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Integrating second-life batteries (SLBs) into energy storage systems (ESSs)
offers a sustainable and cost-effective solution for extending battery utility.
However, the inherent uncertainties and performance variations of these aged
batteries present significant challenges in maintaining system stability and
efficiency. Hence, this work introduces a robust control strategy employing
an H-infinity H,, controller to regulate a two-phase interleaved boost (IBC)
converter interfacing SLBs. The IBC topology effectively steps up the output
voltage of SLBs while reducing current ripple and enhancing overall system
performance. Also, the developed H_, control, combined with the IBC, ensures
resilience against system uncertainties and load variations, which are common
in applications involving SLBs. Extensive simulation results demonstrate that
the proposed H_ control achieves robust output voltage during transient
and parameters uncertainties, when compared to classical Pl controller. This
validates the proposed system suitability for integrating SLBs into modern battery
energy storage applications. The proposed H_, controller demonstrated over
50% reduction in steady-state output ripples across various tested conditions,
exhibited strong robustness under severe parameter mismatches, and achieved
over 40% faster dynamic response compared to the conventional Pl controller.
These results validate the proposed system'’s suitability for integrating SLBs into
modern battery energy storage applications.

KEYWORDS

interleaved boost converter (IBC), second-life battery (SLB), energy storage system
(ESS), grid integration, H-infinity control

1 Introduction

Battery energy storage systems (BESSs) have become increasingly essential in modern
power grids due to the rapid growth of intermittent renewable energy sources (RESs) such
as solar and wind power. These BESSs provide efficient storage solutions necessary for
maintaining grid stability and reliability (Zhao et al., 2025; Lakshmi and Marimuthu, 2025).
Hence, BESS addresses this intermittency by storing excess energy during periods of high
generation and releasing it when demand peaks or generation drops. Thus, it effectively
contributes to supply-demand balancing and enhances grid reliability. Furthermore, BESS
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improves grid resilience by providing essential ancillary support
such as frequency regulation, voltage regulation, and rapid
response during grid disturbances (Li et al, 2025; Luo et al,
2021; Khan et al, 2025). This capability significantly reduces
reliance on fossil-fuel power plants, lowering operational costs
and minimizing environmental impact (Gokul et al, 2022).
Consequently, utilities and grid operators increasingly integrate
BESS to ensure efficient energy management, improve system
efficiency, and support sustainable energy transitions. This growing
deployment reflects a fundamental shift towards smarter, more
resilient, and environmentally responsible energy infrastructures.
However, adopting BESSs in modern power grids faces several
challenges, among which, high upfront investment costs remain
a significant barrier, despite declining battery prices (Fazeli et al.,
2021; Zhang et al., 2023a). Additionally, limited battery lifespan and
performance degradation over time pose financial and operational
uncertainties (He et al., 2022; Haram et al., 2023).

Hence, second-life batteries (SLBs), which are repurposed from
electric vehicles (EVs) after their initial capacity declines, offer
significant potential to enhance sustainability and cost-effectiveness
in modern power grids. This is due to the fact that SLBs extend the
material lifecycle, considerably reducing environmental impacts
associated with battery disposal and raw material extraction.
The reduced acquisition costs make them particularly attractive
for grid operators and utilities seeking affordable solutions to
manage intermittent renewable energy. Therefore, deploying
SLBs facilitates greater integration of renewables by providing
accessible and scalable energy storage, enhancing grid flexibility
and stability without incurring prohibitive expenses. Thus, SLBs
stand as a crucial component in advancing economically viable
and environmentally responsible energy storage solutions within
modern power infrastructure. Nevertheless, integrating SLBs into
the electric grid involves several notable challenges, particularly the
variability in battery health, nonlinear dynamics, and uncertainties
associated with renewable generation and load fluctuations. These
challenges highlight the need for advanced topologies and control
strategies that can ensure stability and reliability under uncertain
operating conditions and unmodeled dynamics (Dipti et al., 2020;
Mandrile et al., 2023; Hassanpour et al., 2024).

