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Abstract: This paper presents a passivity-based control (PBC) approach integrated with filtering for a
supercapacitor (SC) in a semi-active hybrid energy storage system. The PBC is designed as a current
controller using the reference provided by the filter to regulate the system’s load current. Additionally,
an external loop is employed to regulate the SC voltage to a desired value. In this external loop, a
low-pass filter is included to decouple voltage and current control during instantaneous changes
in load. A detailed, step-by-step description of both the PBC and the SC voltage control strategy
is provided, illustrating how voltage regulation is effectively decoupled from current control to
ensure optimal operation during load transients. The effectiveness of the proposed control strategy
is validated through simulations and Power Hardware-in-the-Loop testing under variable current
loads. This comprehensive evaluation method enables testing of control strategies in scenarios closely
resembling real-world applications.

Keywords: hybrid energy storage system; passivity-based control; power hardware-in-the-loop;
semi-active topology; state of charge restoration

1. Introduction

Power fluctuations due to the use of unconventional renewable energies and the
uncertainty associated with demand are significant challenges in the operation of electric
microgrids. To address these issues, various types of energy storage are employed, pri-
marily using batteries, as they offer a range of services to power systems, such as ancillary
services, end-user services, and integration with renewable generation, thereby improving
the overall performance of the system [1]. Simultaneously, it has been demonstrated that
the use of Hybrid Energy Storage Systems (HESS) enhances system efficiency by combining
the individual benefits of different storage types [2].

The integration of batteries and supercapacitors as hybrid storage systems presents
a compelling approach, leveraging their complementary attributes. Batteries offer high
energy density but typically suffer from low power density. In contrast, supercapacitors
excel in rapid charge and discharge cycles, although with lower energy density. This
inherent duality allows for a synergistic combination that addresses both high power
demands and energy storage requirements [3]. Furthermore, supercapacitors (SC) have
an extremely long lifespan due to their structural aspects, which, coupled with their rapid
response, enables them to compensate for short-duration fluctuations occurring on the
DC bus. By doing so, they alleviate the burden on batteries, effectively prolonging their
operational life and reducing maintenance costs. Consequently, this hybrid approach
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proves particularly well suited for applications prioritizing high power capabilities and
swift charging over long-term energy storage capacity [3].

In the context of Hybrid Energy Storage Systems (HESS), three common connection
topologies exist: passive, active, and semi-active [4]. In a passive topology, the storage
systems are directly connected to the load and the DC bus without active control. This
configuration requires the voltage of the storage elements to match that of the DC bus, often
resulting in inefficient energy management [5]. The active topology offers the highest level
of flexibility and efficiency by actively controlling both storage systems using bidirectional
DC/DC converters. This allows for dynamic energy distribution and maintains the DC bus
voltage within a safe range [4,6]. However, the complexity and costs associated with this
configuration can be prohibitive in certain applications [7].

In contrast, the semi-active topology enhances energy management by connecting one
of the storage systems through a controlled DC/DC converter, while the other remains
directly connected to the DC bus [2]. Despite encountering limitations such as variations
in the DC bus when connecting high-power density devices and the lack of complete
control over the HESS by only managing one storage system [8,9], this configuration offers
enhanced control flexibility compared to the passive topology. Additionally, it involves
lower implementation costs and complexity than the active topology. Therefore, the
semi-active topology is often regarded as an attractive option, striking a balance between
efficiency and complexity. This enables efficient energy management while maintaining a
reasonable level of complexity and cost compared to passive and active topologies [6,7,10].

Multiple studies on semi-active topology have been proposed in the literature. Re-
garding control techniques, filter-based methods are commonly utilized, where filters are
employed to segregate high-frequency (HF) and low-frequency (LF) components. This
allows for the power sharing of these components with the corresponding storage sys-
tems [4]. Studies such as [11–14] demonstrate the effectiveness of frequency division in
generating current references for storage systems, alongside the implementation of PI
control for the DC/DC converter. Furthermore, peak current control has been implemented
in semi-active HESS systems [15,16] to broaden the frequency bandwidth of the current
control loop. However, this approach may be susceptible to noise, potentially leading to
system instabilities.

