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ABSTRACT

This paper introduces a dynamic equivalent circuit modelling framework of flow
batteries with an aim of facilitating real-time grid support applications. A multi
branch Thevenin equivalent circuit model is deduced to describe precisely the
electrochemical and transient nature of flow battery system across different load
conditions. In order to provide real time adaptability, recursive least squares (RLS),
and the expanded Kalman philtre (EKF) algorithms are utilised in online estimation of
the parameters, which allow the resonance parameters of the internal resistance and
polarisation to be continuously updated. The model is developed under dynamic grid
conditions such as load variations and disturbance conditions and is confirmed by the
simulations using MATLAB/Simulink. Modelling accuracy metrics of performance
evaluation show that significant improvement is achieved with the RMSE being
lowered by about 32-45 % in comparison to traditional fixed-parameter models and
there is good correlation between measured and predicted voltages (R?> 0.96). The
analysis of dynamic response indicates that convergence is achieved more rapidly and
the settling time is shorter which serves to prove that the strategy is equally suitable
in real-time application. In addition, grid support performance implies better voltage
control and tracking of power. The findings emphasise the fact that the presented
adaptive modelling framework offers a consistent and computationally effective
answer that will integrate flow batteries into the realm of contemporary smart grids.
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1. INTRODUCTION

The high rate of growth of renewable energy sources
and distributed generation has exposed the high
demand relating to effective and dependable energy
storage system in contemporary power grids. Flow
batteries have proved to be a promising solution
among the available technologies in terms of large-
scale energy storage since they are scalable, enjoy a
long cycle life and can be able to control the power
and the energy capacity independently. The flow
batteries have all these features making them
especially useful at the grid scale, with tasks like load
balancing, frequency control, and integration of
renewable energy. As intermittent energy sources
continue to gain popularity, it is now necessary to
maintain a stable and flexible operation of the grid,
thus the significant role of the sophisticated energy
storage method in micro-scaled power systems [1],

[2], [10]. Dynamic modeling 1is important in
facilitating real-time control and successful
incorporation of flow batteries into smart grid
settings. In comparison to traditional static models,
dynamic models have the capability of representing
the immediate behaviours, electrochemical processes
taking place in the interior, and time-dependent
responses of the system under changing heavy loads.
Applications like power balancing, frequency support
and voltage regulation demand an accurate dynamic
representation and rapid response and system
stability of an application. Poor modelling can cause
the system to make control choices which would be
inaccurate to also make the system less efficient and
perform poorly, this may encourage the need to
develop strong modelling frameworks that will be
able to operate in real time [5], [9], [14].

Current flow battery modelling methods can be
grouped into either electrochemical modelling or
equivalent circuit models. Electrochemical models
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give specific information about the internal reactions
and transport processes, but they are computationally
too complex and do not suit the use of specific
systems on real time. Equivalent circuit models
(ECMs) on the other hand provide a simplified model
of battery dynamics at much lower computational
cost, and are therefore more practical in control-
oriented applications. However, the traditional ECMs
are usually based on deterministic parameters, which
do not respond to variations that may arise because
of operating conditions, ageing and or nonlinear
system behaviour. This constraint limits their
accuracy especially in dynamic loading situations,
thus limiting their use in real time grid support
systems [6], [11], [13].

Adaptive parameter estimation techniques have
become the focus of intensity to overcome these
constraints to increase model accuracy and
robustness. Relaxing estimation approaches like
Recursive Least Squares (RLS) and Extended Kalman
Philtre (EKF) can help the model keep changing with
the dynamics of a system, as model parameters are
continually updated using measured input-output
data. These methods allow the accuracy of voltages
to be improved, the accuracy of predicting transient
response, and effective, consistent control
approaches to grid-connected energy storage systems
can be supported. The adaptive estimation procedure
in conjunction with dynamically evolving ECMs offer a
trade-off which strikes an equilibrium between the
computational expense and the modelling accuracy,
and therefore it is extremely appropriate in real-time
applications [3], [4].