Thus, a two-phase interleaved boost converter (IBC) is selected
in this work since it offers higher power handling capability,
reduced input and output current ripple, and improved thermal
distribution compared to a conventional single-phase boost
converter (Zhu et al,, 2023; Dai et al,, 2023). These features are
particularly important when integrating SLBs, whose degraded
and uncertain characteristics make them more sensitive to ripple
currents and voltage stress. By employing an interleaved structure,
the converter ensures smoother current flow and higher efficiency,
which leads to extending the lifetime of SLBs and maintaining
stable power delivery. At the same time, the inherent parameter
uncertainties of SLBs require a robust control strategy. Even though
classical linear controllers, such as PI control, remain widely used
for power converters because of their simplicity and ease of tuning
in steady operating regions, they are not the suitable controllers for
applications involving SLBs. This is due to the fact that PI control
performance typically degrades under large parametric changes or
operating conditions. Thus, they often require re-tuning or gain
scheduling for different operating points (Wang and He, 2022;
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Shan et al., 2020; Gorji et al., 2019; Hameed et al., 2025). Hence,
adaptive PID control techniques can normally be adopted for
similar systems to track time-varying plants and operating points
(Wu et al., 2022). However, the adaptation mechanism of these
controllers can be too slow to react to sudden load changes or
rapid degradation in SLBs, which may lead to instability during
fast transients. To handle the parametric variations of the SLB
systems, load variations, and the power converter nonlinearities,
advanced control approaches such as sliding mode control (SMC)
might be considered due to their finite-time convergence and strong
matched disturbance rejection. Nevertheless, SMC suffers from
chattering, measurement noise sensitivity, and design complications
when unmatched uncertainties or high switching frequency effects
appear (Zhang et al, 2023b). Model predictive control (MPC)
provides explicit constraint handling and multivariable performance
capability, yet MPC can be computationally heavy for fast switching
converters and requires accurate prediction models and forecasts
(Korada and Mishra, 2023). Thus, H-infinity (H,,) control is an
attractive option for SLB converter interfaces since it provides
a systematic approach to synthesize controllers, which guarantee
stability and achieve specified disturbance rejection and robustness
properties (Naim et al., 1997; Ait et al., 2024; Liu et al., 2025;
Boukerdja et al., 2020; Yildiran and Tacer, 2019). This makes the
presented controller a particularly suitable choice for integrating
SLBs into power converters and modern power grids. The H,
control framework is therefore applied to the two-phase IBC
to guarantee reliable voltage regulation, disturbance rejection,
and robustness against modeling errors and battery variations,
ensuring safe and efficient integration of SLBs into modern energy
storage systems.

This study proposes the use of an advanced control strategy, i.e.,
H
and external disturbances while maintaining desired system

o control, which is capable of mitigating model uncertainties
performance. By enhancing output reference tracking, dynamics
during transients, and output waveform quality, the proposed
approach enables consistent and resilient integration of SLBs
into modern power grids, thereby supporting cost-effective and
sustainable energy storage deployment. A 2-phase IBC was
also considered in this work to link the aged battery system
to a load/grid and ensure smooth energy transfer and further
improve the system’s waveforms quality. While the potential
of SLBs is widely acknowledged (Song et al., 2024), this study
makes a distinct contribution by addressing a critical technical
gap. Unlike previous work which focused on developing new
topologies that can handle hybrid SLB systems (Mukherjee and
Strickland, 2016; Mukherje et al., 2015), the proposed work focuses
on topology and primary control level. The presented work takes
advantage of a well-structured and reliable topology, i.e., IBCs,
and a robust control technique, i.e., H,, control, to efficiently run
a degraded battery system. In other words, this work specifically
addresses the unique uncertainties of SLBs, including degraded
capacity, increased internal resistance, and parameter mismatch of
the model, by applying H., control to a two-phase IBC. Adopting
H
despite the severe parametric uncertainties and nonlinear dynamics

o control on a 2-phase IBC ensures stability and performance

inherent in repurposed battery systems. The contribution of this
work is the demonstration that this controller not only maintains
superior output waveform regulation but also achieves more than
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40% faster dynamic response compared to conventional PI control
during load variations. A significant enhancement in the output
waveforms quality, around 50%, has been observed. Furthermore,
through extensive sensitivity analysis, it has been proven that
exceptional resilience against substantial component variations,
i.e, £30% in inductance and capacitance, a common yet often
overlooked challenge in SLB systems. This study demonstrates
superior robustness and dynamic performance, thus filling a critical
gap in SLB integration for energy storage applications. By solving
the critical problem of power quality and system stability under
uncertainty, this research provides a vital enabling technology that
mitigates a key barrier to the reliable and cost-effective deployment
of SLBs in modern energy storage applications.

