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Abstract

Cell balancing is a critical requirement for ensuring the safety and longevity of super-
capacitor (SC)-based energy storage systems (ESSs). While conventional series-parallel
active balancing methods predominantly utilize a fixed 50% duty ratio, this static control
mechanism fundamentally limits the energy transfer rate, particularly under severe initial
voltage imbalances and non-ideal cell variations. To accelerate the equalization process
without incurring the cost, volume, and complexity penalties of hardware modifications,
this paper proposes a dynamic duty modulation (DDM) technique. The proposed DDM
algorithm adaptively adjusts the switching duty ratios in real-time based on the instanta-
neous voltage deviations of individual cells. A discrete-time mathematical model is derived
to evaluate the convergence behavior, analytically proving that the dynamic approach
requires significantly fewer switching cycles than the conventional fixed-duty method. The
mathematical superiority and practical feasibility of the proposed technique are strictly
validated through comprehensive PSIM simulations. Quantitative simulation results con-
firm that the proposed DDM reduced the balancing time by over 48% and proportionally
decreased the total number of switching cycles compared to the conventional method,
providing an enhanced dynamic performance suitable for advanced battery management
systems (BMSs).

Keywords: supercapacitor; energy management; cell balancing; dynamic duty modulation

MSC: 93C55

1. Introduction
Energy storage systems (ESSs) are essential for grid stability and renewable integration [1,2].

Among various storage technologies, supercapacitors (SCs) are increasingly crucial due to their
high power density and rapid cycling capabilities [3,4]. However, utilizing SCs effectively
requires advanced management strategies to handle critical operational challenges, particularly
at the cell level [4]. To address these, recent research has focused on electrochemical property
characterization and diverse applications, ranging from electric vehicles (EVs) to regenerative
power systems [5,6].

In this context, cell balancing is a fundamental requirement for the performance, safety,
and longevity of ESSs [7,8]. Voltage imbalances inevitably lead to capacity reduction and
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potential hazards such as overheating, which can severely compromise the system lifespan and
operational safety [9,10]. While various active and passive balancing methods exist, conventional
research has focused primarily on efficiency and cost-effectiveness, leaving the investigation
into improving dynamic performance and balancing speed relatively insufficient [11,12].

Recent efforts to overcome these speed limitations often rely on complex hardware-
level optimizations, such as employing multi-winding transformers, active clamp circuits,
or adding auxiliary switch matrices [13–15]. While these hardware-centric approaches can
improve equalization speed, they inevitably increase the system volume, implementation
cost, and overall design complexity [15,16]. On the other hand, existing adaptive or closed-
loop control schemes applied to the balancing systems in the literature rely on hardware
modifications or complex state observers to enhance the balancing performance [17–20].
Consequently, without relying on auxiliary hardware interventions or incurring excessive
computational loads, it is difficult to adapt dynamically to instantaneous voltage variation,
leading to performance degradation in severe initial imbalance scenarios [21–23]. To allevi-
ate such computational loads, advanced mathematical approaches like characteristic value
techniques [24] have recently been introduced to approximate complex device behaviors
with efficient reduced-order models. However, while these modeling techniques reduce
analytical complexity, achieving fast dynamic equalization in real-time embedded systems
still necessitates a low-complexity control algorithm.

Therefore, this paper proposes a dynamic duty modulation (DDM) technique to
enhance the balancing performance of a series-parallel cell balancer in supercapacitor
ESSs. The proposed method accelerates the voltage equalization process by dynamically
adjusting the duty ratios based on real-time voltage deviations, rather than relying on
conventional fixed-duty switching. The key innovation of this paper lies in achieving
convergence acceleration entirely through a computationally efficient method without
requiring any auxiliary hardware modifications and complexity. By responding adaptively
to the dynamic state of the energy transfer process, the proposed method significantly
improves the equalization speed on the existing series-parallel topology. As a result,
the proposed DDM method offers a fast and cost-effective balancing solution that is suitable
for practical embedded implementations.

The remainder of this paper is organized as follows. Section 2 presents the theoretical
foundation of the series-parallel cell balancer and analyzes the operational limitations of the
conventional fixed-duty control mechanism. Section 3 details the proposed DDM technique
and analytically demonstrates its mathematical superiority through a comparative convergence
analysis. Section 4 provides comprehensive PSIM simulation results under various imbalance
scenarios to validate the practical feasibility and accelerated balancing speed of the proposed
approach. Finally, Section 5 concludes this paper with a summary of the key findings.