There are three major contributions of the work.
A dynamic multi-RC equivalent circuit model is
developed first that is useful in giving a realistic
representation of both transient and steady state
behaviour of flow batteries operating under varying
operating conditions. Second, RLS and EKF algorithms
are used to estimate parameters in real time, which
allows adopting around better and more robust model
parameters. Third, the enhanced accuracy of the
proposed framework metrics is confirmed based on a
comprehensive modelling accuracy and grid-support
performance measurements, which indicate a better
voltage tracking, a smaller estimation error, and
better dynamic response which allows real-time
smart grid applications.

2. LITERATURE REVIEW

Flow battery modelling has followed a lot of attention
to its critical role of improving the performance and

reliability of the large-scale energy storage systems.
The current modelling methods are loosely divided
into the electrochemical models and equivalent
circuit models (ECMs). Electrochemical models are
found to be highly accurate and physically
understandable, whereas they give a detailed account
of internal battery processes, such as ion transport,
redox reactions and concentration dynamics.
Nevertheless, these models are computationally
expensive and demand an intricate identification of
parameters and therefore they have limited
applicability in real-time control and grid support
uses. Equivalent circuit models on the other hand
simplify the behaviour of the battery with the help of
electrical components i.e. resistors and capacitors
allowing quicker calculation and easy
implementation. Consequently, ECMs have since
found extensive application in control-oriented
applications but their performance is greatly reliant
on the stage of the tuning of parameters and the
structure of the model [6], [11], [13].

In order to enhance the effectiveness of ECMs, a
number of parameter estimation methods have been
reported in literature. The most common offline
optimization procedures are Genetic Algorithms (GA),
Particle Swarm Optimization (PSO) in that they are
the most common procedures where the parameters
of the model are determined by minimising error
between the measured and model outputs. These
methods can obtain high accuracy when the
conditions are pre-defined, but they cannot be
applied to dynamic operating conditions and have
been found to be very costly in terms of
computations. Conversely, online  estimation
algorithms like Recursive Least Squares (RLS) and
Extended Kalman Philtre (EKF) offer adaptive
features of updating the parameter since they are
perpetually analysed based on the measurement
samples. These techniques allow real time monitoring
of parameter changes making models more accurate
and robust to changes in load and environmental
conditions. It is observed that online estimation
methods are being actively used in energy storage
and power systems due to their efficacy in
computation and flexibility [3], [4].

Regardless of such developments, the current
literature is still limited in a number of ways.
Numerous works are either on high-fidelity
electrochemical models or simplified ECMs with
insufficient consideration of the trade-off between
reality and applicability in real-time. Moreover, much
of the work is dependent on offline parameter
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estimation which limits the model to changing grid
conditions. Moreover, battery models are sometimes
validated by simple error measures and not a
comprehensive assessment of dynamic performance,
e.g. transient response and grid-interaction
capability. Above all, the battery modelling
framework is little to be integrated with the grid
level application framework where variable like
voltage regulation, frequency support and power
tracking are indispensable in real life applications [1],
(5], [9].

The main gap on the research, according to
discussion above, is that there are no adaptive and
real-time modelling frameworks, which integrate
efficiency in computations and high accuracy and
have been validated under grid-based operating
circumstances. The current methods lack the real-
time flexibility, are based on inadequate validation
metrics, or fail to cover the needs of both
contemporary applications of the smart grid. Thus,
the necessity to have a dynamic equivalent circuit
modelling coupled with real-time parameter
estimation method and extensive evaluation of
performance is evident to allow the reliable
functionality of flow bacteria in grid support.

3. Prorosep Dynamic EQuivaLENT CIrcurT
MobEL

A multi-RC equivalent circuit modelled in The venin
form is presented, involving the dynamic behaviour of
the flow battery, was found to be effective in
capturing transient and steady-state nature, in
different load conditions. The model proposed is an
open-circuit voltage (OCV) source, internal ohmic
resistance, and several RC branches, which represent
polarisation effects. In particular, the second-order
RC is used to represent the network (simply referred
to as 2-RC model) and to create a compromise
between modelling precision and calculation
efficiency, which is appropriate when used in real-
time grid applications. The initial RC branch is fast
dynamism of reaction related to electrochemical
reactions whereas the second branch is slower
diffusion and concentration processes. The structure
will allow high resolution of voltage dynamics in the

process of charge/discharge. The entire Ccircuit
arrangement of the suggested equivalent circuit
model is demonstrated in Fig 1 where all the
electrical components are clearly stated with the
interconnections of the components. Terminal
voltage of the flow battery is given in terms of open-
circuit voltage, ohmic voltages and polarisation
voltages over the RC branches. The voltage dynamic
behaviour may be modelled as:
Vi () = V5 (SOC) — 1(ORy — V1(¢)
- (1)

