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Energy storage systems have been considered in the last few years to improve
the performance of energy grids. In a typical power system, an instanta-
neous balance between generated and consumed power must be maintained,
without storing energy. As a result, the power generation must follow the
load curve, and due to the variability of electrical demand, the operation of
the energy grid may not be economically efficient. Balancing total gener-
ated power with total demand, while accounting for losses, requires optimal
performance of the electric power system. Consequently, one of the critical
components in any energy network is its ability to regulate load frequency
effectively. This study investigates the effect of an energy storage system
on enhancing load frequency regulation performance in an interconnected
energy network comprising two-area steam and hydropower plants. Ini-
tially, the energy grid model, incorporating a superconducting magnetic
energy storage (SMES) unit, is expressed in state space using first-order
differential equations. Subsequently, the effect of the energy storage system
on the power network is explored through system mode analysis. Results
from time-domain simulations conducted in MATLAB demonstrate the ef-
fectiveness of the system mode investigation and its responsiveness to load
fluctuations, confirming the reliability of the approach.
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1 Introduction

The sustainability of the power supply has become a
critical requirement for supporting social activities, es-
pecially in remote areas with limited access to elec-
tricity. The growth of industrial centers, along with
the sharp increase in power demand and the environ-
mental impact of fossil fuel-based energy, has accel-
erated the adoption of renewable energy sources [1,2].
Over recent years, these sources have advanced rapidly,
playing a crucial role in the energy system, while the
cost of renewable energy technologies has significantly
decreased. As the integration of renewable power re-
sources into modern power systems increases, the ab-
sence of inertia in these energy production units has
weakened the transient behavior and stability of the
grid. This makes energy storage systems even more
crucial for power networks with low prevailing iner-
tia [3,4]. Distributed energy sources have unique char-
acteristics, which influence the dynamic behavior of
power plants in distinct ways. If not properly con-
trolled, these sources can lead to challenges such as low-
frequency oscillations, voltage fluctuations, and fre-
quency deviations. Additionally, the growing number
of power production units can potentially result in in-
stability within the power system [5, 6].

The discrepancy between the net energy production
and the load need in energy networks yields voltage
and frequency fluctuations. The operating point in a
connected energy grid is changing because of load fluc-
tuations, and may cause deviations in the nominal fre-
quency of the network and the planned swap energy be-
tween areas [7,8]. Frequency load management is there-
fore a critical component in ensuring the proper func-
tioning and regulation of an electric power grid. The
purpose of this regulator is to handle the frequency de-
viations and maintain the system’s standard frequency
by utilizing a secondary regulator [9,10]. Load fre-
quency regulation aims to ensure a continuous balance
between the generated power and the demanded power
in real-time. The increasing integration of renewable
energy sources has heightened the need for this man-
agement strategy, as it must account for uncertainties
in system operation due to the variable nature of re-
newable energy production [11,12].

Interconnection of power systems has become nec-
essary due to the development of industrial centers and
the increase in load demand. The ability to meet the to-
tal load demand, including transmission losses, through
the total generation capacity directly impacts the per-
formance of the interconnected energy grids [13, 14].
The implementation of a multi-area power system in-
troduces dynamic changes over time, which can lead to

variations in the standard frequency and fluctuations
in the energy exchanged across transmission lines be-
tween areas [15,16].

The rapid involvement of renewable power produc-
tion units into energy grids has caused various distur-
bances due to the lack of inertia because of the sub-
stitute of sources by synchronous generators. Addi-
tionally, the periodic nature of renewable sources has
led to frequency and voltage fluctuations. As a result,
the use of energy storage units has become crucial for
the effective integration of renewable power production
units, ensuring grid stability and reliable energy sup-
ply [17,18]. Reducing greenhouse gas emissions and im-
proving the stability of the power network are among
the advantages of renewable power depository technol-
ogy. Energy storage systems help address power fluctu-
ations by storing excess energy from renewable power
production units. This stored energy can then be re-
leased during periods of energy shortage or surplus,
ensuring a stable and reliable power supply while max-
imizing the efficiency of renewable energy integration
into the grid [19,20].

