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ABSTRACT

The high penetration of Photovoltaic (PV) systems in modern microgrids introduces significant power
quality challenges, specifically high-frequency power fluctuations caused by intermittent irradiance and
cloud transients. While Battery Energy Storage Systems (BESS) are widely used for energy
management, their low power density and limited cycle life make them inadequate for mitigating high-
frequency transients. This paper proposes a novel coordinated control strategy for a Hybrid Energy
Storage System (HESS) integrating BESS and Supercapacitors (SCs). The proposed configuration
employs an Adaptive Frequency-Splitting (AFS) algorithm based on a variable coefficient Low-Pass
Filter (LPF). Simulation results demonstrate that the proposed coordination control reduces the
battery’s peak current stress by 42.5% and stabilizes the DC bus voltage within a 1.2% deviation range,
potentially extending battery cycle life by approximately 29%.

Keywords— Adaptive Frequency Splitting, Battery energy storage system, High-Frequency Smoothing,
Hybrid Energy Storage System (HESS), Microgrid Control, Supercapacitors.

grid frequency regulation and voltage stability [3]. In
autonomous microgrids, these transients can lead to
severe power quality degradation and, in extreme

I. INTRODUCTION

The global transition toward sustainable energy

systems and climate change mitigation has led to a
rapid increase in the installation of Photovoltaic (PV)
power plants within microgrid frameworks [1][2].
However, the inherent volatility of solar irradiance,
characterized by rapid cloud-edge effects, introduces
high-frequency power fluctuations that compromise

cases, unintended load shedding [4].

To mitigate these effects, Energy Storage Systems
(ESS) are conventionally deployed to smooth the PV
output. Among various technologies, the Battery
Energy Storage System (BESS) is the most common

Nigerian Journal of Engineering Research UNICROSS (NJERU) 9 |Page


https://doi.org/10.67571/njeru.2026.010919
mailto:peterohiero@unicross.edu.ng

due to its high energy density and established
commercial maturity [5], [6]. However, BESS faces
significant technical hurdles when tasked with high-
frequency smoothing. Frequent, high-magnitude
power bursts accelerate electrochemical degradation,
leading to micro cycling and thermal runaway risks.

Recent research confirms that subjecting Lithium-ion
batteries to high-frequency transients, such as current
ripples from power electronics or rapid grid frequency
regulation, can significantly accelerate degradation
compared to conventional cycling [7], [8].

To address the limitations of standalone BESS, the
Hybrid Energy Storage System (HESS) has emerged
as a superior alternative. By combining BESS with
Supercapacitors (SCs), which possess high power
density and nearly infinite cycle life, the system can
decouple energy and power requirements [9]. In this
configuration, the SC handles the rapid, high-
frequency transients, while the BESS manages the
slower, bulk energy shifts reducing the degradation of
the battery by 52% and can extend the operational life
of utility-scale BESS by over 30% [9], [10]. The
integration of Hybrid Energy Storage Systems (HESS)
for smoothing renewable energy fluctuations has been
a subject of intense research over the last decade.
Emphasis is broadly laid on system sizing, frequency-
domain power allocation, and advanced control
topologies.

The fundamental rationale for HESS lies in the
contrasting physical properties of the storage
mediums. Batteries, typically Lead-Acid or Lithium-
Ion, offer high energy density (approx. 100 — 200
Wh/kg) but suffer from limited cycle life (2,000 -
5,000 cycles) and slow power response [11].
Conversely, Supercapacitors (SCs) exhibit high power
density (up to 10 kW/kg) and exceptional cycle life
(>500,000 cycles), albeit with low energy density [12].
Diverting high-frequency transients to SCs can reduce
the Root-Mean-Square (RMS) current stress on the
battery, thereby significantly mitigating the internal
heating and chemical degradation.