Where V,is the terminal voltage, V,. is the open-
circuit voltage dependent on the state of charge
(SOC),R, where the internal resistance is denoted by
R (i), I(t) is the current in the battery and V1, V2 is
the polarisation voltages across the RC networks. This
is because the time evolution of the polarisation
voltages is determined by the first order differential
equation that can be succinctly expressed in state
space as:

x(t) = Ax(t) + Bu(t), y(t)

= Cx(t) + Du(t) (2)

In the case where the state vector x(t) comprises
of polarisation voltages, input u (t) is the current,
and output y(t) is the terminal voltage. The system
dynamics are represented by the matrices A,B, C,D
and they are obtained depending on the circuit
parameters. The suggested model presupposes that
the open-circuit voltage is largely a state-of-charge-
dependent term, and the nonlinear electrochemical
characteristic can be represented at SOC-dependent
terms. The effects of temperature are simplified and
assumed to be constant so as to simplify the
complexity of computation, this is understandable in
situations of short duration’s dynamic analysis or
controlled operating conditions. It has also been
stipulated that in the model, a quasi-linear
approximation is taken to the dynamics of the
system, and the nonlinearities are indirectly
addressed using methods of adaptive parameter
estimation. Such assumptions allow formulating a
computationally efficient but precise enough model,
which can be used in grid support applications in real-
time.
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Fig 1. Equivalent Circuit Diagram of Flow Battery.

4. ApAPTIVE PARAMETER ESTIMATION FRAMEWORK

Dynamics of flow batteries need to be represented
accurately and this involves the constant
determination of model parameters in different
operating conditions. Battery characteristics in
practical applications like internal resistance and
polarisation behaviour are altered by load and state
of charge variation and effects of ageing in a grid
application. Thus the formulation of this paper makes
the parameter estimation an online estimation
problem, in which the model parameter will be
updated in real-time to reduce the difference
between the measured and the desired terminal
voltage. The aim is to have high modelling accuracy
and at the same time allow computation efficiency
that can be implemented in real-time. Recursive
Least Squares (RLS) algorithm is used to do this
because it is a simplistic method of estimation that
converges rapidly. The parameters of RLS are updated
iteratively through a weighted least-squares cost
function that is minimised using incoming data
through measurements. To enable the model to fit
time-varying system dynamics a forgetting factor is
added which assigns greater weight to the current
data. This aspect is especially relevant to flow-based
batteries that are going to work according to dynamic
load demands. This algorithm guarantees fast
convergence of parameters including internal
resistance and RC branch components and thus it is
very applicable in real time application with limited
computer processing capability.

Also, with RLS, Extended Kalman Philtre (EKF) is
also adopted to model nonlinearities such as those in
battery dynamics. Compared to the linear estimation
methods, EKF offers a recursive prediction-correction
process in an attempt to estimate the states and
parameters of the system concurrently. During the

prediction step, the system states are predicted
according to the model equations, the correction step
predicts these estimations with the help of
measurement feedback. It enhances the ability to
handle noise and modeling uncertainties which allows
more accurate nonlinear battery behavior to be
tracked especially in transient operating conditions.
The general principle of adaptive estimation
framework implementation is to constantly obtain
input-output data where the primary inputs are the
current in the battery and the voltage on the
terminal. These indicators are operated in a real-time
update cycle in which the estimation algorithms
update the parameters of the model to an increasing
refinement at every time step. When assessing the
convergence of the algorithms, the stability, and
speed of the parameter update can be considered to
be able to determine the consistency and reliability
of the estimated values over time. The combination
of both RLS and EKF in the presented framework gives
a supportive trade-off between computational
reduction and estimation quality, thus making it
possible to have strong real-time modelling of flow
batteries to be used in grid support processes.

