MPa) 0.82 Low-pressure turbine inlet temperature (K) 561.05
Rated air mass flow rate (kg/s) 5.03 Heat exchanger effectiveness 0.88
High-temperature tank temperature (K) 595.15 Turbine mechanical efficiency 0.98
Heat exchanger 3 air inlet temperature (K) 293 Heat exchanger 4 air inlet temperature (K) 354.7
Heat exchanger 3 rated oil flow rate (kg/s) 1.23 Heat exchanger 4 rated oil flow rate (kg/s) 1.23
Air specific heat capacity (J/(kgK)) 1005 Heat transfer oil specific heat capacity (J/(kg-K)) 4100

4.2. Analysis of Power Tracking Response Characteristics

To test the performance of the M-UWCAES system under time-varying power com-
mands Pry, a simulation scenario with multiple step changes is designed. The system ini-
tially operates at 1 p.u. power. Step changes of +0.2 p.u., 0.5 p.u., 0.1 p.u., 0.1 p.u., +0.4
p-u., —0.6 p.u., and 0.7 p.u. are applied at T=50s, 100 s, 150 s, 200 s, 250 s, 300 s, and 350
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s, respectively, as shown in Figure 3. This scenario simulates grid power regulation de-
mands. The comparative analysis between the M-UWCAES and conventional UWCAES
effectively tests the system’s tracking capability.

77777777777 Power Command
1.2y - !
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\9-407 r - I !
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Figure 3. Power Command.

Simulation results shown in Figure 4 indicate that, under the same power command
scenario, when the M-UWCAES system switches between high-pressure and low-pres-
sure release modes (due to the shutdown of the high-pressure turbine, with output power
fully transferring to the low-pressure turbine), a brief power overshoot occurs, followed
by rapid stabilization. When Prr > Pi, the power tracking response speeds are identical.
When Prt <P), because the PID controller parameters are tuned based on the high-pressure
release mode, there is a slight parameter mismatch for low-pressure release mode opera-
tion, resulting in a marginally slower tracking speed compared to UWCAES, but the max-
imum time difference does not exceed 1 s, indicating that the introduction of the multi-
level structure does not cause a significant lag in power tracking performance.
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Figure 4. Power tracking performance of UWCAES and M-UWCAES.

The isentropic efficiency values of low-pressure turbines under different power com-
mands for the two systems are as shown in Table 5. Comparing operational parameters
during power tracking reveals that when the power command falls below the M-
UWCAES mode switching threshold, the conventional UWCAES system exhibits signifi-
cant maladaptation. Since the system consistently maintains two-stage turbine series op-
eration with equal power distribution, each stage turbine outputs low power. The result-
ing low air mass flow rate causes the turbines to deviate significantly from their rated
operating points. In contrast, the M-UWCAES system switches to low-pressure release
mode, halting the high-pressure turbine, and the power demand is placed solely on the
low-pressure turbine. The variation in air mass flow rate is smaller, the turbine deviates
less from its rated condition, as shown in Figure 5.

Table 5. Isentropic efficiency of low-pressure turbines.

Power Command/Pres UWCAES M-UWCAES Improvement
1.2 pu. 76.8% 76.8% 0%
0.6 p.u. 67.19% 67.19% 0%
0.5 p.u. 60% 80% 20%
0.2 p.u. 28.77% 51.19% 22.42%

P E — - Rated Mass Flow
6r | 1 e UWCAES
| M-UWCAES
s — — — 1 — — — —
g .
2 ' .f
] S —
5 |
m ...........
230
=
2 L
1 -

0 50 100 150 200 250 300 350 400
Time/s

Figure 5. System air mass flow of different gas storage structures.

Further comparison of turbine outlet temperatures shows that, for the same heat ex-
changer outlet temperature, the M-UWCAES system in low-pressure release mode has a
relatively lower low-pressure turbine outlet temperature, as shown in Figure 6. For Pres =

M—-UWCAES TUWCAES M—-UWCAES
0.5 pu., o = 361.8 K, while ~o«! =412.4 K. For Prt = 0.2 pu., ! =
TUWCAES
434.6 K, while ~o«! =491.2 K.
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Figure 6. Turbine outlet temperature for systems with different storage structures.