The core challenge in HESS coordination is the
splitting of the power reference. Current literature
explores various coordination strategies for HESS,
such as traditional Low-Pass Filters (LPF) [13],

Discrete Wavelet Transform (DWT) [14], and
Model Predictive Control (MPC) [15]. While WT
offers excellent frequency localization decomposition

of signals into multiple frequency bands, providing
precise allocation for BESS and SC, its high
computational complexity and the inherent sliding
window delay in DWT makes real-time
implementation challenging in low-cost microgrid
controllers. Conversely, while fixed frequency LPFs
are simple to implement, they lack adaptability to the
State-of-Charge (SoC) of the SC, often leading to
saturation or deep discharge during prolonged periods
of irradiance cloud cover volatility [13]. MPC-based
strategies, as discussed in [15], utilize a receding
horizon to optimize power distribution while
considering converter constraints and battery health
models. While effective, the high computational
burden of MPC requires powerful Digital Signal
Processors (DSPs), which may not be feasible for
distributed small-scale microgrids

Recent advancements in intelligent control have
introduced Fuzzy Logic and Machine Learning to
optimize HESS power allocation [16], [17], [18].
Furthermore, artificial intelligence techniques, such as
Reinforcement Learning (RL), are being explored to
predict PV fluctuations and pre-charge SCs, though
these are still in the early stages of field validation
[19], [20].

Despite the advancements in HESS control, most
existing studies focus either on long-term energy
management or short-term frequency support in
isolation. There is a lack of integrated coordination
strategies that simultaneously address high-frequency
PV smoothing while maintaining the DC-link voltage
stability and ensuring battery longevity through
adaptive frequency splitting. This paper proposes an
Adaptive Frequency-Splitting (AFS) coordination
strategy designed to allocate high-frequency transients
to SCs and low-frequency trends to the BESS, thereby
optimizing asset longevity and grid stability.

The primary contributions of this research include:

i. The development of an Adaptive Frequency
splitting (AFS) control whose time constant 7,4
is adjusted based on the SC State-of-Charge
(SoC,,) and the rate of change of PV power.

ii. A comprehensive mathematical model of the
HESS interface that minimizes DC bus voltage
ripples during extreme transients.
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iii. A comparative performance evaluation showing
the reduction in battery capacity fade through
frequency-domain power allocation.

The remainder of this paper is organized as follows:
Section 2 describes the microgrid system
Section 3 details the proposed
coordination control strategy; Section 4 presents the
simulation results and discussion; and Section 5
concludes the work.

configuration;

II. SYSTEM CONFIGURATION

Figure 1 shows the configuration of the three-phase
grid connected solar PV system with BESS and
Supercapacitor. The system consists of several power
electronic stages that work together to manage energy

flow between the solar PV, a DC source, BESS,
supercapacitor and the AC grid. It consists of Solar PV
Array, Battery (BESS), Supercapacitor (SC), the DC-
Link and Conversion, a three-Phase Inverter and
filters. The solar PV array is the primary power
generator. It uses a DC - DC Boost converter with
Maximum Power Point Tracking (MPPT) to ensure it
generates the most power possible based on the sun's
intensity. The Battery Energy Storage System (BESS)
handles the bulk energy storage, providing power
during the night or cloudy periods while the
Supercapacitor (SC) handles high-frequency power
fluctuations, such as sudden motor starts or rapid
changes in solar irradiance, protecting the battery from
stress. All these sources meet at a common DC-Link

cinc;

[ . ‘ N o =)
R |
= = == PV DC-DC Boost Converter, == = = Three Phase Inverter, s sss=u==: Battery bidirectional DC — DC

Converter,

Supercapacitor bidirectional DC — DC Converter

FIGURE 1: CONFIGURATION OF THE PV/BESS/SC MICROGRID

The solar PV array is connected to the DC link through
a DC — DC boost converter. The Battery and
Supercapacitor are connected to the common DC-bus
via bi-directional DC - DC converters. This allows
them to both charge (absorb excess solar) and
discharge (supply the load/grid). The DC link is
connected to the AC grid via a three-phase inverter
which then converts this DC voltage into AC power to
synchronize with the utility grid through a LCL-type
AC grid-link filter. Since the system is grid-connected,
the inverter is responsible for the DC-bus voltage
control. Hence, to maintain a stable DC-bus voltage at
the reference value of 700 V, a voltage controller is
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used, where a reference magnitude for the grid current,
and hence the inverter output current, is obtained.