The elevated involvement of renewable power pro-
duction units has made frequency variations a prob-
lem for the transient stability of the system. Power
storage systems can perform well in frequency regula-
tion for microgrid systems [21,22]. There are various
types of power repository units like super-conducting
magnetic energy storage (SMES) [23,24], electric bat-
teries [25,26], fuel cells [27,28] and redox flow batter-
ies [29, 30] that are employed to enhance the perfor-
mance and reliability of power systems. The promi-
nent advantages of superconducting magnetic energy
storage (SMES), such as fast response time, low power
losses in the superconducting coil, long lifespan, the
ability to be deployed in strategic locations, and its
capability to manage both reactive and active power,
have made it a popular choice for addressing instabili-
ties in the electrical grid [31,32]. SMES also offers su-
perior dynamic performance compared to other energy
storage devices and is used to improve energy quality
and transient stability [33,34].

1.1 Research background review

When the load demand fluctuates in a generation
unit, a temporary imbalance between input and output
power occurs, necessitating the use of an energy storage
system to compensate for this transient event. Exten-
sive research has been conducted on the significance
and application of frequency regulation systems, and
investigations in this area continue to evolve [35, 36].
Various energy storage technologies have been explored
to mitigate frequency oscillations in power grids [37,38].
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A frequency regulation model for an interconnected
energy network incorporating multiple energy storage
units is presented in [39], considering all stages of the
frequency control process. This model examines the
impact of communication delays and state-of-charge
management on the area control error, providing in-
sights into their effects on system stability and perfor-
mance.

The application of SMES to support the secondary
loop in frequency load management and enhance net-
work frequency resilience is presented in [40]. In this
approach, a proportional-integral controller is opti-
mally designed using a particle swarm optimization
framework to minimize frequency deviations in the en-
ergy grid. The studied energy network includes con-
ventional generation plants alongside renewable power
production units, such as solar and wind power plants.
Simulation results demonstrate the improved resilience
of the energy grid under various scenarios with in-
creased integration of renewable energy sources. An
adaptive coordination control method is proposed in
[41] for energy sources in a hybrid generation system
to enhance frequency stability. The optimal design of
the proportional-integral-derivative (PID) regulator is
achieved using the Gray Wolf optimization framework,
which estimates the additional power from renewable
energy sources. This method effectively mitigates fre-
quency oscillations, optimizing the utilization of renew-
able power production units while simultaneously re-
ducing frequency fluctuations in the energy grid.

A dispersed frequency load management strategy is
presented in [42] for a multi-zone energy grid including
photovoltaic system and battery energy storage sys-
tem. To ensure asymptotic stability, the proportional-
integral controller gains are determined using linear
matrix inequality technique. Simulation outcomes ex-
hibit that the regulator is robust to frequency fluctua-
tions caused by photovoltaic system changes.

The nonlinear dynamics of the battery due to
changes in the battery state of charge for primary
frequency regulation in an isolated microgrid is in-
vestigated in [43]. A coordinated and adaptive load
frequency control system for battery charging man-
agement is presented, which uses parameter adjust-
ment methods and a natural-based genetic optimiza-
tion framework. This approach is designed to en-
hance the frequency/load regulation system’s effective-
ness in addressing challenges associated with the non-
linear characteristics of battery energy storage systems.

The load frequency management system in a two-
zone energy grid including hydro, thermal, and gas
power plants has been studied in [44] considering the
energy storage system. Small signal stability analy-
sis has been used to examine frequency deviation in

each zone. A proportional controller is employed to
mitigate oscillations, while an integral controller — op-
timized using the harmonic search-based technique - is
implemented to achieve effective regulation. Addition-
ally, an energy storage system is integrated to enhance
the transient response of the grid.