To facilitate the readability of the mathematical derivations presented in the subse-
quent sections, the most important symbols and parameters are defined in Table 1.

Table 1. Nomenclature of key parameters.

Symbol Description

SCn, BCn Supercapacitor cell and its corresponding balancing capacitor
CSC, CBC.n Capacitance of the supercapacitor and balancing capacitor
VSC.i, VBC.i Instantaneous voltage of the i-th supercapacitor and balancing capacitor
IBC.i Current flowing into the i-th balancing capacitor
Vav Average voltage
∆VSC.i Voltage deviation of the i-th supercapacitor from the average voltage

https://doi.org/10.3390/math14142552

https://doi.org/10.3390/math14142552


Mathematics 2026, 14, 2552 3 of 15

Table 1. Cont.

Symbol Description

Rs Equivalent on-resistance of the active switches
D Fixed PWM duty ratio (typically 0.5)
DA, DB Dynamically modulated duty ratios for the upper and lower cells
Dmax, Dmin Physical hardware saturation limits for the duty ratio
l1, l2 Gains for dynamic duty modulation
Ts, k Sampling time (switching period) and discrete-time step index
α, ψ Circuit-dependent exponential decay factors
ϵ User-specified acceptable voltage imbalance threshold
kconv, kprop Number of switching cycles required for convergence

2. Mathematical Formulation of Series-Parallel Cell Balancer Operation
In this section, we present the theoretical foundation and mathematical modeling of

the series-parallel cell balancing topology. The operational structure of the cell balancer is
shown in Figure 1, where each supercapacitor cell (SCi) is connected through a balancing
capacitor (BCi) and four switches.

Figure 1. Series-parallel cell balancing topology.

2.1. Operational Principle of Series-Parallel Cell Balancer

The series-parallel cell balancing topology is depicted in Figure 1. This configura-
tion consists of supercapacitors (SCn), balancing capacitors (BCn) and switches (Sn_m)
(∀n ∈ N, m = 1, 2, 3, 4). The operation of the series-parallel cell balancer can be categorized
into two distinct stages, differentiated by the state of the odd-numbered (m = 1, 3) and
even-numbered (m = 2, 4) switches.

During the 1st stage, the odd-numbered switches transition to the closed state, while
the even-numbered switches remain in the open state. This configuration establishes
a direct connection between each SCn and its corresponding BCn. The current flow is
determined by the voltage potential difference between SCn and BCn, and continues until
their voltages equalize.

Subsequently, in the 2nd stage, the odd-numbered switches transition to the open state,
and the even-numbered switches close. This configuration connects all BCn in parallel,
allowing current to distribute and flow according to the individual voltage potentials
of each BCn. This current flow continues until the voltage differences converges to zero
between the BCn capacitors are equalized.
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The 1st and 2nd stages alternate continuously until the voltage differential between all
SCn elements is deemed sufficiently equalized to meet the system’s balance criteria.

Figure 2 illustrates the timing diagram of the conventional PWM control method used
to implement this balancing strategy. In this scheme, Ts represents the sampling time and D
denotes the duty ratio of the PWM signals. The complementary PWM signals are employed
to control the operation of the odd-numbered and even-numbered switches, respectively.

Figure 2. Timing diagram of PWM control.

2.2. Problem Statement

To evaluate the energy transfer characteristics of the conventional PWM control method,
an experimental analysis was conducted across various duty ratios. Table 2 presents the
measured balancing currents for experimental results under an identical condition, while
Figure 3 visualizes the corresponding experimental waveforms. In ideal, symmetrical con-
ditions, a 50% duty ratio is generally considered the theoretical optimal value for this
topology [25].

However, the experimental results in Table 2 reveal a critical limitation of applying a
single fixed-duty ratio in a real-world scenario. While Experimental result 1 achieves its
maximum RMS current (835 mA) at exactly a 50% duty ratio, Experimental result 2 reaches
its peak current (739 mA) at a 55% duty ratio. The variation in the optimal operational duty
occurs because practical SC cells possess non-ideal characteristics, such as variations in
initial voltage gaps, equivalent series resistance, and capacitance tolerances.

