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ABSTRACT This work proposes an S-shaped power-sharing control (S-PSC) for enhancing scalability of
the DC-coupled electric vehicle (EV) charging stations. The scheme provides DC-link voltage regulation
while coordinating the charging activities of multiple EVs and integrating battery energy storage systems
(BESSs), supercapacitors, renewable energy sources, and a bidirectional voltage source inverter (B-VSI).
While existing inertial droop-based control strategies require measurements of the DC-source output power
to tune their response according to the assigned inertia, the proposed S-PSC relies solely on DC-link
voltage measurements to decouple the DC power demand into multiple inertia-response levels. The S-shaped
function prioritizes the compensation of these response levels by dynamically coordinating the operation of
the B-VSI, BESS, and EV storage units, ensuring acceptable state of charge, adequate inertia support, and
operation close to nominal power levels. A small-signal analysis confirms voltage stability and attenuation
of the BESS current. Experimental validation using hardware-in-the-loop under 60 min of intensive EV
charging during peak hour demonstrated that the S-PSC reduces BESS stress by 40%, increases energy
delivery to EVs by 32%, enhances the economic benefit of BESS utilization, and mitigates flicker in the
low-voltage grid when compared with the conventional benchmark solution for industrial applications.

INDEX TERMS Electric vehicle (EV) charger, DC-coupled charging station (CS), renewable energies,
battery energy storage system (BESS), secondary level control, hardware-in-the-loop (HIL).

I. INTRODUCTION

The growth of renewable energy generation has driven the
adoption of grid-connected battery energy storage systems
(BESSs) and charging stations (CSs) to provide grid sup-
port. In this context, the automotive industry is gradually
electrifying its fleet, further reinforcing the need for clean
energy generation to supply the charging demand of elec-
tric vehicles (EVs). However, several challenges remain for
widespread adoption, including battery lifespan, the impact of
intermittent renewable generation on the grid, and instabilities
caused by the integration of large numbers of fast EV chargers
(FEVCs) and medium EV chargers (MEVCs) to low-voltage
networks [1].

Some of these issues have been discussed in [2], which
analyzes the voltage fluctuations induced by FEVCs under
high renewable penetration, as well as load current variations
during EV charging start and stop events. Other studies inves-
tigate the stability reduction in low-voltage AC distribution
networks when multiple power converters operate in parallel
at a common AC-link [3], largely attributed to high harmonic
distortion [4].

Solutions based on DC-coupled EV charging station (DC-
EVCS) are considered an effective option to mitigate grid
voltage fluctuations and reduce the number of AC/DC bidirec-
tional converters connected in parallel to the AC-link. Com-
pared with conventional grid-connected CS, the DC-EVCS
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has less stage for power conversion and avoids frequency
stability issues [5]. This makes it more suitable for high-power
distribution systems integrating photovoltaic (PV), wind tur-
bines (WTs), fuel cells, and BESS, thereby enhancing the
scalability of charging infrastructures [6].

One potential advantage of this infrastructure is the ability
to exploit the diversification of DC power units [7]. Several
studies have proposed integrating renewable energy sources,
such as PV-BESS systems with CSs [8]. Others have explored
the use of CSs to provide ancillary services, including voltage
support in DC microgrids [9] and stability enhancement in AC
grids [10], [11]. Moreover, emerging solutions are considering
the use of supercapacitors (SCs) for ancillary service provi-
sion [12], [13]. Advances in hybrid energy storage systems
for EVs [14] have also raised interest in leveraging SCs to
improve overall power quality, which constitutes one of the
key motivations of this work.

In DC-EVCS infrastructures, significant research efforts
are directed toward developing rigid power-sharing control
(PSC) strategies that account for all available power units
connected to the DC-link, including CSs, BESSs, renewable
sources, ancillary services, and grid interfaces. The PSC coor-
dinates these units to maximize efficiency and maintain power
quality [15]. Therefore, a high-level control layer is required
to adapt the operation of the sources according to energy
availability, energy storage state of charge (SoC), and grid
condition.