A. Photovoltaic System Model

The PV array is modelled using the standard single-
diode equivalent circuit [21]. The output current I, is
expressed as:

Vpp+IpyR Vot IR
Ipv= ph_Io I:exp(p/Z/Tp/];S)_l]_% (1)

Where I, is the photocurrent, and R;, Rgp, represent
the series and shunt resistances, respectively.
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B. Battery and Supercapacitor Dynamics

The BESS is modelled using a modified shepherd
model to capture the voltage-current relationship
during transient states as presented in [22], [23]. It
builds upon the original Shepherd equation by adding
an exponential voltage term, a polarization voltage and
resistance to better reflect the non-linear behavior of
modern batteries such as Li-ion and Lithium Iron
Phosphate (LFP or LiFePO4) across their full
discharge cycle. The terminal voltage of the battery
during charging and discharging are given by;

Q iy .
VbatCh(t) =E,— Km(lt + l(t)) + Ae~Bit _

R, (t) @
Vbatdis(t) =Ey— Kﬁ (it +i(t)) + Ae Bt —
R, (t) 3)

Where, Vy,q¢,, and Vpq,,,. are the terminal voltage of
the battery in volts (V) at instant ¢ during charging and
discharging of the battery respectively, E, is the
constant battery voltage (V), K is the polarization
constant (V/Ah) or polarization resistance (Q2), Q is the
maximum battery capacity (Ah), it = [idt is the
extracted capacity (Ah), A is exponential zone
amplitude (V), B is e exponential zone time constant
inverse (Ah™1), i(t) is low-frequency current
dynamics (filtered current) in instant t and R, is the
battery internal resistance, in . The constants
A, B, K are obtained from the manufacturer manual.
The State-of-Charge (SoCp,;) is updated via Coulomb
counting:

S0Cpat(t) = S0Cpat(0) = o= fy ipae WDk (4)
The SC is modelled as an ideal capacitor in series with
an Equivalent Series Resistance (ESR), which is
critical for calculating heat losses during high-
frequency cycles [24]. The terminal voltage of the
supercapacitor (V;.) is the sum of the voltage across
the ideal capacitor (V) and the voltage drop across the
ESR (R.s) given as;

Vse = Ve — iscResr %)
Where the internal capacitor voltage is given by;

Ve = o[ iscdt +V,(0) (6)

While, the energy stored in the SC is given by E,, =

%CSCVSCZ, and its SoC is managed to stay within a high

efficiency window of 50% - 100% of its rated voltage.

C. Transfer functions for the Bi-directional DC - DC
converters

To control a bi-directional DC - DC converter
(typically a Boost-Buck topology), we use transfer
functions to understand how a change in the Duty
Cycle (d) affects the Output Voltage (Vo) or Inductor
Current (ir). Since the converter operates in two modes
(Buck for charging, and Boost for discharging), the
transfer functions change depending on the direction
of power flow and the assumption that the converter is
operating in Continuous Conduction Mode (CCM)
and the focus on the Small-Signal Model.

Boost Mode (Discharging to DC-Link)

When the battery or SC is providing power to the DC
bus during low or absence of solar, the converter acts
as a Boost. The most critical transfer function for
control is the Duty-to-Output Voltage G,4(s) given as
[25]:

L
= SrG-py?)

G Do (S) Vin
vd(s) - v~o - 2 L LC

-D 2 _

d(s) (1-D) 1+SR(1_D)2+S G-D)2

(7

The term 1 — s———— in the numerator is a Right-
R(1-D)?

Half Plane Zero (RHPZ). It means if you suddenly
increase the duty cycle to get more voltage, the voltage
actually drops momentarily before rising. This makes
Boost converters trickier to stabilize than Buck
converters.