5. SIMULATION SETUP AND SYSTEM
CONFIGURATION

The suggested dynamic equivalent circuit model and
adaptive parameter estimation model is tested in
terms of a very detailed simulation background
written in Matlab/Simulink. The simulation will be
created to, in a way, simulate real operating
conditions of flow battery systems within grid-level
applications that will allow one to evaluate both the
modelling performance and dynamic performance.
The flow battery system is set to representativeness
using electrically significant parameters involving
grid-scale energy storage works. It has nominal

4 Transactions on Energy Storage Systems and Innovation | Apr - Jun 2026



A.Yamini : Dynamic Equivalent Circuit Modeling of Flow Batteries for Real-Time Grid Support Applications

voltage of the battery ranging between 48 and 120 V,
and a rated capacity of a few kilowatt-hours based on
operating conditions in the field. The model of
equivalent circuit includes internal resistance, and
two RC branches; the initial parameter values are
chosen according to the common battery parameters
and revised with the help of real-time estimation
simple algorithms. Open-circuit voltage is considered
to be influenced by state of charge, taking care of
nonlinear behaviour of voltages of the system in
various operating conditions.

The simulation will consist of variable loads and
disturbance scenarios in order to test real-time grid
support capability. Step changes in load demand are
also used to examine transient response and random
build and decay profiles are used to represent real-
world conditions including renewable energy
intermittency. Further, to determine the strength of
the proposed model when subjected to stress
conditions, disturbance events like the sudden
increment of loads and fluctuations in voltage are
also included in the study. Such situations allow
studying the regulation of voltages, tracking of
power, and balance in the entire system.

To test a performance with the adaptive model, they
are opted to be benchmarked on the conventional
models, such as, a user determined equivalent circuit
model and a fixed-parameter ECM. The static model
is one in which the parameters remain constant
during the operation whereas the fixed-parameter
model operates with fixed values unchanged with
real-time. These models of baselines can be used as a
benchmark to demonstrate how adaptive parameter
estimation can be used to enhance modelling
accuracy and dynamic response. The comparative
analysis is done on minimising the error, speed of
responses and the performance of a system when the
operating environment is the same. This kind of
simulation framework will facilitate a controlled but
viable setting to test the efficiency of the suggested
approach so that the findings will be credible as well
as applicable to the real world in terms of grid
support applications.

6. ResuLTs AND MoDELING AcCURACY EVALUATION

The results of the operation of the proposed dynamic
equivalent circuit model with adapt control of the
parameters estimation are estimated at the changing
load conditions to evaluate the modelling reflection
and the dynamic behaviour. The outcomes evidenced
the usefulness of the suggested method in the
accurate representation of the voltage response and

better performance of the system than the traditional
models. The voltage tracking behaviour is evaluated
by comparing the experimental terminal voltage and
the predicted voltage using the proposed model. As
shown in Fig 2, the voltages measured and those
estimated follow each other closely in both steady
and transient conditions. At a sudden change in load,
the proposed model has a small scale of deviation,
highest voltage error will not exceed a range of +0.12
V, whereas the conventional model (equipped with
fixed parameters) has bigger scale deviations that will
not go past +0.35 V. It proves the adaptive model
capability to follow dynamically the system behaviour
by real time.