In [17], a controller based on a combination of filtering and fuzzy control is proposed to
reduce stress on the battery while ensuring that the SC voltage varies within a desired range.
An interconnection and damping assignment passivity-based control is presented in [10] for
both semi-active and active topology systems, aiming to ensure stability by formulating the
system in terms of energy. It is noted that the capacitor semi-active topology reduces stress
on the battery similarly to the active topology. However, it sacrifices DC bus regulation,
which remains fixed at the battery voltage. In [18,19], sliding mode control combined
with filtering is utilized to formulate a controller that addresses system nonlinearities
and ensures stability across all operating points. In [20,21], approaches for optimizing
hybrid storage in electric vehicles are investigated. In [20], the focus is on simulating
hybrid topologies and model predictive control (MPC) to introduce a macroscopic energetic
representation that enables the development of an effective management system. In [21],
an energy management strategy (EMS) based on Pontryagin’s minimum principle (PMP) is
developed to reduce energy consumption and slow down battery degradation. Nonetheless,
many of these papers solely validate their proposed strategies through simulations, which
does not allow for testing their performance in environments closely resembling reality.
Furthermore, there is a notable absence of studies addressing the decoupling between
voltage control for the SC and current control, which could potentially lead to system
instabilities, especially under sudden changes in a constant power load.

In light of the limitations of existing control techniques for semi-active HESS configu-
rations, this paper introduces a passivity-based control strategy combined with filtering
for a capacitor-based semi-active HESS topology. Additionally, a strategy for SC voltage
control is presented to decouple voltage regulation from current control, ensuring smooth
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operation during load transients. The enhanced characteristics of the proposed control
algorithm are validated through simulations and Power Hardware-in-the-Loop (PHIL)
testing, thereby verifying its performance under real operating conditions. This approach
enables testing in environments closely resembling practical applications, ensuring the
effectiveness of the control strategies across different scenarios.

The remainder of the paper is structured as follows: Section 2 delves into the founda-
tional theory underlying the strategy. Section 3 outlines the design of the proposed control
strategy. Section 4 discusses the setup details for real-time simulation and PHIL validation.
Section 5 presents the results from both simulation and PHIL validation. Lastly, Section 6
presents the conclusions drawn from our study.

2. Background

This section is divided into four subsections. The first subsection presents the filter-
based technique to obtain the dynamic current reference for converter control. The second
subsection discusses the SoC Recovery for SC, aimed at maintaining VSC at a desired
value to ensure its operation. The third subsection explains the design of the passivity-
based control.

2.1. Filter-Based Technique

The filter-based control technique is used to derive the reference assigned to each
energy storage system by appropriately distributing the load components. To implement
this technique, it is necessary to measure the system’s load current (io). This current can be
directly measured in the equivalent load seen from the HESS, or it can be obtained from
the current delivered by each storage system, as illustrated in Figure 1.

SC DC/DC Converter
Bidirectional

Battery

Load

VDC

iBat

ioSCconv

io

Figure 1. Schematic diagram of the semi-active HESS.

Once the load current is obtained, a filter is used to separate the high- and low-
frequency components of the load. This allows separating the load components into
dynamic (idynm) and average (iavg) components, which are assigned to the storage devices
depending on their physical properties [13]. For a HESS composed of a battery and SC, the
average load component is assigned to the battery (iBat), while the dynamic component is
assigned to the SC (ioSCconv).

io = iavg + idynm = iBat + ioSCconv (1)

In a semi-active topology where the SC is controlled, the objective of the control
strategy is for the SC to assume the high-frequency components, thus acting as an active
filter for the battery. Consequently, the output current of the converter represents the
equivalent of a high-pass filter (HPF) in the load current.

idynm = ioSCconv = HPF(io) = HPF(s) · io (2)
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The battery equivalently provides the low-frequency components of the load. As demon-
strated in the following equations

io = iBat + HPF(s) · io (3)

iBat = io − HPF(s) · io = (1 − HPF(s)) · io = LPF(s) · io (4)

2.2. SoC Recovery for SC

To control the State of Charge (SOC) of the SC, it is necessary to describe its approxi-
mate behavior. The dynamic behavior of the SC current is given by

dVSC
dt

= − 1
CSC

· iSC (5)

where VSC is the SC voltage, iLSC is the SC current, and CSC is the SC capacitance. From
this, the instantaneous voltage for the SC is derived

VSC = VSCinit −
1

CSC
·
∫

iSCdt (6)

As shown in the expression (6), the SC voltage can be used as a direct reference for the SoC.
Therefore, this value is employed to control the SoC to a specified set point [22].