The lower outlet temperature indicates that during the M-UWCAES energy release
process, more thermal energy is converted into mechanical work during turbine expan-
sion rather than being discharged as residual heat. To facilitate performance comparison
under different operational control strategies, the exergy efficiency of the power genera-
tion process is defined as the ratio of the system output power to the sum of the exergy of
the compressed gas in the storage bag and the thermal exergy of the heating fluid in the
thermal storage tank [27]. Its calculation formula is as follows:

. o™
Eair =m,, |:cp (];l(i)rwL _T('])_Tg){cp lnL—Rln&j}

T, Py
. T()Ll[ TOul
Eyrr = mHTFCp,HTFTo ( ;TF —1-In—% ] (18)
0 0

P,
n, =—%—x100%
Y E+E,

where Lar i the physical exergy power of compressed air, W; Eimr i the thermal ex-

ergy power of heat transfer oil, W; B is the total turbine-side power generation power,
W.

The efficiencies at various power commands are shown in Table 6. In high-pressure
release mode, M-UWCAES and UWCAES exhibit identical exergy efficiencies. However,
in low-pressure release mode, M-UWCAES demonstrates a significant advantage: at Pret =
0.5 p.u., exergy efficiency increases by 4.69%; at Pret = 0.2 p.u., the increase is 13.75%. This
indicates that the multi-level storage configuration enhances energy utilization efficiency
by optimizing the operational mode.
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Table 6. Exergy Efficiency of the System Power Generation Process.

Power Command/Prs UWCAES M-UWCAES Improvement

1pu. 89.66% 89.66% 0%

12 p.u. 86.07% 86.07% 0%

0.7 pu. 81.6% 81.6% 0%

0.6 p.u. 75.32% 75.32% 0%

0.5 p.u. 67.25% 71.94% 4.69%

09 p.u 88.77% 88.77% 0%

0.2 p.u. 32.28% 46.03% 13.75%

4.3. Fuzzy PID Control Performance Analysis

To verify the superiority of fuzzy PID control in the M-UWCAES system, this section
conducts a comparative analysis of the dynamic response performance of the proposed
fuzzy PID controller, PID controller, and sliding mode control (SMC) under the same
power command.

Figure 7 compares the dynamic tracking performance of PID, sliding mode control
and the proposed adaptive fuzzy PID controller under multiple step power commands
across a wide load range. For the step-up transient at t = 50 s when the power command
rises from 1.0 p.u. to 1.2 p.u., the fuzzy PID achieves a settling time of 9.5 s, outperforming
PID at 14.5 s and SMC at 12 s with smaller overshoot. It also delivers faster convergence
and negligible overshoot during step-down transients across all load levels, and effec-
tively attenuates mode-switching oscillation with lower steady-state error. This perfor-
mance is consistent with the MAPE results and verifies the superior overall regulation
capability of the proposed strategy for the M-UWCAES system. Furthermore, the dynamic
response comparison of the mass flow rate shown in Figure 8 also confirms the overall
advantages of the proposed adaptive fuzzy PID controller in both transient performance
and steady-state accuracy.

— — Power Command

1.2 7 -——PID

SMC
1 — Fuzzy PID

=

£0.8 |
§ |
|
£ 0.6 |
|
|

0.4 ]
0.2 ). [V
1 1 300305310 1 1 J
0 50 100 150 200 250 300 350 400
Time/s

Figure 7. Comparison chart of SMC, Fuzzy PID and PID control effects.

https://doi.org/10.3390/en19153573



Energies 2026, 19, 3573

14 of 19

6.51

- PID

"""""" SMC
— Fuzzy PID

o
I IS N
T T T

Mass flow/kg/s
P
o

N
T

w
)
T

0 50 100 150 200 250 300 350 400
Time/s

Figure 8. Airflow variation charts under different control strategies.

These results demonstrate that the fuzzy PID-based power tracking control strategy
improves the dynamic tracking performance, reduces overshoot during mode transitions,
and provides adaptive regulation capability under the investigated operating conditions.

To further illustrate the advantages of fuzzy PID, the gap between the actual power
and the power command of each system is measured using mean absolute percentage
error (MAPE). The calculation method is as follows:

1

MAPE =—
T

sim &

Pk _Pk,re['
P,

k

(19)

The comparison results of power tracking MAPE among different control strategies
are shown in the Table 7.

Table 7. Comparison of power tracking MAPE among different control strategies.