2 System description and modeling

The investigated system, shown in Figure 1, consists of a battery
energy storage system (BESS), mainly a SLB connected to a two-
phase IBC through an internal resistance, i.e., R;,, a DC-link
capacitor, i.e., Cpj.» supplying power to a resistive load. The two-
phase IBC consists of two identical boost converter legs connected
in parallel at the input and series-connected at the output through a
common DC bus. The converter consists of, 1) two input inductors,
i.e, L, and L,, one inductor for each phase, to store and transfer
energy during switching; 2) power semiconductor devices, ie., S;
and S,, to control the energy transfer by alternating between ON
and OFF states in each phase, 3) two diodes, i.e., D, and D,, provide
a current path to the output when the switches are OFF, enabling the
inductors to discharge energy to the load, and 4) an output capacitor,
ie, C
phases and maintains a steady DC output voltage (Zhu et al., 2023;

ut to smooth out the pulsating current delivered from both
Dai et al., 2023). The converter supplies power to resistive loads, i.e.,
R, and R, as demonstrated in Figure 1. Together, these components
ensure step-up voltage conversion with reduced ripple, improved
efficiency, and enhanced dynamic response.

Even though the SLB exhibits performance limitations, such
as increased internal resistance and capacity fade as a result of
aging, it serves as an economical and sustainable energy source.
The DC-link capacitor stabilizes the input voltage and smooths
voltage ripples. Hence, the reliability of the conversion stage is
improved. The two-phase IBC is selected to effectively step up
the battery voltage to the required higher DC voltage level, while
reducing input current ripple, and boosting overall conversion
efficiency compared to conventional single-phase converters. A
closed-loop control scheme, described later in this work, is
developed to effectively regulate the converter’s output voltage,
ensuring stable and consistent power delivery to the resistive load
despite the inherent uncertainties associated with SLB performance.
This integrated system offers a promising solution for sustainably
repurposing aged batteries in grid-connected applications.

2.1 Second-life battery (SLB) modeling

In this work, the SLB is modeled to ensure that the aging-
induced has influence on its electrical performance. SLBs exhibit
notable degradation in capacity, internal resistance, and voltage
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behavior as a result of the previous usage in electric vehicles,
thermal stress, and electrochemical wear (Du et al., 2021). The SLB
is represented using an equivalent circuit model consisting of a

voltage source V. (SOC), internal resistance R;,, and degraded

int
capacity Cg. The open-circuit voltage (OCV) is a function of
the state of charge (SOC), represented by a flattened curve due to
aging as in Equation 1,

Voo (SOC) =a-SOC+b 1
where a and b are empirical coeflicients derived from aged battery
characterization data.

The increased R, (typically 0.10-0.30 Q) causes voltage drop
under load that is given by Equation 2,

Vterm = Voc - Iin : Rint (2)
The Cg; p is modeled as in Equation 3,
Csip = Cpresh — (1 = D) (3)

where D is the degradation factor (typically 30-50% capacity loss).
Now, the SOC is calculated using Coulomb counting using
Equation 4,

SOC(t) = SOC(ty) ~ CL r 1(0)dt )
SLB

fo

To account for the performance degradation, the SLB
parameters were adapted based on empirical and literature-
supported degradation trends, as summarized in Table 1. This model
enables the accurate simulation of aged battery dynamics in energy
storage systems, particularly in applications involving renewable
integration or converter-based grid interfacing. It also provides the
foundation for evaluating system-level performance under realistic
operating conditions using degraded battery assets.

2.2 Two-phase interleaved boost converter
(IBC) modeling

The simplified state-space model of the two-phase IBC is derived
by considering averaged converter small signal approach where the
two parallel converter legs are assumed to operate identically but with
a 180° phase shift. This interleaving technique improves performance
by reducing input and output current ripples and distributing thermal
and electrical stress across the switching elements. As illustrated in
Figure 1, each phase of the 2-phase IBC comprises an inductor, i.e.,
L, and L,, a diode, i.e,, D, and D,, and a controlled power switch,
i.e,, §; and S,. Both phases of the two-phase IBC feed into a common

output capacitor, i.e., C,, which is connected to a resistive load. By

out
summing the currents of both phases, the system can be represented
using an equivalent inductance L, and the total output is connected
to a common output capacitor C,,, and a resistive load. The model is
developed assuming continuous conduction mode (CCM) and ideal
components, assuming that the switching ripples and parasitic do
not exist. In this case, two state variables are defined, which are the
output capacitor voltage, i.e., v, and the average inductor current, i.e.,
iy Assuming ideal components, equal current sharing, and perfectly
synchronized operation, the converter can be modeled as a single

frontiersin.org


https://doi.org/10.3389/fenrg.2025.1689813
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org

Alhosaini et al.