The control of VSC represents an outer control loop compared to the inner current
control loop designed to handle system transients. In the control design, the inner loop is
expected to be much faster than the outer loop, allowing the assumption that the current
control is instantaneous for the VSC control. Thus, the voltage control only perceives the
equivalent model of the capacitor, which can be viewed as a pure integrator. As a result,
the voltage control can achieve zero steady-state error using only proportional control [14].

2.3. Passivity-Based Control Design

This subsection provides a general explanation of the theory behind passivity-based
control design. Passivity-based control enables the regulation of nonlinear system behavior
through a desired storage function that modifies the closed-loop system dynamics, leverag-
ing passivity properties to ensure system stability [23]. Based on the dynamic model of the
system, a representation as a port-Hamiltonian system is performed to obtain the model in
terms of energy and to formulate the passivity-based control. The general expression of a
port-Hamiltonian system is [24]

Dẋ −J (u)x +Rx = E (7)

where D is the inertia matrix, and J (u) is the interconnection matrix, which satisfies the
property that x⊤J x = 0 to ensure that its internal energy be zero, associated with the
condition that J (u) be antisymmetric, i.e., J (u) = −J (u)⊤. R is the damping matrix,
which is semi-positive definite. E is the vector of external sources. x is the state vector of
the system, which includes variables such as voltages and currents in the capacitors and
inductors, respectively. u is the input vector of the system, which in this case, represents
the control signal.

The objective of the passivity-based control (PBC) methodology is to make the closed-
loop system passive based on a desired storage function (Hd) [24], defined as follows:

Hd =
1
2

x̄TDx̄ (8)

where x̄ = x − x∗, and x̄ represents the error vector of x relative to the desired value x∗.
Considering the system is underactuated due to the Boost converter topology, the desired
values of x cannot be freely assigned.
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A damping matrix is added to dissipate the error in steady state [25], modifying the
damping matrix R as follows:

Rd = R+R1 (9)

where R1 is a positive-definite damping injection matrix for the system. The value of R1
can be designed within the bounds of damping injection coefficients proposed in [26].

Thus, rewriting the desired error dynamics from Equation (7) with the modified
damping matrix

D ˙̄x −J (u)x̄ +Rd x̄ = Ψ (10)

where Ψ is a disturbance term defined as follows:

Ψ = E − (Dẋ∗ −J (u)x∗ +Rx∗) +R1 x̄ (11)

It is crucial to ensure system stability. This is achieved by selecting a desired storage
function acting as a Lyapunov candidate function, satisfying H(0) = 0, H(x) > 0 when
x ̸= 0, and ensuring system stability requires Ḣ(x) < 0. Calculating the derivative of the
storage function

Ḣd(x̄) = x̄⊤D ˙̄x = x̄⊤(J (u)−Rd)x̄ + x̄⊤Ψ (12)

As mentioned earlier, J (u) satisfies x̄TJ (u)x̄ = 0, and since the objective of the control
input u is to drive the error dynamics to zero, the disturbance term Ψ is assumed to be zero.

Ḣd(x̄) = −x⊤Rd x̄ ≤ − α

β
Hd (13)

where α = min{Rd11,Rd22, ...,Rdnn} and β = max{D11,D22, ...,Dnn}, which correspond
to the minimum of the diagonal of the matrix Rd and the maximum of the diagonal of the
matrix D, respectively. Proving that the system dynamics are globally exponentially stable
in the sense of Lyapunov [24].

By equating the disturbance term to zero

Dẋ∗ −J (u)x∗ +Rx∗ −R1 x̄ = E (14)

From the above expression and the system description matrices, the expression for
the control u can be derived, along with expressions for the uncontrolled states of the
system, defined using auxiliary expressions based on desired values that these variables
may follow. It is important to note that, for the proposed control strategy, it is necessary to
have approximate values for the components that describe the system. This enables the
control signal u to effectively cancel out disturbances.