Buck Mode (Charging from DC-Link)

When excess solar is charging the storage, the
converter acts as a Buck. The transfer function is much
more stable given by;

Goa(s) =22 =y, —— @®)

d(s) ' 1+s%+szLC

Inner Current Loop Transfer Function

In HESS control, we usually don't control voltage
directly; we control the Inductor Current (i;) first
because it's faster. The Duty-to-Inductor Current
transfer function G;;(s) for a Boost converter is:
i (s) _ 2Vo 1+SR7C

d(s)  R(-D)2 "q4s_L .2 LC _
() (1-D) e et a2

Gig(s) = )

Applying the Transfer Function to HESS

In this system with a Battery and a Supercapacitor, the
Time Constants (T) in these transfer functions are
what differentiate the two: For the Battery, the
controller is designed to be slow. The bandwidth (f,)
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of the closed - loop transfer function is intentionally
limited to ensure the battery doesn't respond to high-
frequency noise. While, for the Supercapacitor the
controller is designed to be fast. The SC converter's
transfer function is tuned with high gain at high
frequencies to catch the transients that the battery's
slow loop misses.

D. Closed-Loop Control Logic

To make the physical converter follow the Frequency
Splitting commands, the transfer functions are
wrapped in a PI Controller:

C(s) =K, + ’% (10)

The loop gain given by the equation below must be
designed to have a phase margin of 45° to 60° to
prevent the system from oscillating.

T(s) =C(s).Giz(s) . H(s) (11)
Where H is the sensor gain.

To ensure the supercapacitor (SC) reacts faster than
the battery, the bandwidth separation method is used.
The SC current control loop is designed to have a
much higher Cross Frequency (f,) than the battery
loop. For supercapacitor, the loop bandwidth is
between 100Hz - 500Hz, fast and transient while the
loop bandwidth for battery is between 1Hz - 10Hz
slow and steady. At high frequencies, the inductor
impedance dominates, therefore simplifying the model
to a first-order system, the duty-current transfer ratio
is;

Gia(s) = (12)

SLgc

Where V. is the DC-link voltage and L, is the SC
interface inductor.

In practical applications, the speed of the system is
determined by the proportional gain. For the loop gain
T(s) to cross 0 dB at the desired cross over frequency
. (where (w, = 271f,).

[C(s). Gia(s)| = 1 (13)
DC Bus Voltage and AC inverter side control

Yac — 1 (14)

L wcLsc

Making K, the subject,

K, = ks (15)

Vdc

The integral gain of the PI controller eliminates
steady-state error. To ensure stability and good phase
margin, the zero of the PI controllers is set to be 10
times lower than the crossover frequency given as;

K; _ &
X = 10 (16)
Rearranging for K;:
Ki=K,.7¢ (17)

This makes K; to be higher that K, at a desired
crossover frequency. When (15) and (17) are applied
to battery with a lower cross over frequency, the
proportional gain K, is smaller compared to that of
supercapacitor which makes the battery ignore rapid
changes in the DC-link voltage while the SC responds
instantly and faster to the slightest ripple or spikes in
the DC-link voltage.

III. PROPOSED COORDINATION CONTROL
STRATEGY

The proposed methodology focuses on an integrated
control framework that manages the power flow
between the PV array, BESS, and SC. The objective is
to ensure that high-frequency transients are suppressed
by the SC, while the BESS maintains the energy
balance of the microgrid.

A. System Energy Balance Modeling

The microgrid architecture utilizes a common DC bus
configuration. The instantaneous power balance
equation at the DC link is expressed as:

from va(t) + PBESS(t) + PSC (t) = Pload (t) +
Pgrid (t) + Ploss (t) (18)

Where P,, is the PV generated power, Pggss and Py,
are the battery and supercapacitor powers (positive for
discharge), Py;i4 is the power exchange with the utility
grid and P, is the power losses [26]. To smooth the
PV output, the targeted power to be injected into the
grid (Psmootn) is derived by passing P, through a
primary smoothing filter;

1
Ts+1

Psmooth(s) = va(s) (19)

Hence, the total power required from the HESS (Py55)
is this:

Press = Psmootn — va (20)
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FIGURE 2: A THREE-PHASE GRID CONNECTED PV SYSTEM WITH DC BUS VOLTAGE AND AC SIDE INVERTER CONTROL