10.3389/fenrg.2025.1689813

Rint L1 D1 Switch
L AAN ™M N =
1+ L2 D2
T Bt
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Energgj Clink 1~ S1_E < Cout =~ R1 § R2 §
Storage 2

System

Two-Phase Interleaved Boost
Second-Life Battery DC Link Converter (IBC) Resistive Load

FIGURE 1
The one-line diagram of the system under investigation.

TABLE 1 Comparative parameters of fresh battery and SLB used in the paper.

Parameter Fresh battery value SLB value Justification
Nominal voltage 96 V (default) 96 V (but with sag) Aged batteries retain nominal voltage but sag more
under load
Rated capacity 52.08 Ah (for 5 kW at 96 V) ~36.50 Ah (30% degradation) SLB lose 20%-30% capacity
Initial SOC (%) 100% 50%-80% (variable) Aged batteries may not charge fully
Internal resistance (ohm) ~0.05Q 0.10-0.30 ) (2-3 times increase) Aging increases R

equivalent boost converter with reduced inductor ripple and effective
inductance L/N, where N = 2 for the two-phase case. The state-space
equations of the two-phase IBC developed by analyzing energy storage
elements during switching intervals (Zhu et al., 2023; Dai et al., 2023).

Assuming ideal and symmetrical operation, the inductor
currents share equally, and the total inductor current is
defined as in Equation 5,

i () =ip, () +ipy(8) (5)

Using the ripple-averaged approach, the dynamic behavior of the
converter is described by Equations 6, 7,

dvo (1) , Vour(t)
Cout dt - (1 N d) . lL(t) - Rload (6)
L dig(t) _
N = YO = (=) veu(0) Q)

where v, (t) is the output voltage, v;,(t) is the input voltage, d is the

out
duty cycle, and N = 2 is the number of interleaved phases.
For small-signal modeling, the equations are linearized around

a steady-state operating point as demonstrated in Equations 8-10,

Vout(t) = Vout + ﬁout(t) (8)
i () =1 +i,(t) ©)

Vi (1) = Vi + 9, (1) (10)

Frontiers in Energy Research 04

Assuming d is constant during the perturbation analysis and
only the input voltage v;,(t) is subject to disturbance, the linearized
equations, i.e., Equations 11, 12 become,

() R Vou(t)
o = (1=D)- iy ()= Row (an
Ldi() _ D, (8) = (1= D) - 9, (2) (12)

N d "
To simplify the model, D is assumed to be small, such that (1 -
D) = 1, which yields Equations 13, 14,

d&out(t) _ 2 170ut(t)
Cout At - lL(t) - _Rload (13)
L diy (1) R .
N a - Vin (8) = Voue (1) (14)

Now, let the state vector and input, ie., Equation 15, be
defined as,

. Vol | o
)= . s w(t) = v,(8,  J(8) = 9,,,(8) (15)
I (1)

Finally, the system can be expressed in the standard state-space
form as presented in Equation 16,

x(t) = Ax(t) + Bu(t),  y(t) = Cx(t) + Du(t) (16)

frontiersin.org
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with the system matrices given by Equation 17,

1 1
—_— 0
A= RLoadCout Cout , B= N | C= [1 O], D=0
N =
-7 0 i3

(17)

where the state vector is, x(f) = [vou () i1 (1)]" the control input is
the duty cycle d(t), and the measured output is the output voltage
y(b).

This model captures the essential dynamics needed for controller

design while preserving simplicity for implementation.

3 H-infinity (H_,) control method for
the two-phase interleaved boost
converter (IBC)

In power electronics applications, H,, control has emerged as
a powerful solution for regulating converters and inverters under
varying load conditions, nonlinearities, and parameter drift. It
offers significant advantages over conventional control methods by
providing guaranteed stability margins and superior disturbance
rejection, making it suitable for high-performance energy systems
such as grid-connected converters, renewable energy interfaces,
electric drives, etc. Its ability to handle uncertainties makes H,
control ideal for modern, dynamic power electronic environment.
Hence, in this work, to ensure robust output voltage regulation of
the two-phase IBC under model uncertainties, load disturbances,
and the aging-induced nonidealities of SLBs, an H, controller is
developed for the simplified model of a two-phase IBC system.
The controller is synthesized based on the linearized small-signal
averaged model of the converter, derived around a nominal
operating point as described in section 2.2 of this paper.