3. Proposed Control Strategy

Based on the results presented in [27], which compares two semi-active topology
configurations, it is shown that the configuration where the supercapacitor (SC) is controlled
is more efficient and stable than the configuration where the battery is controlled. This
makes the SC-controlled configuration attractive for applications with sudden load changes.

Considering the aforementioned findings, Figure 2 presents the model used for the
semi-active SC-controlled HESS topology along with the net current load. This model
includes an SC represented as a capacitance connected through a bidirectional converter to
the DC bus. Additionally, there is a current load and an equivalent battery model connected
through an inductor. The proposed model incorporates an inductor on the battery side
to increase the time constant for current changes, compensating for limitations in the
converter’s switching frequency, and allowing the SC to handle initial transients during
load current changes effectively.
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CSC

+

−

Vsc

LSC iLSC

sw2

sw
1

Cout io

+

−

VDC

ioSC

−
+ VBat

RBat

LBatiLBat

DC/DC Converter

Load

Figure 2. HESS model in semi-active topology.

For the proposed control system, the scheme shown in Figure 3 was employed. This
control system comprises an outer loop that regulates the SC voltage to the desired reference
level, along with a low-pass filter and proportional control to ensure decoupling of the
voltage control and zero steady-state error. Subsequently, a current control is applied in the
inner loop, where the reference is obtained from the high-frequency component of the load
and SC voltage control, adjusting it to provide the reference value to the converter’s input
inductor. Finally, the passivity-based current control is used to obtain the control signal “u”
that is applied to the converter.

io

VSC

V ∗
SC

ui∗LSCi∗SoC

i∗oHPF

i∗oSCconveVSC

HPF

LPF kp
VDC

VSC

PBC

Eq.(37)
+

−
+

+

SoC restoration

Transient load component

Inner current loop

Figure 3. Proposed control scheme.

3.1. Used Filter-Based Technique

As illustrated in Section 2.1, a high-pass filter (HPF) is used to obtain the current that
the SC must provide at the converter’s output. For the converter, the controlled variable
is the input inductor current, so it is necessary to obtain the converter’s input current in
terms of the output current. To achieve this, the equivalent power balance in the converter
is used, disregarding any losses.

Pin = Pout (15)

VSC · iLSC = VDC · ioSC (16)

where Pin and Pout are the input and output powers of the converter, respectively. VSC is the
voltage of the SC, iLSC is the current of the converter’s input inductor, which is equivalent
to the SC current. VDC represents the voltage at the equivalent connection point where
the load is connected, and ioSC is the output current of the converter. Considering that the
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reference current at the converter output (i∗oSC) is equal to the high-frequency component
of the load (i∗oHPF), the current reference for the inductor (i∗LSC) is

i∗oSC = i∗oHPF = HPF(io) (17)

i∗LSC =
VDC
VSC

i∗oHPF (18)

This allows obtaining the reference current that the inductor must follow so that the
SC delivers the necessary current to operate during load transients and enables the battery
to only deliver the current in steady state (low-frequency component).

3.2. Proposed SoC Restoration Strategy

We propose the implementation of a control strategy for the State of Charge (SoC) of
the SC to maintain its operating voltage within a specific range, allowing the SC to respond
to system transients. As depicted in [28], an SC exhibits instantaneous voltage variations in
response to sudden current changes. These fluctuations in VSC can influence the current
control dynamics by modifying the reference corresponding to the high-frequency compo-
nent of the load. A low-pass filter (LPF) is added to the error between the voltage reference
and the measured SC voltage (VSC) to limit the rate of change seen in VSC. This prevents
the instantaneous dynamic current required by the load from being affected and decouples
the external voltage control from the internal current control.