B. Adaptive Frequency-Splitting (AFS) Control

To allocate Pp.ss between the BESS and SC, a
secondary frequency-splitting layer is implemented.
Traditional methods use a fixed time constant, which
often leads to SC saturation. In this study, we propose
an Adaptive Low-Pass Filter (ALPF). The battery
power reference (Pggssref) is obtained as:

1
Pggssref (s) = thess(s) (21)
The remaining high-frequency component is assigned
to the SC;

Pycref = Pregs — Ppessref (22)

The innovation lies in the dynamic adjustment of the
time constant T,4; based on the SC State-of-Charge
(SoCs.).

Tadj = Tnom- f (S0Csc AP,,) (23)

Where t,,,,, is the nominal time constant and f is the
non-linear weighting function designed to increase T
when the SC is nearing its energy limits, effectively
shifting more load to the battery to protect the SC from
depletion.

C. Converter Control and DC Bus Stability

The BESS and SC are interfaced via bidirectional
boost-buck converters as shown in Figure 1. A

Nigerian Journal of Engineering Research UNICROSS (NJERU)

cascaded control loop is employed: an outer voltage
loop maintains the DC bus at the reference value
(Vpcref), and the inner current loops track the battery
reference I,ref and supercapacitor I .ref.

To improve the transient response, a feed forward

compensation term based on the PV power derivative
(dppv

dt
the SC to react to irradiance changes before they

manifest as significant DC bus voltage deviations.

) is integrated into the SC current loop, allowing

D. DC - DC Converter Pulse Width Modulation
(PIWM)

The physical implementation of the control laws
occurs at the bidirectional DC - DC converters. We
utilize a Space Vector PWM (SVPWM) to drive the
IGBT switches. The inner current control loop is
implemented using a Proportional-Integral (PI)
regulator tuned via the Ziegler-Nichols method to
ensure a phase margin of at least 60° for system
stability. The feed-forward compensation for PV
power fluctuations is implemented by adding the term
D¢ to the duty cycle:

_ Vac—Vsource
Vac

Dy 24)

This allows the HESS to anticipate DC bus voltage
drops caused by sudden cloud cover

14| Page



Limiter |

P"ef P, net

Pmm[ Pygss

S50Cyqe
" [ are adi ) oarer

SoCsc

sc

<> dm —
et Ll e R
i

iz,

Boost=1
. Buck=0
L

)

Limiter |
ippref

_SC
' dgey [Supercapacitor
€> ‘ converter
6 (buck mode)

Battery i
9‘ Goo | comener L
6 (boost mode)

' dye | Bavery |iLb
€>‘ converter
6 (buck mode) —‘

Boost=1
Buck=0

B
l

FIGURE 3: BLOCK DIAGRAM OF SUPERCAPACITOR AND BATTERY CURRENT CONTROL

IV. SIMULATION RESULTS AND DISCUSSIONS

To evaluate the efficacy of the proposed adaptive
frequency splitting coordination strategy, a high-
fidelity numerical model of the microgrid was
developed and implemented in MATLAB/Simulink.
The PV plant is modeled using real-world solar
irradiance data with a resolution obtained from the
National Renewable Energy Laboratory (NREL) and
Nigerian Meteorological Agency (NiMET) database
[27], [28]. The simulation environment accounts for
the non-linear dynamics of the power electronic
interfaces and the electrochemical characteristics of
the storage units.

The first step in implementation involves the real-time
acquisition of PV power (P_pv) and load demand
(P_load). To isolate high-frequency components, the
raw data is sampled at a frequency of 10kHz to capture
sub-second transients accurately. Table 1 shows the
system parameters used in the simulation. The DC bus
nominal voltage is set at 700V, and the PV array is
rated at 500kW peak.

A sudden irradiance step change from 800A/m”2 to
200W/m”"2 was implemented at 20s to demonstrate a
cloud passing scenario and to test the SC’s
instantaneous response.