The discrepancy highlights the fundamental flaw of the conventional fixed-duty
control mechanism. Because the maximum energy transfer point varies depending on
the instantaneous physical state of each cell, applying a uniform 50% duty ratio across
the entire system inevitably compromises the balancing speed under conditions similar
to Experimental result 2. Conversely, fixing the duty ratio at 55% would deteriorate the
energy transfer for conditions corresponding to Experimental result 1. Therefore, it is
mathematically and practically difficult to define a static duty ratio that optimizes the
equalization process for all cells simultaneously.
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Table 2. Current measurements of a cell with different PWM duty ratios.

Duty Ratio Experimental Result 1 Experimental Result 2

10% 495 mA 433 mA
20% 680 mA 609 mA
30% 779 mA 684 mA
40% 820 mA 729 mA
50% 835 mA 738 mA
55% 819 mA 739 mA
60% 805 mA 726 mA
70% 772 mA 705 mA
80% 668 mA 618 mA
90% 457 mA 444 mA

(a) (b)

Figure 3. Experimental waveforms of the series-parallel cell balancer using the conventional method
with different PWM duty ratios: (a) Experimental result 1 and (b) Experimental result 2.

Consequently, to maximize the balancing current and minimize the overall equaliza-
tion time, it is necessary to move beyond a static duty ratio approach. The duty ratio must
be individually and dynamically modulated in real time according to the instantaneous
voltage differences of each cell. Therefore, we define the inherent operational limitation of
the conventional method in the subsequent section.

2.3. Mathematical Formulation for the Conventional Method

At a given iteration k, the voltage of any cell i and its corresponding balancing capacitor
are denoted VSC.i(k) and VBC.i(k). The current into BCi is given by Ohm’s law as

IBC.i(k) =
VSC.i(k)− VBC.i(k)

Rs
(1)
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where Rs is the on-resistance of the switches. The same applies for another cell j:

IBC.j(k) =
VSC.j(k)− VBC.j(k)

Rs
(2)

The average system voltage, used as the balancing reference, is defined as

Vav(k) =
1
n

n

∑
h=1

[VBC.h(k)− IBC.h(k)Rs] (3)

where VBC.h(k) and IBC.h(k) are h-th balancing capacitor’s voltage and current and n is the
total number of cells. This average ensures all cells are equilibrated with respect to global
energy distribution.

The deviation of each cell is

∆VSC.i(k) = VSC.i(k)− Vav(k)

∆VSC.j(k) = VSC.j(k)− Vav(k)
(4)

∆VSC.i and ∆VSC.j represent the cell-to-mean error signals that must be minimized.
The dynamics of each balancing capacitor voltage are, for discrete time Ts with balanc-

ing capacitor CBC.i,

VBC.i(k + 1) = VBC.i(k) +
Ts

CBC.i
IBC.i(k) (5)

and similarly for CBC.j,

VBC.j(k + 1) = VBC.j(k) +
Ts

CBC.j
IBC.j(k) (6)

The supercapacitor voltages are updated as

VSC.i(k + 1) = VSC.i(k)−
Ts

CSC
IBC.i(k) (7)

VSC.j(k + 1) = VSC.j(k)−
Ts

CSC
IBC.j(k) (8)

CSC is the supercapacitor’s capacitance.
Expanding IBC.i(k) into Equations (5) and (7) yields

VBC.i(k + 1) = VBC.i(k) +
Ts

CBC.iRs

(
VSC.i(k)− VBC.i(k)

)
VSC.i(k + 1) = VSC.i(k)−

Ts

CSCRs

(
VSC.i(k)− VBC.i(k)

) (9)

The update laws for cell j can be derived identically.
For analytical convenience in the discrete-time modeling, it is assumed that ideal

conditions apply where CBC.i = CBC.j = C and parasitic elements (e.g., equivalent series
resistance and parasitic inductance) are negligible. Define α = Ts/(CRs). Then

VBC.i(k + 1) = VBC.i(k) + α(VSC.i(k)− VBC.i(k))

VSC.i(k + 1) = VSC.i(k)− α(VSC.i(k)− VBC.i(k))
(10)

and likewise for j.
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Applying the above update laws N times with a fixed PWM on-fraction D, the system
follows an RC charging law for each cell:

∆VSC.i(k + 1) = ∆VSC.i(k)
(
1 − D[1 − e−α]

)
∆VSC.j(k + 1) = ∆VSC.j(k)

(
1 − D[1 − e−α]

) (11)

where 1 − e−α is the normalized voltage equalization per switching step. Equation (11)
thus governs the convergence speed of errors for SCi, SCj under fixed duty.