1.2 Highlights and structure of the pa-
per

To effectively manage frequency and energy flow across
interconnection lines following a disturbance, a load
frequency control system is essential. Among various
energy storage technologies, superconducting magnetic
energy storage (SMES) stands out as a highly suitable
option for frequency regulation in energy grids due to
its fast response time and efficiency. In this paper, the
influence of the SMES unit on improving the imple-
mentation of the load frequency regulation strategy in
a two-zone connected hydrothermal electric energy grid
is investigated. The energy network representative un-
der study is developed and simulated using Simulink-
MATLAB. The key highlights of this study include the
following:
e Qualitative and quantitative comparison of a con-
ventional controller and a power storage unit in
the frequency and load management system of a
two-zone energy grid
e Investigation of the influence of the power depos-
itory on the transient behavior of each zone due
to changes in the consumed load.
e Determination of the system frequency because
of shifts in the characteristics of each zone
e Combination of production power plants to study
the behavior of the load frequency control system

2 Superconducting
Energy Storage

Magnetic

Due to the unpredictable and intermittent nature of
renewable power production units, the electrical power
storage system plays a crucial role in enhancing the
reliability of the energy grid. Its integration signifi-
cantly improves power stability and consistency [45,46].
The complexity of power storage systems has led to an
increased demand for electrical power. In Supercon-
ducting Magnetic Energy Storage (SMES), energy is
stored in the form of a magnetic field created by a direct
current flowing through superconducting coils [47,48].
The resistive losses during the formation of the mag-
netic field in the superconducting coil are negligible due
to the coil’s near-zero resistance. In this power stor-
age unit, the energy conversion process is limited to
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transforming alternating current (AC) into direct cur-
rent (DC), with no significant thermodynamic losses
involved in the conversion between these power forms
[49,50]. During normal operation, the superconducting
coil is charged up to its rated current from the network.
When the network requires power, the coil discharges.
Since the power losses in the SMES coil are negligi-
ble, it achieves high efficiency. SMES units can rapidly
switch states — from charging to discharging and vice
versa — in just a few seconds. This ability provides a
fast response and long operational lifetime compared
to other power storage devices, such as battery energy
storage. Unlike batteries, whose lifespan is significantly
reduced under repeated charge-discharge cycles, SMES
units are better suited for providing inertial support
due to their durability and efficiency [51,52]. Due to
the advantages of SMES, this storage unit can provide
effective support for grid inertia [53,54]. It serves as a
reliable solution to reduce fluctuations in output power,
enhance transient stability, and improve frequency con-
trol. Additionally, SMES can be utilized to improve
the energy quality of grid-connected renewable power
production units. The control algorithms employed in
SMES devices are simple and require minimal hard-

ware for implementation, making them cost-effective
and efficient for integration into the energy grid [55,56].
The SMES unit is considered with a first-order trans-
fer function as follows, where Kgygrs and Tsvgs are its
gain and time constant, respectively [57]:

Gsmes(s) = AAP;?SS =

_ Ksmes (1)
Tsmrss +1

3 System Under Study

Figure 1 pictures the general configuration of a hier-
archical control system in three levels along with the
tasks of each level. Two preliminary and secondary reg-
ulation loops are employed to manage the frequency in
the energy grid. The primary regulation loop is re-
sponsible for preventing frequency transients that can
cause steady-state errors. The secondary regulation
loop, which focuses on frequency and load regulation,
is tasked with maintaining frequency stability. The pri-
mary goal of the frequency and load regulation system
is to adjust the generator output power in each area to
counteract changes in grid frequency and fluctuations
in line energy exchanges between areas [58,59].
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Fig. 1. The role of control loops in

Figure 2 depicts the load frequency control rep-
resentative of the two-area energy grid under study,
which includes both a hydropower unit and a steam
power unit. In this model, a separate SEMS is con-
sidered for each area. Also, the load changes in each
area are the system inputs. Bs and By are frequency

hierarchical control in a power system.