Standard metrics which are the Root Mean
Square Error (RMSE), Mean Absolute Error (MAE) and
coefficient of determination (R?) are used to
quantitatively assess the modelling accuracy. The
results of the proposed RLS/EKF-based model are
0.085 V-RMSE and 0.067 V-MAE, which are
significantly better than the result of the baseline
static ECM which is 0.152 V-RMSE and 0.121 V-MAE.
This is equivalent to the 44 % decrease in RMSE and
45 percent decrease in MAE. Further, the proposed
model (R?= 0.97) shows better correlation
coefficients of R 2 than the baseline model (R%= 0.89)
which means that the model agrees well with the
voltage measured in the baseline model and
estimated voltages. The dynamics of the system are
also tested to determine the temporary performance.
In the proposed model, the rise time is higher, i.e.
0.18 s as opposed to the 0.32 s in the fixed-parameter
model. Equally, the settling time is lowered by 0.75 s
to 0.42 s, which shows stability and responsiveness of
the system moved at an excellent state. The
overshoot also is reduced, and the proposed model
experiences the lowest overshoot in 2.8 % as
compared to the traditional model of about 6.5 %
under the same circumstances. These findings
validate the idea on the fact that adaptive parameter
estimation plays a paramount role in improving the
transient characteristics of the response of the
system.

It examines the convergence nature of the
estimated parameters so as to assess the nature of
stability and robustness of the estimation algorithms.
The RLS estimated estimation will converge to the
optimal solution within 0.25 s where EKF method only
converges more slowly but shows higher stability in
the presence of noise. The parameters such as
internal resistance and RC branch parameters are
estimated and constant and stable after convergence
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with little oscillations, signifying the method has
been stable to operate suitably. On the contrary,
fixed-parameter models do not change with
conditions and cause a system of persistent modelling

suggested adaptive modelling model can offer
significant gains in the quality of voltage tracking,
dynamic response and parameter stability, which
makes it well adapted to the real time grid support
applications.

errors. In general the findings verify that the
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Fig 2. Measured vs Estimated Voltage Curve.

7. GRID SuPPORT PERFORMANCE

The value of the adaptive modelling framework
proposed is analysed by power tracing, voltage
control and stabilisation of frequency in case of
dynamic loads. The findings show that the benefit of
integrating real-time parameter estimation to the
flow battery system improves the responsiveness and
stability of this flow-based system in grid-connected
cases. The power tracking functionality is estimated
by making a comparison between the reference
power demand and the actual power delivered by the
flow battery system. The suggested model as
illustrated in Fig 3 will trace the changes in loads
with minimum delays as the figure indicates. The
tracking error is limited to a range of 2.5% and the
traditional fixed-parameter model demonstrates
greater variations up to 7.8 percent when there are
abrupt load variations. This is due to the fact that the
enhanced load-following accuracy is due to the
adjustment of internal parameters, which makes the
system sensitive to fast demand changes.

Voltage regulation performance is determined
through the measurement of the difference between
the terminal voltage and the nominal value of the
voltage in the dynamic operation. The maximum
voltage deviation in the proposed approach is fixed at
a maximum of 1.6%, which is lower than the 4.3 in

the baseline model. This is a high level of
improvement in voltage stability in different MCs
associated with load and disturbance changes. The
adaptive estimation model makes sure that the model
captures the internal battery dynamics in an accurate
manner, thereby, providing the ability to control and
minimising voltage oscillation. The frequency support
capability is tested by examining the response that
the system undertakes to abrupt load shocks. The
model proposed achieves an improvement of the
conventional system in frequency stabilisation by
minimising frequency deviation of the proposed
system by half (0.18 Hz versus 0.42 Hz). The
frequency recovery settling time is also decreased by
half, as the slope is less by 0.85 to 0.48 s and portrays
quicker system response. The increased frequency
control owes mostly to the fact that the dynamic
representation of the battery system is accurate, and
through it, the power could be injected into the grid
timely and precisely.

In general, the findings verify that the suggested
adaptive equivalent circuit modelling method can be
highly effective to enhance the performance of grid
support in the aspects of the accuracy of the power
tracking, the stability of the voltages, and regulation
of the frequencies. The effectiveness of the
suggested framework to apply in real-time smart grid
is justified by these enhancements.
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Fig 3. Power/Voltage/Frequency Response.