Recursively applying Equation (11) for k steps yields

∆VSC.i(k) = ∆VSC.i(0)
(
1 − D[1 − e−α]

)k

∆VSC.j(k) = ∆VSC.j(0)
(
1 − D[1 − e−α]

)k
(12)

The condition for effective balancing is

|∆VSC.i(k)| ≤ ϵ, |∆VSC.j(k)| ≤ ϵ (13)

The system is regarded as successfully balanced, and the control algorithm is terminated,
when all cell deviations are within a small positive threshold ϵ.Here, ϵ > 0 is the user-
specified allowed voltage imbalance at which the balancing is considered complete; that
is, the cell bank is practically voltage-equalized whenever the maximum deviation is less
than ϵ.

Solving Equation (12) for k gives the minimum cycles needed for cell i, j to balance:

kconv.i = kconv.j =
ln
(
|∆VSC(0)|

ϵ

)
− ln(1 − D(1 − e−α))

(14)

3. Dynamic Duty Modulation
In this section, we introduce the proposed method designed to enhance the balancing

performance and efficiency of series-parallel energy systems. The balancing of cell volt-
ages in series-parallel energy systems plays a critical role in determining system stability,
longevity, and efficiency. To improve balancing performance, the dynamic duty modula-
tion approach is proposed, wherein the duty ratios of balancing circuits are dynamically
adjusted based on real-time voltage deviations. This section provides a detailed derivation
of the required mathematical models and convergence analysis.

Figure 4 depicts the timing diagram of the proposed method. DA is the duty ratio for
Si_1 and Si_3, and DB is the duty ratio for Sj_1 and Sj_3.

Figure 4. Timing diagram of the proposed control method.
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During the first stage, as illustrated in Figure 5a,b, the switches Sj_1 and Sj_3 transition
to the closed state. The proposed method implements adaptive duty modulation based on
voltage differences.

We define the dynamic modulation of duty ratios as

DA(k) = D + a(k), DB(k) = D − b(k) (15)

where D is the baseline duty ratio, and a(k) and b(k) are voltage-dependent terms, ex-
pressed as

a(k) = l1 max(0, VSC.i − Vav)

b(k) = l2 max(0, Vav − VSC.j)
(16)

To manage peak transient currents within the safe operating area of the switches, the mod-
ulated duty ratios are practically bounded to DA(k), DB(k) ∈ [Dmin, Dmax], where
Dmax = 0.9 and Dmin = 0.1 represent the physical hardware saturation limits.

(a) (b)

(c)
Figure 5. Operational principle of the proposed dynamic duty modulation: (a) 1st stage, (b) 2nd
stage, (c) 3rd stage.

Remark 1. Here, Gains l1 and l2 utilize values normalized with respect to the voltage deviation
(∆VSC.i and ∆VSC.j) to ensure that the adaptive modulation terms remain appropriately scaled. To
maintain system stability and prevent oscillatory divergence, these gains must be strictly bounded.
The stability criterion of the difference equations requires the absolute value of the error decay factor
to be strictly less than 1. This establishes the mathematical upper bounds for gains, such that
|1 − D · ψ − l1 · ψ| < 1 and |1 − D · ψ + l2 · ψ| < 1. Satisfying these conditions ensures that the
iterative balancing process converges monotonically without exceeding the defined saturation limits.
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The voltage deviation for the higher-voltage cell evolves according to the equation:

∆VSC.i(k) = ∆VSC.i(k − 1)
[
1 − DA(k − 1)

(
1 − e−α

)]
(17)

Substituting DA(k − 1) = D + a(k − 1), we rewrite the following:

∆VSC.i(k) = ∆VSC.i(k − 1)
[
1 − (D + a(k − 1))

(
1 − e−α

)]
= ∆VSC.i(k − 1)[1 − D · ψ − a(k − 1) · ψ]

(18)

where we define ψ = 1 − e−α.
Similarly, for the lower-voltage cell,

∆VSC.j(k) = ∆VSC.j(k − 1)
[
1 − DB(k − 1)

(
1 − e−α

)]
(19)

Substituting DB(k − 1) = D − b(k − 1), this becomes

∆VSC.j(k) = ∆VSC.j(k − 1)
[
1 − (D − b(k − 1))

(
1 − e−α

)]
= ∆VSC.j(k − 1)[1 − D · ψ + b(k − 1) · ψ]

(20)

The convergence of the system is defined as the point where all voltage deviations
meet the following condition:

|∆VSC.i(k)| ≤ ϵ, |∆VSC.j(k)| ≤ ϵ (21)

where ϵ represents the threshold for acceptable voltage deviation. Iteratively expanding
the evolution equations, we express