bias coefficients, and Rg and Ry are governor speed
management coefficients of thermal and hydro energy
plants [60,61]. The input and output signals of SEMS
are area control error and power, respectively. The
output signal is then added to the sum of the load
changes and mechanical power changes of each area.
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The transfer function of the hydro energy unit and the
transfer function of the steam energy plant are illus-
trated by Gg(s) and Gg(s) where Tgy and Tgs are
the time constants of governor, Trg is the hydro tur-
bine speed governor reset time, Ty is the starting time

1
Culs) = (T+1> .
———

Trss+1
TRHS + 1
N————’

hydro governor transient droop compensation

Gs(s) = (

1 ) % (KRETRES +1
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Fig. 2. Load frequency control model of the two-area power system under study.

of water in the hydro turbine, TRy is the time constant
of the transient droop, T is the time constant of the
steam turbine, Ky is the fraction of power generated
by high pressure section and Trg is time constant of
reheater [62,63].

(2)
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The two variables, frequency deviation and trans-
mission line power exchange, together constitute the
area control error, which is used as a feedback variable
in the load frequency control loop, and is defined as
follows:

ACE = B;Af; + APge (4)

where [3; is the frequency bias coefficient and AP,
is the power exchange variation between the two areas.
The power system in each area is represented by a first-
order transfer function, where Kp; and Kps are the
gains and Tp1 and Tpy are their time constants [64,65].

In a single-area power system, the system output
frequency changes in terms of two inputs can be con-
sidered as follows:

AF(s) = Hpp(s)APp(s) + Hrc(s)APc(s) (5)

where Hpp(s) and Hpc(s) are the transfer functions
corresponding to the load change and setpoint change
inputs of the system. If a controller with transfer func-
tion G¢(s) and an energy storage with transfer function
Gsmrs(s) are used, the frequency changes will change
as follows:

AF(s) = Hrp(s) [APp(s) + Gsmes(s)AF (s)]
— Hyc(s)Ge(s)AF(s) (6)

Therefore, the transfer function of the entire system is
equal to:

_ AF(s)
H) = P00
HFD(S)

- 1+ HFD(S)GSMES(S) + HFC(S)GC(S)

(7)

Given that the transfer function representing the first-
order SMES is considered, and according to the above
relationship, in the steady state, the time constant and
gain of the SMES transfer function will not affect the
steady state value of the frequency changes.

To write the equations of the system under study
in state space, it is necessary to select 11 state vari-
ables, including four state variables for the hydro unit,
four state variables for the thermal unit, one state vari-
able for the power transferred between the two areas,
and two state variables for the controller outputs. If
the energy storage units are considered with a transfer
function of order 1, then two state variables are also
considered for the output of the SEMS units. There-
fore, the power system under study will have order 13.
The first-order equations of the system under study,
without considering the SEMS effect in the state space,

are expressed as follows:

Xs Ass Asg  Ast Asc| | Xs
d \Xu| _ |Ags Awn Apr Apc| |Xm
dt | Xr Ars Arag Arr Arc| | Xr

Xc Acs Acu Acr Acc| | Xe

—— S——

X A X

-k i
~Tm Y
0 0
0 0
0 0
P2
+1 o 0 [APM} (8)
D2
0 0 ~———
0 0 1%
0 0
0 0
L O 0

B

where the state variable vector X consists of the state
variable vectors of the hydro unit Xy, the thermal unit
Xg, the power transferred between the two areas X,
and the controller outputs X¢c. The system matrix A
also consists of the corresponding submatrices. The in-
put vector consists of two inputs representing the load
changes in each area. In this study, unit 1 includes
a thermal power plant with four state variables z; to
x4 and unit 2 includes a hydro power plant with four
state variables x5 to xg. The inter-area variable (zg)
includes the power transferred between the two areas.
The two variables related to the output of the integral
controllers are x19 and x1;. Therefore, the four diago-
nal matrices Ags, Agg, Arr, and Acc will be related
to the intrinsic variables of the thermal power plant,
the hydro power plant, the inter-regional variable and
the control system respectively. The non-diagonal el-
ements of the system matrix A are related to the re-
lationships between the subsystems that make up the
main system.