To validate the aforementioned approach, a small-signal analysis is performed based
on the variations observed in the VSC. Using the expression given in (6), the following
expression for the variation of VSC (V̂SC) is obtained

V̂SC = − îSC
CSC · s

= − îoSC
D · CSC · s

(19)

where îSC and îoSC are the variations in the input and output currents of the converter,
respectively, D is the steady-state duty cycle, and CSC is the capacitance of the SC. To
compensate for these variations, a proportional control along with a LPF is employed to
obtain the current necessary to restore the SoC

i∗SoC = LPF(− îoSC
D · CSC · s

) · Kp (20)

Finally, it is found that the variations in the converter output current are given by the
combination of the dynamic load current reference and the current needed to restore the
SoC of the SC

îoSC = i∗oHPF + i∗SoC (21)

îoSC = HPF(îo)− LPF(
îoSC

D · CSC · s
) · Kp (22)

In this case, first-order transfer functions of the low-pass (LP) and high-pass (HP) filters
are used, where T1 is the time constant of the HP filter and T2 is the time constant of the
LP filter.

îoSC =
T1 · s

1 + T1 · s
(îo)−

1
1 + T2 · s

· îoSC
D · CSC · s

· Kp (23)

Solving for the converter output current, the following expression is obtained in terms of
the load current, where the transfer function G(s) represents the behavior of the converter
output current:

îoSC = G(s)îo (24)

îo1 =

T1·s
1+T1·s

1 + Kp
1+T2·s ·

1
D·CSC ·s

îo (25)
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To perform an approximate design of the system’s settling time along with the pro-
posed SoC control, it is possible to assume that the HPF operates faster compared to the
LPF, thus taking a value of 1 for the design. In this way, an auxiliary function Gaux is used
to obtain the values of T2 for the LPF and Kp to achieve the desired behavior.

Gaux =
1

1 + Kp
1+T2·s ·

1
D·CSC ·s

=
s2 + 1

T2
s

s2 + 1
T2

s + Kp
D·CSC ·T2

(26)

A desired polynomial P(s) is then chosen that has the desired settling time, which is
taken as a reference to find the values of the denominator of Gaux

P(s) = s2 + bs + c = s2 +
1
T2

s +
Kp

D · Csc · T2
(27)

In this way, the values of T2 and Kp that allow achieving the desired settling time for
the system are obtained

T2 =
1
b

; Kp = D · Csc · T2 · c; (28)

To validate the performance of the strategy, the approach with SoC control and without
SoC control were compared using a step response. For the strategy without SoC control of
the SC, a high-pass filter with a settling time of 5s was proposed, resulting in T1 = 1. In
contrast, for the strategy with SoC control of the SC, a polynomial with a settling time of 15 s
was proposed, yielding T2 = 1.2 and Kp = 8.645. The results obtained from these values
are shown in Figure 4. As observed in the results, the strategy without SoC restoration
simply ensures that the SC handles the load transient, allowing the battery to reach the
steady state smoothly. On the other hand, the strategy with SoC behaves similarly to
the former in the initial phase. However, as time progresses, the reference current of the
SC does not stabilize directly at zero but instead draws current for a certain period. This
means that the SC charges smoothly after supplying the transient current until it reaches the
desired voltage reference and stabilizes its current at zero in steady state. This demonstrates
the effectiveness of the proposed strategy, allowing the voltage and current controls to
decouple correctly. Consequently, the transient current provided by the SC meets the design
requirement while smoothly returning to its desired SoC.

Figure 4. Step response for the proposed SoC restoration strategy.
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The resulting reference current is assumed at the converter output, ensuring that the
control considers the current demanded from the battery for SoC management, thereby
guaranteeing system stability. Consequently, to obtain the inductor’s reference current that
ensures the SC can respond to transient events while maintaining the SoC within a desired
range, the following expression is derived:

i∗LSC =
VDC
VSC

(i∗oHPF + I∗SoC) (29)

3.3. Current Passivity-Based Control Design

Once the current reference is obtained, a current control is designed using the PBC
methodology. The equations describing the dynamic model of the system are presented in
Equations (30)–(32). For the control design, the SC is assumed to be an ideal voltage source,
considering that an external control loop is proposed for the SC voltage.