∆VSC.i(k) = ∆VSC.i(0)
k−1

∏
h=0

[1 − D · ψ − l1 · ψ · max(0, VSC.i(h)− Vav)] (22)

∆VSC.j(k) = ∆VSC.j(0)
k−1

∏
h=0

[
1 − D · ψ + l2 · ψ · max(0, Vav − VSC.j(h))

]
(23)

For convergence analysis, the number of iterations ki and k j required for the higher-
voltage and lower-voltage cells, respectively, are derived as

ki =
ln
(
|∆VSC.i(0)|

ϵ

)
− ln(1 − D · ψ − l1 · ψ)

(24)

k j =
ln
( |∆VSC.j(0)|

ϵ

)
− ln(1 − D · ψ + l2 · ψ)

(25)

In contrast, the convergence time for a fixed-duty modulation method, where
a(k) = b(k) = 0, is given as

kconv =
ln
(
|∆VSC(0)|

ϵ

)
− ln(1 − D · ψ)

(26)

with ψ = 1 − e−α.
To prove the fast convergence performance of the proposed method mathematically,

we compare the denominators. Because l1 > 0 and the voltage deviation is strictly positive,
the decay factor 1− D · ψ − l1 · ψ is strictly less than the conventional factor 1− D · ψ. Since
the natural logarithm ln(x) is a monotonically increasing function over its domain (0, 1),
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taking the natural logarithm yields ln(1 − D · ψ − l1 · ψ) < ln(1 − D · ψ) < 0. Multiplying
both sides by −1 reverses the inequality:

− ln(1 − D · ψ − l1 · ψ) > − ln(1 − D · ψ) > 0 (27)

As the denominator is strictly larger for the DDM method, the overall fraction ki strictly
decreases. An identical mathematical proof holds for k j assuming an appropriately defined
negative gain logic for the lower cell expansion. Therefore, comparing ki, k j, and kconv, it
logically follows as:

kprop = max(ki, k j) < kconv (28)

The proposed DDM method achieves superior performance by introducing adaptive terms
a(k) and b(k), which accelerate voltage equalization by dynamically responding to voltage
variations. The duty modulation process is shown in Figure 4, illustrating actual time series
for DA(k), DB(k) and their impact on cell convergence according to Equations (15)–(28).
Consequently, this sequential mathematical derivation conclusively demonstrates the
superiority of the proposed DDM method.

4. Simulation
4.1. Simulation Setup

In this section, the mathematical superiority and practical performance of the proposed
method are verified through comprehensive simulations. First, the simulation environment,
including the circuit topology and critical control parameters, is detailed. Subsequently,
the comparative simulation results are presented to demonstrate the accelerated voltage
convergence speed of the proposed method against the conventional fixed-duty method.

To validate the operational principle of the series-parallel cell balancer, a simulation
model was developed using the PSIM software (version 2025, Altair Engineering, Inc.,
Troy, MI, USA), as depicted in Figure 6. In this model, CSC and CBC were set to 10 F and
1 mF, respectively. To ensure high precision in capturing the transient dynamics of the
balancing currents and cell voltages, the simulation time step was rigorously tuned to
100 µs (0.0001 s). Furthermore, the control execution period and the switching frequency
of the active MOSFETs were configured to 10 kHz. The initial test condition assumes an
intentional voltage imbalance, where the supercapacitor cells start at 2.001 V and 1.999 V,
respectively. To verify performance under more extreme scenarios, a larger initial imbalance
condition (e.g., 2.1 V vs. 1.9 V) was also simulated. Additionally, to explicitly evaluate the
impact of the equivalent series resistance (ESR), the SCs were configured at 0.001 Ω and
0.01 Ω as supplementary simulation conditions.
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Figure 6. Simulator of the series-parallel cell balancer.