H,, control is a robust control technique designed to achieve
optimal performance and stability in systems subject to model
uncertainties and external disturbances. The core idea of H
control is to minimize the worst-case gain (in the H_, norm) from
disturbances to the controlled output, ensuring robust performance
even when exact system parameters are not fully known, which
makes it particularly valuable in applications where reliability and
precision are critical.

Figure 2 presents the feedback structure of the weighted H,
control framework for the two-phase IBC system. The input vector
W = [vouip] " represents the output voltage and inductor current,
while the measured plant output is y = v,,,, is used for feedback.
P(s) represents the two-phase IBC model, while C(s) denotes the
H,, controller to be synthesized. The controller generates the duty
cycle d, which is applied to control the converter’s power switches.
The weighting functions W,(s), W,(s) and W;(s), represented by
W(s) in Figure 2, are stable transfer functions introduced to shape
the error signal, limit the control effort, and enforce robustness
against uncertainties, respectively. The performance output is
defined as z = W(s)y. The closed-loop transfer function from W to
z characterizes the performance of the H, design. The controller
output, expressed by d, corresponds to the duty cycle applied to the
converter switches. The performance output vector z = [z,2,,23] "
includes the weighted signals that capture tracking accuracy, control
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Augmented Plant
Vout
iL R y z
- Pls) - Wy -

d Vout

e C(s) e
¢ |IBC Plant (P(s)) e Inductor Current (iL)
¢ \Weighting Functions (/s)) e Input Voltage (vin)
o He Control (C(s)) o Output Voltage (vout)

e Duty Cycle (d)

FIGURE 2
The feedback structure of the weighted H_ control framework.

activity, and disturbance rejection. The closed-loop transfer function
from W to z, denoted as T,y(s) characterizes the overall system
performance under the H_ design framework.

The goal of mixed-sensitivity H,, control is to synthesize
a stabilizing controller K(s) that minimizes [T, (s),, thereby
guaranteeing good tracking performance, bounded control effort,
and robustness to disturbances and model uncertainties. The
weighting functions specify the desired trade-offs across frequency
ranges such as improved tracking and disturbance attenuation at
low frequencies can be achieved at the cost of reduced attenuation
at higher frequencies, or vice versa. By appropriately designing
these weighting functions, the closed-loop system balances
tracking performance, control effort limitations, and robustness
to uncertainties. It should be emphasized that the generalized
augmented plant, which combines the physical converter model
with the weighting functions, serves only as a mathematical
construct for controller synthesis. Hence, the physical realization
of this augmented system is not required. To achieve the goal of
mixed-sensitivity H,, control, the sensitivity functions S(s), the
complementary sensitivity function 7(s), and the control sensitivity
function K(s)S(s), respectively, are defined as in Equations 18-20,

S(s) = (I+ G(s)K(s)) ™! (18)

T(s) =1-S(s) (19)
K@)

KOO = 5 6oKe 20)

While S(s) describes how well the output follows the reference
signal, T(s) represents how much the output is affected by
measurement noise and model uncertainty. Additionally, K(s)S(s)
governs the control input effort, to prevent actuator saturation
and reduces switching losses. Generally, a low value of S(s) and
T(s) implies better tracking and disturbance rejection, and reduced
noise amplification at high frequencies, respectively. Generally, the
control problem is to minimize the maximum (peak) gain of
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these three weighted transfer functions using the following H_,
norm, i.e. Equation 21,

W (s)S(s)
Ig(isr)l)/ W (s)K(s)S(s) ||| <y (21)
Ws(S)T(S)

where y represents the worst-case closed-loop performance, i.e.,
performance bound, over all frequencies.

The three weighting functions W, (s), W,(s) and W;(s) shape
the desired performance in the frequency domain. To design an
H
critical, as they shape the closed-loop system’s frequency response

o controller, appropriate selection of weighting functions is
to meet performance and robustness specifications. The selection
of W,(s), W,(s) and W,(s) was guided by the converter dynamics
and the desired closed-loop performance. Hence, W, (s), W,(s) and
W;(s) are employed to respectively enforce tracking performance,
limit control effort, and enhance disturbance rejection. These
weights are tuned based on the desired bandwidth, settling time,
and robustness margins, and can be iteratively refined through
frequency-domain analysis or time-domain simulations. For the
system investigated in this paper, the target bandwidth was selected
considering the dominant time constant of the 2-phase IBC, which
is approximately 3.75ms for the system’s parameters. This time
constant leads to a closed-loop bandwidth of about 50 rad/s.
Below this frequency, the sensitivity function should be small
enough to ensure good reference tracking and strong disturbance
rejection, whereas above this frequency, the robustness against
noise and unmodeled dynamics is the priority. Hence, W,(s),
expressed in Equation 22, was shaped to enforce high loop gain
at low frequencies, thereby tightening tracking and disturbance
rejection.