LSC
d
dt

iLSC = VSC − (1 − u) · VDC (30)

Cout
d
dt

VDC = (1 − u) · iLSC − iLBat − io (31)

LBat
d
dt

iLBat = VDC − RBat · iLBat − VBat (32)

where LSC and LBat represent the inductances of the SC and battery converters, Cout is
the output capacitor of the converter, VSC, VBat, and VDC represent the voltages of the
SC, battery, and DC bus, respectively, iLSC and iLBat are the inductor currents, RBat is the
equivalent model of the internal resistance of the battery, io is the net load current applied
to the HESS, and u is the average control signal applied to the system.

The matrices that represent the dynamic system as a port-Hamiltonian system are

D =

LSC 0 0
0 Cout 0
0 0 LBat

; J =

 0 −(1 − u) 0
(1 − u) 0 −1

0 1 0

; R =

0 0 0
0 0 0
0 0 RBat

;

x =
[
iLSC VDC iLBat

]
; E =

[
VSC −io −Vbat

]
;

In this case, a current control is proposed based on the inductor current of the converter
iLsc, making this the controlled variable. Since the system is underactuated, the other system
states are defined from the auxiliary control expressions. According to [26], the damping
coefficient value can be determined as follows:

k ≤ Lsc · f · 2π

Therefore, the damping injection matrix is

R1 =

k 0 0
0 0 0
0 0 0


Following the PBC design described in Section 2.3, the disturbance Ψ is set to zero, as

shown in Equation (14). Solving along with the system matrices, the following expressions
are obtained

LSC
d
dt

i∗LSC + (1 − u) · V∗
DC − k(iLSC − i∗LSC) = VSC (33)

Cout
d
dt

V∗
DC − (1 − u) · i∗LSC + i∗Lbat = −io (34)

LBat
d
dt

i∗LBat − V∗
DC + RBat · i∗Lbat = −VBat (35)
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Considering that the reference for the current iLsc is known, the control signal u applied to
the system is

u = 1 − VSC − LSC
d
dt i∗LSC + k(iLSC − i∗LSC)

V∗
DC

(36)

The value of V∗
DC can be determined using Equations (34) and (35), or alternatively,

by directly measuring the DC bus voltage with a voltage sensor. This value is crucial
because VDC is a system state variable and is necessary for implementing the control law.
In steady-state conditions, it allows for the appropriate calculation of the duty cycle for the
power converter. Simulation results based on the proposed control strategy are presented
in Section 5

4. PHIL Simulation Setup

The previously described control strategy is validated through both PHIL testing and
simulations, using the setup diagram in Figure 2 and the parameters in Table 1.

Table 1. System parameters.

Variable Description Value

VBat Battery nominal voltage 24 V
VSC SC nominal voltage 16 V
CSC SC capacitance 83 F
V∗

SC VSC Reference value 12 V
Fs Switching frequency 35 kHz
LBat Battery inductor 4 mH
LSC SC converter inductor 0.5 mH
Cout Converter output capacitor 4700 µF
k PBC gain 100

One of the main challenges in validating control strategies for hybrid storage systems
is the need for realistic testing setups [29]. Traditional simulations often fall short in captur-
ing system complexities and interactions. Hardware-in-the-loop (HIL) simulations allow
for real-device testing but are limited in handling high-power signals, which necessitates
Power Hardware-in-the-Loop (PHIL) tests [30]. PHIL simulations use power amplifiers
to convert real-time simulator signals into high-power signals, enabling a controlled in-
teraction environment for various tests [31]. Interface algorithms are crucial in PHIL
simulations as they influence stability and accuracy by modifying signal transmission.
The Ideal Transformer Model (ITM) algorithm is one of the most commonly used and
straightforward approaches for implementing a power HIL simulation. Nevertheless, this
algorithm can lead to instabilities in the system representation. Other methods, such as
the Time-variant First-order Approximation (TFA) and Partial Circuit Duplication (PCD)
algorithms, offer alternative approaches that address some limitations of ITM, particu-
larly in nonlinear systems and high-frequency signal scenarios, enhancing overall system
representation [32,33].