4.2. Simulation Result

Figure 7a presents the comparative simulation results, which illustrate the cell voltage
trajectories during the equalization process. The red waveforms show the voltage conver-
gence behavior under the conventional fixed-duty method. The blue waveforms show the
dynamic response under the proposed method. As can be seen in the initial state, while the
voltage deviation is at its maximum, the proposed method significantly increases the energy
transfer rate by adaptively expanding the duty ratio in proportion to the voltage gap. Conse-
quently, cell voltages under the proposed method converge to the target equalized voltage
of 2.0 V more rapidly than under the conventional method. Furthermore, Figure 7b shows
the comparison result of the balancing performance under a more severe initial imbalance
condition (2.1 V and 1.9 V). In this extreme condition, the conventional fixed-duty method
presents a prolonged equalization period due to its restricted static energy transfer. In contrast,
the proposed DDM method actively sustains a faster convergence speed throughout the large
voltage deviation period. To quantitatively validate this superiority, Table 3 compares the
balancing times under each initial imbalance condition. The results confirm that the proposed
DDM method significantly accelerates the equalization process, achieving an over 62.76% and
48.68% relative time reduction in each imbalance condition.

Figure 8 presents the comparative balancing current profiles for Cell 1. It is observed
that the proposed method generates a higher peak current with an extended duty cycle
compared to the conventional method. This adaptive behavior is the fundamental mech-
anism behind the accelerated balancing performance. The duty ratio modulated by the
proposed method allows for a larger energy transfer across the balancing capacitor, thereby
facilitating faster voltage convergence under imbalance conditions.

To explicitly evaluate the impact of real-world physical losses, which were simplified in
the idealized mathematical model, additional simulations were conducted by integrating the
ESR of SCs. Figure 9 illustrates the dampening effect of the ESR on the voltage convergence
speed. As the ESR increases, the voltage applied to the balancing capacitor decreases due to
internal IR drops, and a portion of the transferring energy is dissipated as heat. So, the actual
charge transferred per switching cycle is reduced, which inevitably dampens the equalization
speed and requires more balancing cycles to reach the equalized voltage compared to the
ideal condition. Nevertheless, the results confirm that the proposed DDM method mitigates
the degradation, achieving voltage equalization in 77.049 s—a 48.47 % relative time reduction
compared to the 149.522 s required by the conventional method under the 0.001 Ω condition.
Furthermore, under the 0.01 Ω condition, the proposed method completed the equalization in
78.997 s, maintaining a relative time reduction of 47.34 % against the conventional method
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(>150 s). Consequently, by adaptively modulating the duty ratio, the proposed method allows
for a larger energy transfer, thereby facilitating faster voltage convergence.

(a) 2.001 V and 1.999 V

(b) 2.1 V and 1.9 V
Figure 7. Comparative simulation results of the conventional method and the proposed method
under different initial voltage imbalance conditions.

Figure 8. Comparative simulation result of IBC.1 between the conventional method and the
proposed method.

https://doi.org/10.3390/math14142552
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(a) 0.001 Ω

(b) 0.01 Ω
Figure 9. Comparative simulation results of the conventional method and the proposed method
under different equivalent series resistances.

Table 3. Quantitative comparison of balancing time under different initial voltage imbalances.

Control Method Initial Voltages
(VSC.1 & VSC.2)

Balancing
Time (s)

Relative
Time Reduction (%)

Conventional 2.001 V & 1.999 V 10.107
Proposed DDM 2.001 V & 1.999 V 3.763 62.76

Conventional 2.1 V & 1.9 V 148.547
Proposed DDM 2.1 V & 1.9 V 76.229 48.68

5. Conclusions
This paper proposed the DDM method to overcome the inherent speed limitations of

conventional series-parallel cell balancers in supercapacitor ESSs. Through experimental
analysis, it was demonstrated that a static 50% duty ratio fails to maximize energy transfer
due to variations in real-time voltage gaps and non-ideal cell characteristics. To address
this limitation, the proposed DDM method adaptively modulates the duty ratios based on
instantaneous cell-to-average voltage deviations. A mathematical convergence analysis
was conducted, conclusively proving that the proposed DDM method significantly reduces
the required number of balancing cycles compared to the conventional fixed-duty approach.
Furthermore, PSIM simulations verified that the DDM method considerably accelerates
the equalization process, particularly under severe initial imbalance scenarios. Specifically,
the quantitative evaluation demonstrated that the DDM method reduced the balancing
time by up to 62.76% in simulation results, consistently ensuring a faster equalization
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process and fewer switching cycles compared to the conventional static 50% duty ratio
method. The key contribution of this study lies in achieving fast dynamic balancing
performance through algorithmic advancements, eliminating the need for complex and
costly hardware modifications. Ultimately, the proposed DDM offers a highly efficient,
versatile, and cost-effective solution for advanced battery management systems.