8. CoMPARATIVE ANALYSIS

To demonstrate the enhancement of the model in
terms of accuracy, rapidity of response and stability
of the system, the behaviour of the proposed
adaptive dynamic equivalence circuit model is
contrasted with traditional methods, such as a
stationary equivalent circuit model, and a fixed
values estimation technique. The comparison will be
made in similar operation conditions to provide the
fair evaluation of all the models. Regarding the
accuracy of the model, the proposed methodology
shows a clear decrease in the error measures. The
error metrics of the Root Mean Square Error (RMSE) in
the proposed model is lower by 0.152 V that was in
the static model which equals to an approximate of
44% smaller in the proposed model. Likewise, the
Mean Absolute error (MAE) decreases to 0.067 V,
0.121 V, respectively, which means that it is a good
fit in the voltage estimation. The greater correlation
coefficient (RZ = 0.97) obtained using the proposed
method proves again that it is much better to
represent the dynamics of the system than the
baseline model (R = 0.89).

The dynamic response features are also
significantly enhanced using the proposed adaptive
framework. Rise time is dropped down to 0.18 s
compared to 0.32 s, and the settling time is dropped
down to 0.42 s compared to 0.75 s, meaning an
increased rate of system response and better
transient response. Moreover, the gross profit margin
is reduced by 6.5 percent in the standard model, but
the value of 2.8 percent in the new strategy. These
findings show that parameter adaptation in real time
can be better used to monitor fast load changes, and
develop a system that is more responsive to the

system. Stability analysis also suggests the benefits of
the suggested approach. The adaptive estimation
algorithms guarantee a consistent convergence of the
model parameters which minimises the oscillations
and averts the divergence under changing operating
conditions. Conversely, the fixed and the static
models are equally characterised by persistent error
and lack of stability when subjected to distortion and
subjected to load variations. The model proposed has
a consistent performance without a significant
variation in the estimated parameters, which means
that it is robust and reliable to use in real-time. In
general, the results of the comparison show definitely
that the suggested adaptive modelling strategy excels
the traditional ones in terms of accuracy, speed of
response and stability. A low level of RMSE, rapid
dynamic response, and enhanced convergence of
model parameters combine to achieve the success of
the presented framework in grid support application
with real time.

9. D1scussIoN

As the results show, adaptive parameter estimation is
able to significantly enhance the performance of the
suggested dynamic model of an equivalent circuit.
The main cause of this betterment is that the
algorithmic models like RLS and EKF have the
capacity to automatically regulate the model
parameters in harmony with the altering operating
conditions. In contrast to the factors of the non-
adaptive models, which have preset values and do not
allow that the variability of the systems is taken into
account, the adaptive estimation makes sure that the
internal resistance and polarisation effects are
properly monitored during the running time. This
causes less modelling error, better voltage prediction
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and better transient response, especially as load
variations vary dynamically. Dynamic modelling is
essential in making flow batteries provide useful grid
support. The proposed model enables given control of
the windowed system operation by precision in time-
varying system behaviour representation so that
power injection and voltage control can be shift
controlled. This has a direct effect on grid stability
particularly in cases where there is a fluctuating
renewable energy source and when there is an abrupt
unpleasant load perturbation. The enhanced power
tracking performance and minimised frequency
deviation of results indicates the significance of using
dynamic battery models in contemporary smart grid.
In the absence of such modelling, control strategies
can be poor in quick response or feedback and
eventually, the systems do not respond well.
Real-time ability is one of the key benefits of the
planned solution. A combination of computationally
efficient estimation methods enables the model to
operate in a continuous mode with no much delay and
it makes it viable in a real-world application in the
energy management processes and grid control.
Moreover, reliable system behaviour guaranteed by
the high accuracy of the adaptive parameters is
necessary to guarantee stability in the voltages and
sustain the grid. Tight integration between real-time
flexibility and the enhanced degree of accuracy
makes the offered framework a good candidate when
it comes to more intensive energy storage
integration. These advantages however have some
trade-offs. Compared to the traditional fixed
parameter models, the adaptive estimation
algorithms introduce more complexity to the
computing requirements as well, which can be an
impediment to the implementation of these models in
the resource-limited embedded systems. Moreover,
EKF as well as other estimation methods is also
sensitive to measurement noise, model uncertainties
and may not converge or may not be stable without
tuning. Such restrictions notwithstanding, overall
performance improvements in accuracy,
responsiveness and grid support capability offset the
extra-computational burden, and the suggested
solution could be considered an effective and viable
solution to the real-time energy-storage applications.