4 Analysis of Simulation Results

Maintaining synchronism between different compo-
nents is crucial for stabilizing a power system after a
disturbance. To achieve this, electric power must be
generated in accordance with the demand of consump-
tion loads while simultaneously accounting for system
losses. Various external conditions during power sys-
tem operation can lead to frequency deviations from
the nominal value, impacting overall system stability.
Time constants and inertia constants are important
factors affecting the dynamic behavior of the power sys-
tem. The primary function of the load frequency con-
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trol system is to maintain the system frequency at its
the nominal value while ensuring that power exchange
with other areas according to the specified limits. To
verify the simulation results, the model of the studied

superconducting magnete

enengy storage 2

system was also implemented in MATLAB Simulink as
shown in Figure 3. The parameters of the system under
study have been selected according to Table 1.

KEMES2
TEMESZ.s#+1
— load demand E
h 2
frequency biss coefficient 2 change
=)
penstock hydraulc system inaria
turbine —r and damping 1
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speed regulston 2°pi*T12 _)
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]
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TEMES1.5+1

Fig. 3.
storage effect.

4.1 Without super-conducting mag-
netic energy storage

The system modes for single-area and dual-area config-
urations, excluding the energy storage system, are pre-
sented in Table 2. The table also specifies the damping
coefficients of the oscillatory modes. As observed, the
oscillatory mode in the thermal power plant model ex-
hibits a higher damping coefficient compared to that
in the hydropower plant. Additionally, in the two-
area power system, all three oscillatory modes in the
controlled state have damping coefficients below 0.5,
whereas in the uncontrolled state, one of the two oscil-
latory modes falls below this threshold. Furthermore,

T
superconducting magnetc

energy storage 1

Implementation of the two-area power system under study in MATLAB Simulink with energy

the system modes for both single-area and two-area
configurations are located on the left side of the imag-
inary axis, indicating system stability. With the ad-
dition of the steady-state controller, response changes
will tend to zero. Figures 4 and 5 show the response of
output frequency changes of area 2 (hydropower plant)
and mechanical power changes of the hydropower unit
to step changes of load in area 2, respectively. As ob-
served, frequency changes in the controlled system tend
towards zero and mechanical power changes in the con-
trolled system tend towards 1. Figures 6 and 7 show the
responses of frequency changes and mechanical power
output in the thermal unit for step changes in the con-
sumption load in area 2. Figures 8 and 9 show the
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changes in frequency and mechanical power output in
the thermal unit for step changes in the load consump-
tion in area 1. These results confirm the effectiveness
of the controller design in handling step changes in load
for both areas, ensuring that the responses stabilize at

mechanical power deviation (hydro power plant)

zero in the steady state.

Table 1. Parameters of the system under study.

Sub system Symbol Value
Ko 1
Te1 0.2
Tr 0.3
Tr 7
Steam power plant Kgr 0.3
Kpq 1
Tpy 10
Rs 0.2
Bs 0.431
Kao 1
T 0.2
Trs 5
Tru 9.5
Hydro power plant Tw 1
Kpo 1
Tpo 6
Ry 0.2
B 0.431
Inter-area
synchronizing Tho 0.0867
constant
Superconducting ?SMESl 024
Magnetic Energy Kssl\lx/flisslz 2
Storage Tonpss 0.2
K 0.2
Integral controller Ko 01
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Fig. 5. Mechanical power changes of the output
of the hydro unit in the two-area system for step
changes of the load in area 2.
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Fig. 4. Frequency changes of the output of the hy-
dro unit in the two-area system for step changes of
the load in area 2.