While the proposed DDM method significantly accelerates the balancing speed, it
inherently induces higher peak transient currents due to the expanded duty cycles, present-
ing a physical trade-off with the switching stress imposed on the MOSFETs. Furthermore,
although the dampening effect of component conduction losses was evaluated via simu-
lation, unmodeled hardware-level bottlenecks, such as sensor noise, ADC quantization
errors, and processing delays, remain limitations of the current study. To address these
practical issues, our future work involves establishing a Hardware-in-the-Loop Simulation
(HILS) framework alongside a precision hardware prototype based on a high-performance
digital microcontroller. By utilizing the HILS platform, we will verify the experimental
performance of the proposed DDM method while explicitly reflecting real-world embedded
implementation constraints. This subsequent research will integrate digital noise filtering,
thermal stress analysis, and energy efficiency optimization to comprehensively evaluate the
sustained performance and long-term reliability of the proposed DDM method in advanced
BMS applications.

Author Contributions: Conceptualization, Y.S.S. and Y.L.; Methodology, S.L.; Validation, S.L.; Formal
analysis, T.J.; Investigation, W.K., Y.S.S. and Y.L.; Data curation, T.J.; Writing—original draft, T.J.;
Supervision, W.K. and Y.L.; Project administration, Y.L. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported in part by the Korea Institute of Energy Technology Evaluation
and Planning (KETEP), the Ministry of Climate, Energy & Environment (MCEE) of the Republic
of Korea (KP002715/DC Grid Energy Innovation Research Center), the Information Technology
Research Center (ITRC) support program (IITP-2026-RS-2024-00437756), funded by the Ministry
of Science and ICT (MSIT, Republic of Korea) and supervised by the Institute for Information &
Communications Technology Planning & Evaluation (IITP), and also supported by the Chung-Ang
University Research Scholarship Grants in 2026.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding authors.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Lamb, J.J.; Pollet, B.; Burheim, O. Energy Storage. In Hydrogen, Biomass and Bioenergy: Integration Pathways for Renewable Energy

Applications; Springer: Cham, Switzerland, 2020; pp. 125–161.
2. Conte, M. Supercapacitors Technical Requirements for New Applications. Fuel Cells 2010, 10, 806–818.
3. Berrueta, A.; Ursúa, A.; San Martín, I.; Eftekhari, A.; Sanchis, P. Supercapacitors: Electrical Characteristics, Modeling, Applications,

and Future Trends. IEEE Access 2019, 7, 50869–50896.
4. Naseri, F.; Karimi, S.; Farjah, E.; Schaltz, E. Supercapacitor Management System: A Comprehensive Review of Modeling,

Estimation, Balancing, and Protection Techniques. Renew. Sustain. Energy Rev. 2022, 155, 111913.
5. Burke, A.; Liu, Z.; Zhao, H. Present and Future Applications of Supercapacitors in Electric and Hybrid Vehicles. In Proceedings of

the 2014 IEEE International Electric Vehicle Conference (IEVC), Florence, Italy, 17–19 December 2014; pp. 1–8.
6. Manoharan, S.; Krishnamoorthy, K.; Sathyaseelan, A.; Kim, S.-J. High-Power Graphene Supercapacitors for the Effective Storage

of Regenerative Energy during the Braking and Deceleration Process in Electric Vehicles. Mater. Chem. Front. 2021, 5, 7395–7404.
7. Linzen, D.; Buller, S.; Karden, E.; De Doncker, R.W. Analysis and Evaluation of Charge-Balancing Circuits on Performance,

Reliability, and Lifetime of Supercapacitor Systems. IEEE Trans. Ind. Appl. 2005, 41, 1135–1141.

https://doi.org/10.3390/math14142552

https://doi.org/10.3390/math14142552


Mathematics 2026, 14, 2552 15 of 15

8. Faria, J.; Fernandes, A.; Pombo, J.; Calado, M.R.A.; Mariano, S.J.P.S. Supercapacitors Voltage Balancing Methods: A Compre-
hensive Review. In Proceedings of the 2022 IEEE International Conference on Environment and Electrical Engineering (EEEIC),
Prague, Czech Republic, 28 June–1 July 2022; pp. 1–6.

9. Izadi, Y.; Beiranvand, R. A Comprehensive Review of Battery and Supercapacitor Cells Voltage-Equalizer Circuits. IEEE Trans.
Power Electron. 2024, 39, 2671–2703.

10. Diab, Y.; Venet, P.; Rojat, G. Comparison of the Different Circuits Used for Balancing the Voltage of Supercapacitors: Studying
Performance and Lifetime of Supercapacitors. In Proceedings of the 12th European Conference on Power Electronics and
Applications (EPE), Aalborg, Denmark, 2–5 September 2007; pp. 1–7.