10. LIMITATIONS

Although the suggested dynamic equivalent circuit
model and adaptive estimation framework have
performed promisingly, there should be some
setbacks related to the model. To start with, the

validation of the suggested approach is performed
purely with the wuse of simulation within a
MATLAB/Simulink  environment.  Although the
simulation arrangement is meant to model realistic
operating conditions, the simulation model does not
explicitly reflect all the real world uncertainties and
nonlinearities of systems to which a grid-connected
system belongs. Consequently, the behaviour shown
in simulation might be different to the one that is
shown in the real hardware conditions. Second,
experimental and hardware validation of the
proposed model is not present in the study. The lack
of real-time hardware testing does not allow
evaluating the practise of implementation issues
related to sensor errors, communication delays, and
controller restrictions. The validation of the
hardware-in-the-loop (HIL) or embedded system
would be required to verify the practicality of the
proposed estimation algorithms in the real-time and
their resilience to the actual operating conditions.

Lastly, modelling reduces the complexity of
thermal conductivity of the flow battery system.
Computational efficiency assumes that temperature
effects, which may have a big impact on the
performance of the battery, internal resistance, and
degradation characteristics, are constant. It can be
simplified, making the model less accurate in other
environments or long time operation where thermal
processes are important. Detailed thermal modelling
would be more realistic but would have high
computation cost. All in all, the suggested framework
shows good performance under simulation, but these
constraints indicate the necessity of further
validation and improvement of the model to make it
reliable in the practise application in a grid.

11. Future WoRK

As the offered adaptive dynamic equivalent circuit
modelling framework has a good performance in the
simulation, there are some directions that could be
pursued in relation to increasing its practical
applicability and robustness. The implementation of
the model and estimation algorithms suggested on
FPGA or embedded platforms is one of the
extensions. These would allow low latency and real-
time implementation and make the system feasible to
be deployed in real-world energy management
systems to prove the efficiency of the RLS and EKF
algorithms in hardware-constrained settings. The
other potential line is the combination with artificial
intelligence-driven methods of estimation, including
Artificial Neural Networks (ANN) and Reinforcement
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Learning (RL). These schemes have the ability to
improve parameter estimates by learning nonlinear
relationships that are complicated and adjusting to
different operating circumstances than traditional
techniques. Al based estimation models can also work
towards enhancing accuracy, noise resistance, and
predictive ability particularly in the extremely
dynamic grid conditions.

Hardware-in-the-loop (HIL) test is also a key
milestone towards making the suggested system
viable. Through interconnection with hardware
simulators, this provides the ability to test system
performance to realistic operating conditions, such as
the measurement noise, communication delays and
control constraints. This would help balance the
simulation and actual deployment to give a more
accurate evaluation on the behaviour of the system.
Lastly, the incorporation of the suggested modelling
framework into smart grid frameworks provides great
opportunities that future studies can offer. This
involves integrating the model in complex energy
management systems to have the various distributed
sources of energy be controlled in coordination and
thus enhance better load balancing, demand response
and stability in the grid. This integration would also
help to cement the position of adaptive flow battery
models as an important element of new-generation
intelligent energy systems.

CoONCLUSION

The suggested dynamic equivalent modelling as an
adaptive dynamic circuit has proven to raise the
performance of the flow bath systems in regard to
real-time grid support applications. The combination
of multi-RC modelling and real-time estimation of the
parameters with the assistance of RLS and EKF
algorithms is effective to improve the accuracy of the
modelling, minimise the error of the voltage
estimation and increase the correlation with the
measured data. Adaptive character of the model
allows better dynamic response, which is increased
rise time, reduced settling time and minimised
overshoot in different load conditions. Besides, the
framework brings out superior grid support
performance through the attainment of reliable
power tracking, better voltage regulation, and low
frequency deviations. These findings prove the point
that the proposed method is suitable to be applied to
the storing of real-time energy and it provides a
stable and computationally efficient solution.
Altogether, the high efficiency and versatility of the
suggested solution point to its applicability in the

context of large-scale use in the smart grid and the
next-generation energy management systems.
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