305+ 150

i) =005

(22)

The second weighting function, W, (s), was selected as in Equation
23 to reduce the excessive duty-ratio variations and limit control
effort, which reduces switching stress.

s+ 15

W,(s) = ——
29 s+0.1

(23)
Finally, W;(s), expressed in Equation 24, was designed

to attenuate the complementary sensitivity function at higher

frequencies, ensuring robustness to parameter uncertainties.

75+3
Wi(s) = —

24
s+35 24

These design objectives were verified in the frequency domain
by overlaying the closed-loop transfer functions |S|,|KS| and
|T| with the inverse weights W', W," and W;' to respect the
condition defined in (Zhang et al, 2023b). While the mixed-
sensitivity optimization does not require the closed-loop responses
to strictly remain below their corresponding bounds at all
frequencies, the overlays demonstrated that the chosen weights
yield the intended trade-offs, which are 1) accurate low-frequency
tracking, 2) bounded control effort, and 3) improved high-frequency
robustness. This process ensures that the presented weight selection
is reproducible and that the reported performance improvements
can be directly attributed to these design choices.
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Figure 3 demonstrates the closed-loop control system structure
used for the H, synthesis, whereas Table 2 lists the investigated
system parameters. The 2-phase IBC is modeled as the nominal
plant G(s), with the duty-ratio perturbation as input and the
output voltage as the controlled variable. The control objective
is to regulate the converter output voltage to track the reference
signal V(f) in the presence of load changes, input-voltage
variations, and unmodeled dynamics. The H,, controller K(s)
is synthesized by shaping the three sensitivity channels, which
are the sensitivity function S(s), the control sensitivity function
K(s)S(s), and the complementary sensitivity function T'(s) through
the weighting functions W,(s), W,(s) and W;(s), respectively.
The resulting closed-loop system guarantees a balanced trade-
off among these objectives, with robustness against parameter
uncertainty while maintaining stable and fast output voltage
regulation.

Finally, MATLAB’s augw function was used to construct
the augmented plant, and MATLAB’s hinfsyn function to solve
the problem yields the optimal continuous-time controller
K(s) with performance level y. The resulting K(s) is directly
implemented in Simulink through the LTI System block,
ensuring exact realization of the designed continuous-time
compensator.

4 Simulation results and discussions

To assess the performance of the proposed H, control strategy,
a comparative analysis was conducted against a conventional
PI controller under identical conditions, including steady-state
conditions, load step change, and parameter sensitivity (+30%
inductor value change and +30% capacitor value change). A
summary of the comparisons between the classical PI control and
the adopted H, control is listed in Table 3.

4.1 Comparative performance evaluation
for H_, control and Pl control during a load
step change

During the load step change, the H,, controller demonstrates
superior voltage regulation performance as presented in Figure 4.
Prior to the disturbance at t = 0.15s, the output voltage, v,
precisely tracks the voltage reference, V., and following the load
step, the controller smoothly corrects the voltage dip with minimal
overshoot, i.e. 13.32%, a fast-settling time around 6 ms, and only
3.5V output ripple. In contrast, the PI controller, presented in
Figure 5, shows a more voltage sag, i.e. 15.33%, after the load
step, a slower recovery time, around 10 ms, and larger output
ripple, i.e. 9.30 V. This means that the output voltage under PI
control also exhibits increased ripple and less damping, indicating
weaker transient performance. Additionally, the input voltage drawn
from the SLB drops at the instant of the load change for both
control strategies. However, the system controlled by H, controller
shows less voltage sag and a faster recovery, implying more
efficient energy transfer as illustrated in Figure 4. The PI-controlled
system, presented in Figure 5, shows a deeper and longer-lasting dip,
which could negatively impact battery stress and system stability.
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FIGURE 3

The control block diagram of the proposed H_, control for two-phase IBC.

TABLE 2 Investigated System’s parameters.