11. Lee, Y.; Jeon, S.; Bae, S. Comparison of Cell Balancing Methods for Energy Storage Applications. Indian J. Sci. Technol. 2016, 9, 92316.
12. Ghotekar, A.A.; Kushare, B.E. Review Paper on Recent Active Voltage Balancing Methods for Supercapacitor Energy Stor-

age System. In Proceedings of the 2019 IEEE 16th India Council International Conference (INDICON), Rajkot, India,
13–15 December 2019; pp. 1–6.

13. Uno, M.; Tanaka, K. Single-Switch Cell Voltage Equalizer Using Multistacked Buck-Boost Converters Operating in Discontinuous
Conduction Mode for Series-Connected Energy Storage Cells. IEEE Trans. Veh. Technol. 2011, 60, 3635–3645.

14. Uno, M.; Tanaka, K. Single-Switch Multioutput Charger Using Voltage Multiplier for Series-Connected Lithium-Ion Bat-
tery/Supercapacitor Equalization. IEEE Trans. Ind. Electron. 2013, 60, 3227–3239.

15. Yang, H.; Yang, H. A Reconfigurable Supercapacitor Cell Balancing Circuit Based on a CLLC Converter and Multiple Switch
Banks. IEEE Trans. Power Electron. 2024, 39, 1793–1805.

16. Narayanaswamy, S.; Steinhorst, S.; Lukasiewycz, M.; Kauer, M.; Chakraborty, S. Optimal Dimensioning of Active Cell Balancing
Architectures. In Proceedings of the 2014 Design, Automation & Test in Europe Conference & Exhibition (DATE), Dresden,
Germany, 24–28 March 2014; pp. 1–6.

17. Maneesut, K.; Supatti, U. Reviews of Supercapacitor Cell Voltage Equalizer Topologies for EVs. In Proceedings of the 2017 14th
International Conference on Electrical Engineering/Electronics, Computer, Telecommunications and Information Technology
(ECTI-CON), Phuket, Thailand, 27–30 June 2017; pp. 604–607.

18. Caspar, M.; Eiler, T.; Hohmann, S. Systematic Comparison of Active Balancing: A Model-Based Quantitative Analysis. IEEE Trans.
Veh. Technol. 2018, 67, 920–934.

19. Li, H.; Peng, J.; He, J.; Huang, Z.; Wang, J. Observer-Driven Charging of Supercapacitors. IEEE Trans. Ind. Informat. 2020, 16,
3694–3702.

20. Li, F.; Chang, T.; Li, H.; He, P.; He, W. Cooperative State-of-Charge Balancing of Supercapacitors: A Switched Systems Approach.
IEEE Trans. Ind. Appl. 2025, 61, 1019–1030.

21. Uppal, A.A.; Javed, S.B.; Ahmed, Q. Power Losses Aware Nonlinear Model Predictive Control Design for Active Cell Balancing.
IEEE Control Syst. Lett. 2024, 8, 71–76.

22. Wang, S.-C.; Liu, C.; Liu, Y. A Non-Dissipative Equalizer with Fast Energy Transfer Based on Adaptive Balancing Current Control.
Electronics 2020, 9, 1990.

23. Ye, Y.; Cheng, K.W.E.; Fong, Y.C.; Xue, X.D.; Lin, J. Topology, Modeling, and Design of Switched-Capacitor-Based Cell Balancing
Systems and Their Balancing Exploration. IEEE Trans. Power Electron. 2017, 32, 4702–4716.

24. Fortuna, L.; Garraffa, G. Characteristic Value Techniques to Approximate Warburg Diffusion Devices. Energies 2025, 18, 3408.
25. Ye, Y.; Cheng, K.W.E. Modeling and Analysis of Series–Parallel Switched-Capacitor Voltage Equalizer for Battery/Supercapacitor

Strings. IEEE J. Emerg. Sel. Top. Power Electron. 2015, 3, 977–983.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/math14142552

https://doi.org/10.3390/math14142552

	Introduction
	Mathematical Formulation of Series-Parallel Cell Balancer Operation
	Operational Principle of Series-Parallel Cell Balancer
	Problem Statement
	Mathematical Formulation for the Conventional Method

	Dynamic Duty Modulation
	Simulation
	Simulation Setup
	Simulation Result

	Conclusions
	References 