L ! with Y _
42 ] - g controller b I
Ig- - without
I controller
0.14 1 ! 1
‘g
Ny
_0_16 1 1 1 1 Il 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50
time (s)

Fig. 6. Frequency changes of the output of the ther-
mal unit in the two-area system for step changes of

the load in area 2.
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Fig. 9. Mechanical power changes of the output of the thermal unit in the two-area system for step changes
of the load in area 1.



10 Hydrogen, Fuel Cell & Energy Storage 1(2026) 1-16

Table 2. System mods not including super-conducting magnetic energy storage

Single-area Two-area
Thermal Hydro Without controller With controller
—5.2386 —6.2203 —5.2382 —5.2375
—2.9558 —0.2066 —6.2181 —6.2150
—0.1909 + j0.2363 —0.4225 + j0.8004 —2.9581 —2.9598
(0.6284) (0.4668) —0.3223 + 50.8264  —0.3415 £ 50.7997
(0.3633) (0.3927)
—0.2085 4+ 70.3250 —0.1741 % 50.3030
(0.5400) (0.4980)
—0.2882 —0.0642 £ 50.1744
—0.0838 (0.3455)
—0.0227
—0.2536
4.2 Energy storage effect 12 : meskaniel poReECevistion
To investigate the effect of SEMS, three cases have been Lemm-
investigated. In the first case, stepwise load changes tr e Bt K s, S—
are considered in zone 1. In the second case, stepwise A
load changes are applied in zone 2. In the third case, 08 PR4 i BN i
load changes occur simultaneously in both zones. For e N
each case, the simulation results show the frequency "' ‘arem
changes in both areas and the changes in the mechan- 06 1
ical power output of the generating units. Figures 10 ,'
and 11 correspond to the first case, Figures 12 and 13 oal ! i

to the second case, and Figures 14 and 15 to the third
case.

frequency deviation

-01F

0121

0141

0 5 10 15 20 25 30 35 40 45 50
ime (s)

Fig. 10. Frequency changes of areas for step changes
of load in area 1 with SEMS effect.
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Fig. 11. Changes in the mechanical power output

of the generating units for step changes in the load
in area 1 with SEMS effect.

The simulation results show that the use of SMES
improves the dynamic performance of the load fre-
quency control system. Moreover, SMES can be ef-
fectively placed either one or both areas. However,
the improvement in dynamic performance when using
SMES in both areas, compared to a single area, is min-
imal. Therefore, from an economic perspective, it is
more efficient to place SMES in each area separately.
The results further show that adding SMES accelerates
the damping of oscillations and reduces response over-
shoot. Moreover, the simulations reveal that SMES
significantly decreases settling time, ensuring that the
responses remain smooth and free from ripples.
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Fig. 14. Frequency changes of generating units
for simultaneous load step changes in both areas
with SEMS effect.
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Fig. 13. Changes in the mechanical power output
of the generating units for step changes in the
load in area 2 with SEMS effect.
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5 Conclusion

Frequency stability is crucial for the stable and reli-
able operation of power systems, which represents the
fundamental position of power systems for generating
power and supplying the required load. However, the
unpredictable nature of renewable energy sources, the
randomness of load demand, and the lack of system
inertia pose significant challenges to maintaining fre-
quency stability. To address sudden load variations
and ensure the continuous supply of required power,
the integration of an active energy source within the
power system is essential. Superconducting magnetic
energy storage (SEMS) is an advanced energy storage
system capable of delivering an unlimited number of
charge and discharge cycles with a faster response time
and a longer lifespan compared to other energy storage
technologies. This study explores the application of
an SMES unit in enhancing the dynamic stability of a
power system. The two-zone power system under study
includes a hydro unit and a boiler unit. The effect of
SEMS on the stability of frequency regulation in a hy-
drothermal power system is analyzed using state-space
system modeling. Simulation results show that the in-
tegration of SMES enhances the system’s response to
frequency variations and effectively reduces power fluc-
tuations between the two areas.
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