Parameter Description ’ Value
Ry Battery Internal 0.150Q
Resistance of SLB
Clink DC link capacitor 860 pF
L, IBC phase 1 inductance 9.80 uH
L, IBC phase 2 inductance 9.80 uH
Cout IBC output capacitor 208 uF
R, Load 1 18Q
R, Load 2 180

As demonstrated in Figures 4, 5, both controllers show a significant
rise in output current following the load increase. However, the
H,, controller achieves this transition more smoothly, with better
damping and no excessive peaking. The PI-controlled system, on
the other hand, exhibits a sharper current transient and slower
stabilization. This suggests that the PI controller is more sensitive
to sudden load changes. The output power under H,, control
increases cleanly and proportionally in response to the load step in,
reaching a new steady-state of only 6.08 ms with minimal oscillation.
In contrast, the PI controller produces a more oscillatory power
transition, with a slightly delayed convergence. The system required
around 10 ms to reach its reference. This illustrates the superior
dynamic power handling capability of the H,, controller, as it can
achieve more than 40% faster dynamic response and more than
50% output ripple improvement considering the system investigated
in this work.

Frontiers in Energy Research

07

4.2 Comparative performance evaluation
for H_, control and Pl control during
parameter sensitivity tests

In this section of this paper, several parameter sensitivity tests
have been performed to evaluate the robustness of the H,, controller
over the classical PI control. These tests include the £30% change in
the inductors” and capacitor’s values of the IBC.

4.2.1 + 30% inductor value change

Based on the results presented in Figure 6 of the parameter
sensitivity test, a clear performance advantage of the H, control
over the conventional PI control is demonstrated when the inductor
value is increased by 30%. The H_, controller maintains excellent
regulation of the converter output voltage despite the parametric
variation, with a tightly bounded deviation from the reference

voltage, V... The maximum observed voltage spike of approximately

ref*
3.37 V during steady-state conditions after the load step change. The
SLB voltage, i.e., Vg 5, also exhibits a stable and smooth discharge
profile. In contrast, the PI controller, depicted in Figure 7, shows
significantly degraded performance under similar conditions.
The output voltage displays substantial dip and sustained
oscillations. Furthermore, the source voltage from the SLB exhibits
fluctuations, indicating higher stress and a less stable operation.
This comparative analysis clearly shows that the proposed H
control strategy possesses superior robustness, maintaining system
stability and performance integrity during parameter uncertainties,
the PI controller is

whereas susceptible to performance

degradation.

4.2.2 -30% inductor value change

The robustness of the H_ control is further validated when the
inductor value is decreased by 30%, as illustrated in Figure 8. Under
this parametric deviation, the H, controller, presented in Figure 8,
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TABLE 3 Quantitative comparison of Pl and H_, controllers under nominal conditions and parameter variations.

Controller Overshoot (voltage Settling time (ms) Output voltage ripple
dip) (%) (V)
PI 15.33% 10 ms 10.05V
Nominal Conditions
Hy, 13.32% 6.08 ms 337V
PI 15.23% 11.63 ms 10.10 V
AL =+30%
Hy, 13.33% 9.67 ms 342V
PI unstable unstable unstable
AL =-30%
Hy, 12.16% 8.58 ms 378V
PI 14.33% 14.01 ms 7.14V
AC =+30%
Hy, 11.33% 9.73 ms 297V
PI 15.66% 14.62 ms 13.28 V
AC =-30%
Hy, 13.00% 6.10 ms 518V
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FIGURE 4
Two-phase IBC results during load step change using H,, controller.

continues to demonstrate better performance, effectively regulating
the output voltage with a deviation of approximately 3.78 V. While
V.5 shows a more dynamic response with a significant dip to 68.9 'V,
it recovers stably, indicating the controller’s ability to manage larger
transients. In contrast, the PI controller, demonstrated in Figure 9,
fails to maintain stable operation. The output voltage exhibits
severe and growing oscillations, signifying a loss of regulatory
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control, which has led to system instability. The source voltage also
displays large-signal instability. Hence, this test shows that PI control
exhibits a critical weakness when faced with reduced inductance,
whilst considering the exact same conditions, the developed H
controller shows robustness to model uncertainty proves to be
a decisive advantage, ensuring continued and stable converter
operation.
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FIGURE 6
Two-phase IBC output voltage and SLB voltage during H,, control with AL = +30%.