Method MAPE
PID 0.02721
SMC 0.02712
Fuzzy PID 0.02709

As shown in Table 7, the MAPE is used to measure how accurately different control
strategies can track steady-state power. The results show that the Fuzzy PID controller
comes out on top with the lowest MAPE of 0.02708. In comparison, the traditional PID
controller and SMC have MAPE values of 0.02721 and 0.02712, respectively. This means
the Fuzzy PID reduces tracking error by 0.00012 and 0.00003, respectively, which proves
that its adaptive parameter tuning can more precisely keep the actual output power in
line with the dynamic reference, giving it better tracking accuracy and stability than the
conventional methods.

Beyond the dynamic and thermodynamic performance advantages discussed above,
the proposed M-UWCAES system also presents a favorable qualitative cost-benefit profile.
It is undeniable that integrating an additional flexible storage airbag deployed in the shal-
low-water region into the conventional UWCAES architecture increases the initial capital
expenditure and physical system complexity. However, the simulation results indicate
that this specific structural addition is highly economically justified during the operational
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phase. In the secondary frequency regulation application scenario, the system frequently
operates under partial-load conditions. Utilizing the added shallow-water airbag enables
a dedicated low-pressure energy release mode, which successfully prevents the turbines
from operating under severe off-design conditions. This structural flexibility improves the
partial-load exergy efficiency by 4.69-13.75%, which directly translates to reduced com-
pressed air consumption and lowers the long-term operational expenditures. Furthermore,
the exceptional tracking accuracy (a MAPE of 0.01648) and rapid dynamic response
achieved by the adaptive fuzzy PID controller are highly valued in grid ancillary service
markets. Consequently, the minor initial hardware investment for the shallow-water air-
bag is effectively offset by the sustained operational savings and the enhanced financial
compensation derived from the system’s superior AGC tracking performance.

5. Discussion

This study proposed an adaptive fuzzy PID-based turbine-side power tracking strat-
egy for an M-UWCAES system. A dynamic model of the turbine-side energy release pro-
cess was established, and the effectiveness of the proposed strategy was verified through
comparative simulations.

The results show that the multi-level storage configuration improves the operating
flexibility of UWCAES by enabling automatic switching between low-pressure and high-
pressure energy release modes. Under partial-load conditions, M-UWCAES reduces tur-
bine off-design deviation and improves the exergy efficiency of the power generation pro-
cess by 4.69-13.75% compared with conventional UWCAES.

The proposed adaptive fuzzy PID controller further enhances the dynamic tracking
performance of the M-UWCAES system. By tuning PID parameters online according to
the power tracking error and its variation, the controller achieves faster response, smaller
overshoot during mode switching, and lower tracking error than traditional PID and slid-
ing mode control. In the representative step response, the settling time is reduced to ap-
proximately 10 s, and the MAPE decreases to 0.02709.

Overall, the proposed multi-level storage structure and adaptive fuzzy PID control
strategy provide an effective approach for improving the operational flexibility and power
regulation capability of UWCAES systems under fluctuating offshore renewable power
conditions. Future work will focus on experimental validation, more detailed modeling
of practical losses and actuator constraints, and coordinated optimization of storage depth,
capacity allocation, and mode-switching thresholds.
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Abbreviations

The following abbreviations are used in this manuscript:

M-UWCAES Multi-level Underwater Compressed Air Energy Storage
UWCAES  Underwater Compressed Air Energy Storage

LC Low-pressure Compressor

HC High-pressure Compressor

HE Heat Exchanger

LST Low-temperature Storage Tank
HST High-temperature Storage Tank
LAS Shallow-water Air Storage

DAS Deep-water Air Storage

HT High-pressure Turbine

LT Low-pressure Turbine

LERM Low-pressure Energy Release Mode
HERM High-pressure Energy Release Mode
Appendix A

The fuzzy adaptive PID controller can be divided into zero state, positive state, and
negative state according to the state of the actual variable, and uses seven levels: negative
large, negative medium, negative small, zero, positive small, positive medium, and posi-
tive large to distinguish the specific state when the input and output variables are positive
or negative. Its domain is divided into seven levels [NB, NM, NS, ZO, PS, PM, PB], and
the membership function is shown in Figure Al.
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Figure Al. Membership functions of input and output variables for fuzzy adaptive PID controller.
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