To conduct a PHIL simulation, it is essential to first validate the setup with an online
simulation model. This model, shown in Figure 5, seeks to replicate the behavior of the test
and validate the effectiveness of the interface algorithm. In this specific scenario, the ITM
interface algorithm is employed due to its compatibility with the current load. However,
for other types of loads, it may be necessary to consider alternative algorithms to enhance
system stability [31].
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Figure 5. Configuration of a PHIL simulation with ITM.

For the online model of HESS, a simulation was conducted using the Matlab/Simulink
software, based on the model presented in Figure 2. The elements used in the simulation
were selected from the Specialized Power Systems library, which provides predefined
models for the battery, supercapacitor, as well as IGBTs and passive elements for the
DC/DC converters. The current load was modeled as a current source, and the proposed
interface algorithm was implemented. The online Simulink model is available in the
following GitHub repository [34].

Once the online simulation model has been validated, the simulated hardware is
replaced with the physical hardware. For this purpose the experimental setup, shown in
Figure 6, was used for the laboratory tests. The OP8110-3 Power Amplifier and the OP4510
Real-Time Simulator from OPAL-RT are used to obtain the control signals and the current
load. Two 12 V lead-acid batteries and a 16 V, 83 F supercapacitor were used for the HESS
in the experimental setup. A half-bridge bidirectional DC/DC converter was employed,
utilizing an IGBT module SKM400GB066D with the SKYPER 42 R driver.

Figure 6. Experimental setup.
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The power amplifier was operated in current mode to deliver the simulated load
current, enabling converter testing. Moreover, it is possible to model various types of loads
for rapid validation of different control strategies in a controlled environment.

5. PHIL and Simulation Results

In this section, simulation results and experimental findings are presented based on
the proposed strategy outlined in Section 3, along with the guidelines provided in Section 4,
aimed at validating the proposed control strategy.

5.1. Simulation Results

To initially validate the proposed control strategy, two simulations were conducted.
The first simulation implemented the passivity-based control (PBC) algorithm and com-
pared it against a PI-control algorithm. The design of the PI controller begins with the
averaged model of the system, which is linearized at the desired operating point. The
controller parameters, Kp and Ki, are then tuned to achieve the desired closed-loop response
of the system. In this case, the values obtained were Kp = 2.5 and Ki = 10. The second
simulation examined an enhanced strategy integrating State of Charge (SoC) control. This
approach aims to sustain continuous operation under varying load conditions by adjusting
the SoC to a reference value.

For the first simulation scenario, Figure 7 depicts the results for both control strategies
employing a high-pass filter with a settling time of 5 s. It is observed that during each
current change in both strategies, the supercapacitor (SC) promptly responds by supplying
current during the transient period. This allows the battery to gradually take over current
supply until, in the steady state, all current is sourced by the battery. However, the SC
voltage does not maintain the desired value, which, for larger current changes, could pose
an issue by pushing the SC voltage outside the operational range.
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Figure 7. Simulation result without SoC restoration.

Upon closer examination of the results, it is observed that the PBC reduces the switch-
ing ripple in the output currents of the HESS. Moreover, it operates more efficiently by
maintaining a higher voltage level in the SC compared to the PI control. This, coupled
with the fact that employing a nonlinear control technique allows for better system opera-
tion by not working under a specific operating point, highlights the advantages of PBC.
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Additionally, the PBC requires only the design of a single constant k, in contrast to the PI
control, which requires the design of two parameters, thus complicating the controller’s
parameterization.

The second simulation studies the enhanced strategy, which incorporates State of
Charge (SoC) control to maintain continuous operation under varying load conditions by
adjusting the SoC to a reference value. As shown in Figure 8, the supercapacitor (SC) can
supply all required power during each load change, thereby reducing the battery’s burden
until reaching the steady state. Additionally, as steady state approaches, the SC charges
or discharges in order to achieve the reference SOC, therefore enhancing the DC voltage
stability. The plots of the duty cycles in both boost and buck modes are observed, showing
that the SC converter adjusts its operating mode to provide the necessary current to the
system for different load current changes.
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Figure 8. Simulation result with SoC restoration.