4.2.3 + 30% capacitor value change

To further evaluate the effectiveness of H., controller,
the performance evaluation was extended to a 30% increase
in the output capacitor value, with the results presented in
Figures 10, 11. The H,, controller successfully handles this
parametric change, maintaining robust output voltage regulation
with a transient deviation of approximately 2.97 V as illustrated in
Figure 10. The SLB voltage, Vg, exhibits a controlled transient dip
to 72V, demonstrating a stable and well-damped system response.
In contrast, Figure 11 shows that the PI controller has obtained a
significantly degraded and oscillatory response during the same
test. The output voltage is characterized by a large overshoot

Frontiers in Energy Research

09

of 7.14V, followed by persistent oscillations, indicating poor
stability margins and ineffective damping. This oscillatory behavior
is also reflected in the source voltage, which shows associated
fluctuations. This comparison highlights the superior ability of the
H,, control to maintain stability and performance despite increased
capacitance, a change that critically undermines the performance of
the conventional PI controller.

4.2.4 -30% capacitor value change

The final parameter sensitivity test involved a 30% reduction
in the output capacitor value, with the results compared in
Figures 12, 13. The H, controller, shown in Figure 12 once again
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demonstrates its resilience, effectively regulating the output voltage
with a defined but controlled transient spike of 5.18 V. The
SLB voltage, i.e., Vg, shows a predictable and stable transient
response. Contrary, Figure 13 shows that the PI controller exhibits

Frontiers in Energy Research

critically unstable behavior under these conditions with significant
oscillations. The output voltage response is characterized by a
large overshoot of 13.28 V and sustained oscillations. This is
accompanied by correlating disturbances in the source voltage.
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This indicates that the reduced system inertia caused by lower
capacitance severely challenges the fixed-gain PI controller, while
the H,, controller’s robust design maintains closed-loop stability
and acceptable performance, conclusively proving its superiority in
managing parametric uncertainties.
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4.3 Discussions

H
achieved a lower overshoot, i.e. 13.32% a significantly shorter
settling time, i.e. 6.08 ms, and a reduced output ripple, i.e. 3.37 V.

Under nominal operating conditions, the controller

(o]
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Two-phase IBC output voltage and SLB voltage during Pl control with AC = -=30%.

One the other hand, when the PI controller was applied, a higher
overshoot, i.e. 15.33%, a longer the settling time, i.e. 10 ms and a
larger output ripple, i.e. 10.05 V, were observed. For a +30% inductor
variation, the H controller maintained robust performance with
overshoot of 13.33% and settling time of 9.67 ms, whereas the
PI controller exhibited larger overshoot, i.e. 15.23%, and longer
settling time, i.e. 11.63 ms. Under a —30% inductor variation, the
PI controller was unstable, while the H,, controller remained stable
with overshoot of 12.16%, settling time of 8.58 ms, and output
ripple of only 3.78 V, demonstrating clear robustness to parameter
uncertainty. Similarly, with a +30% capacitor change, the H,
controller outperformed the PI control by achieving overshoot of
11.33%, settling time of 9.73 ms, and output ripple of 2.97 V. In
contrast, the PI control showed overshoot of 14.33%, settling time
of 14.01 ms, and output ripple of 7.14 V, considering the exact same
+30% capacitor change. For a —30% capacitor variation, the PI
controller showed degraded performance, ie. 15.66% overshoot,
14.62 ms settling time, and 13.28 V output ripple, whereas the H_
controller improved both dynamic and steady-state behavior by
accomplishing a 13.00% overshoot, 6.10 ms settling time, and a
5.18 V output ripple.

Overall, these quantitative comparisons, listed in Table 3,
confirm that the proposed H_, control strategy consistently
outperforms the conventional PI control in terms of transient
response and robustness. On average, the H_, controller reduces
overshoot by around 15%, settling time by about 40%, and output
ripple by more than 50% across all tested conditions. These results
provide strong evidence for the suitability of H, control in SLB-
based interleaved boost converters where parameter variations and
uncertainties are common.

5 Conclusion

This research successfully developed and validated a robust H_,
control strategy for an IBC interfacing SLBs. The proposed controller
was specifically designed to address the critical challenges of system
uncertainties and performance variations inherent in SLB applications.
Extensive simulation analyses under severe parameter variations of
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+30% in both inductance and capacitance demonstrated the superior
performance of the H, controller over a conventional PI controller.
The key findings show that the H_, control achieved robust voltage
regulation with minimal overshoot and eliminated instability, while
the PI control failed under the same conditions, exhibiting severe
oscillations and voltage spikes. Furthermore, the proposed scheme
provided a 40% faster dynamic response and significantly reduced
output ripple, i.e., more than 50% on average. These results robustly
validate the H, controller as a highly effective and resilient solution
for ensuring the stability, efficiency, and reliability of SLB integration
into modern energy storage systems.
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