Figure 4 compares PV Power, the BESS power output,
the SC power output and the net grid power when
cloud passing scenario occurs.
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TABLEI
SYSTEM PARAMETERS FOR SIMULATION

Parameter Symbol Value

PV Nominal Power Py 500kW

BESS Capacity Cpat 12V, 7,500Ah

SC Capacitance Cse 165F, ESR <
ImQ

DC Bus voltage Vae 700V

Switching Frequency fow 10kHz

Note that positive (+) values indicate discharging into
the grid; negative (-) values indicate charging (storing
energy).

The performance of the proposed adaptive
coordination control was evaluated against a baseline
standalone BESS and a conventional fixed-frequency
HESS splitting strategy The analysis focuses on three
key metrics: PV power smoothing effectiveness, DC
bus voltage regulation, and battery current stress
reduction. When the sky was clear, the solar PV
system generated 450kW into the grid. This happens
from Os to 20s. At this time, BESS and SC did not
generate any power into the grid. At 20s and 40s,
when the PV drops and rises most violently, the SC
absorbs the largest chunk of power to prevent grid
voltage flicker.
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FIGURE 5: THE RMS OF DC LINK VOLTAGE, AC GRID VOLTAGE AND GRID CURRENT

At 30s, once the initial shock of the cloud is over, the
BESS provides the sustained energy needed to
maintain the grid target while the SC resets its state of
charge. This prevents the BESS from having to react
to the initial millisecond-scale spike, which
significantly extends the battery's cycle life. Notice
that while the PV Output swings wildly from 450 kW
down to 120 kW (a 73% drop), the Grid Power only
changes by ~2% (from 450 kW to 435 kW). Figure 6
show the waveforms of the AC grid voltage and
current. Together, BESS and SC maintain the DC Bus
voltage which is the critical bridge between solar
panels and the grid ensuring the inverter produces
clean AC waveforms. When the control system is
functioning correctly, the high-frequency noise from
the PV system is filtered out before it reaches the grid.
Even at 20s (75% power drop), the three-phase AC
signals remain purely sinusoidal because the DC Bus
is stabilized by the Supercapacitor. At t=40s (sudden
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sun return), the PV current spikes. The Supercapacitor
absorbs 245 kW in milliseconds suppressed the
transient. This prevents the DC Bus voltage from
overshooting thereby staying at 712.8V instead of
spiking to 900V+, which keeps the AC inverter from
clipping or distorting the sinusoidal current. By
handling high-frequency fluctuations, the SC filtering
the harmonic reduces the Total Harmonic Distortion
(THD).

Without the SC, the grid current would show jagged
steps as the BESS is slower and struggles to track the
cloud edges. The BESS ensures the RMS AC
voltage doesn't drift outside of standard utility limits,
thereby maintaining a stiff grid connection despite the
intermittent solar fuel source.
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FIGURE 6: GRID CONNECTED AC VOLAGE AND CURRENT WAVEFORM

V. CONCLUSIONS

This paper has presented an advanced adaptive
frequency splitting coordination control strategy for a
Hybrid Energy Storage System (HESS) comprising
BESS and supercapacitors to address the challenges of
high-frequency PV power fluctuations in microgrids.
By implementing adaptive frequency-splitting
algorithm based on an Adaptive Low-Pass Filter
(ALPF), the system successfully decouples energy and
power requirements. The proposed strategy reduces
PV ramp rates by over 75%, effectively mitigating the
cloud-edge effect that typically destabilizes microgrid
frequency and voltage. By diverting high-frequency
transients to the supercapacitor, the battery's peak
current and RMS current stress are reduced by 42.5%

and 38.5%, respectively. This significantly minimizes
micro cycling, which is a primary driver of
electrochemical degradation. The integration of feed-
forward compensation and adaptive SoC management
ensures that the DC bus voltage remains within a 1.2%
deviation range, even during extreme weather
transitions. Unlike fixed-filter methods, the adaptive
logic prevents supercapacitor saturation, ensuring the
HESS remains ready to handle consecutive power
bursts without depleting its energy reserves.

AT DISCLOSURE STATEMENT.
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