5.2. PHIL Results

Once the model was validated through simulation, we proceeded with testing using
the experimental setup described in Section 4. By employing PHIL simulations, we repli-
cated high-power signal interactions and captured the dynamic behavior of the system
under realistic operating conditions. This approach enabled a thorough evaluation of the
stability, efficiency, and response of the implemented control algorithms, offering valuable
insights into the system’s performance during sudden load changes and transient events.
Due to the significant volume of generated data files, the validation time for each PHIL test
was constrained to one minute.

Figure 9 presents experimental results from the initial test without SC State of Charge
(SoC) control. As observed in these results, the SC initially supplies the transient load and
then stabilizes at zero, enabling the battery to smoothly deliver the required load current
as expected. Despite occasional peaks in battery current due to the boost and buck mode
behavior of the converter, the results confirm the effectiveness of the passivity-based control
and the suitability of the proposed experimental setup.
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Figure 9. PHIL validation result without SoC restoration.

Figure 10 displays the experimental results with SoC control implemented. Two
load current changes were conducted to validate the operation of the proposed control
setup. In this scenario, the SC initially provides the required output current for the load’s
transient component, then adjusts its charge or discharge to achieve the desired SoC within
the specified timeframe, eventually stabilizing at zero current. Concurrently, the battery
smoothly increases its supply current until reaching steady state, where it meets the total
load current demand.
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Figure 10. PHIL validation result with SoC Restoration.
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To further validate the proposed control strategy and assess the effectiveness of using
the PHIL methodology, a third experimental setup was conducted. In this setup, depicted in
Figure 11, the battery equivalent was modeled inside the real-time simulator to enhance the
battery model used during experimental testing. The real-time simulator utilizes the same
battery model available in the Simulink library used for computer simulations, specifically
designed to simulate a lithium battery with a nominal voltage of 24 V and a capacity of
100 Ah. To implement this change in the real-time simulator’s internal model, modifications
were made to the interface algorithm, transitioning from a current source equivalent model
to a voltage source model. This adjustment ensures that the output voltage from the power
amplifier panel matches the internal voltage of the battery model.

SC
and

DC/DC
Converter

−
+

VDC ’

IoSC

Hardware Software

−

+

VDC

Battery Model
and

Net load

IoSC ’

Figure 11. PHIL configuration with internal battery and load model.

Figure 12 illustrates the results corresponding to the aforementioned modifications.
The results show a consistent behavior with the previous case: the battery reaches the load
current value without experiencing transients, successfully achieving the SoC regulation
objective. This not only highlights the improved performance of the proposed strategy but
also underscores the effectiveness of employing a real-time simulator for PHIL simulations.
This approach allows testing of setups without physically deploying batteries, thereby
reducing costs associated with validating control strategies.
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Figure 12. PHIL validation result with SoC Restoration and internal battery model.
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6. Conclusions

This paper introduces a passivity-based control (PBC) approach combined with filter-
ing for a semi-active Hybrid Energy Storage System (HESS) employing supercapacitors
(SCs). The PBC approach outperforms conventional PI control methods by effectively
addressing system nonlinearities, minimizing current ripple, and improving voltage regu-
lation. Additionally, the integration of an SC voltage control strategy effectively decouples
voltage regulation from current control, ensuring smooth operation during load transients
and maintaining SC operation within specified voltage limits. Validation of the proposed
control algorithm was conducted through simulations and Power Hardware-in-the-Loop
(PHIL) testing under realistic conditions, closely mirroring practical applications. The PHIL
methodology streamlined the validation process by simulating various system components,
such as batteries and loads, reducing the requirement for extensive equipment and sim-
plifying setup complexities. These comprehensive tests underscore the robustness and
efficacy of the proposed control strategy for SC semi-active configurations, affirming its
ability to manage diverse load conditions while ensuring system stability and efficiency.

To further enhance the performance of the employed control technique, future work
will focus on the integration of estimators for state variables, system parameters, and
system load. This improvement aims to provide more accurate and robust control under
varying operational conditions. Additionally, the design and implementation of other
nonlinear control strategies and converter topologies will be explored. These advanced
techniques have the potential to significantly improve the system’s behavior, offering better
stability, efficiency, and responsiveness to dynamic changes. Furthermore, this work can
be extended to other applications, such as electric mobility, where including models of
associated loads, such as electric motors, can be particularly beneficial.
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