One of the main purpose of the high-level control is to
enable an intelligent and adaptable power control among the
multiple power converters connected to the DC-link. In [15],
a tertiary control layer was proposed to smooth power flow
between FEVCs and the utility grid. However, this method
focuses solely on enhancing EV charging functionalities and
grid support, without addressing BESS degradation or re-
newable sources fluctuations. In a different direction, Khalid
and Panigrahi [16] developed a decentralized power manage-
ment strategy for multi-BESS-PV system with SoC balancing.
In this solution, a power sharing ratio was implemented to
coordinate the power exchange between the BESS and the
utility grid. Under grid-connected operation, the emphasis was
placed on enhancing grid support, without considering the
impact on multi-BESS performance under high power deficit
conditions.

Moreover, for EV charging applications, ensuring DC-
link voltage regulation is crucial, as it is strongly affected
by the intermittency of renewable energy sources and load
variations. Therefore, Mahfouz and Iravani[10] suggested a
BESS-connected CS. Although this approach enhances the
stability level, designing a BESS to withstand high voltage
levels poses a challenge. Furthermore, this scheme limits
BESS controllability, causing operation under extreme power
conditions and accelerating battery deterioration.

To improve the BESS lifespan, other solutions have
proposed interconnecting all them through dedicated
power converters. For instance, Khalid and Panigrahi [16]
introduced a line-compensated P-V inertial droop-based
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PSC for DC-link voltage regulation, while Sharida [15]
employed a proportional—integral controller to regulate the
DC-link through bidirectional AC-DC converters. Although
both methods achieve DC-link voltage regulation, the PSCs
presented in these studies limit flexibility in determining
optimal power references for BESSs, CSs, and bidirectional
AC/DC converters. Consequently, they require additional
control structures and measurements to achieve efficient
power coordination, particularly when prioritizing BESS
lifespan.

Given the growing interest in managing SC energy to pro-
vide ancillary services, several studies have proposed using
SCs to support BESSs and extend their lifespan. In [12], a PSC
for an ultrafast charger was presented. Although this solution
achieves DC-link voltage regulation and improves transient
response, it does not address the integration of ancillary ser-
vices nor the stability under different operating modes with
respect to BESS and SC SoCs. To address these challenges,
the authors in [14] and [17] proposed an energy management
system based on an S-shaped function, which provides ef-
ficient power coordination between SC and batteries while
ensuring stability under critical SoC conditions. Although
these strategies were implemented in hybrid EV powertrains,
their use on the S-shaped function as a high-level power coor-
dination tool is particular relevance to this work.

The use of nonlinear S-shaped functions is particularly rel-
evant for handling mode transitions in energy storage systems,
such as variations in SoC levels and power demands [18],
[19]. Owing to their smooth and continuous characteristics,
being of class C*, these functions are well-suited for integra-
tion into power-sharing strategies in DC-EVCSs. This class
of functions encompasses sigmoid, hyperbolic tangent (tanh),
and even third-order polynomial functions. They meet the
DC-link voltage fluctuations as soon as possible when the op-
erating point is close to nominal conditions, while reshaping
the droop curve to smooth the response as the output power
approaches the upper or lower limits of source capacity [20].

Based on the aforementioned ideas, this work proposes
the use of S-shaped functions to reshape droop curves and
manage energy flow among BESSs, FEVCs, MEVCs, and
AC-DC bidirectional converters. The proposed S-shaped-
based PSC (S-PSC) prioritizes DC-link voltage regulation,
EV charging quality, BESS state of health (SoH), and flicker
reduction at the grid bus. Furthermore, the strategy accounts
for the intermittent nature of renewable sources and lever-
ages EV batteries and SCs to provide ancillary services,
while ensuring stability under critical operating conditions.
The main contributions of this work are summarized as
follows.

1) A high level control scheme for DC-EVCS to man-
age multiple DC-coupled sources with different inertia
level, exploiting the best power and time-response char-
acteristics of each unit.

2) Flexibility and stability in operating a diverse set of DC-
coupled sources, including EVs with different battery
and SC characteristics.
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FIGURE 1. DC-EVCS case study.
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3) Extension of BESS lifespan by smoothing dynamic re-
sponses and promoting gradual power-mode transitions
as a function of SoC level.

4) Enhancement of ancillary service provision on the DC-
side, while smoothing the transient response of the AC—
DC bidirectional converter.

The rest of this article is organized as follows. Section II
describes the DC-EVCS case study. Section III introduces the
proposed S-PSC. Section IV presents the small-signal stability
and performance analysis. Sections V and VI report, respec-
tively, the simulation and experimental results and discuss the
effectiveness of the proposed method. Finally, Section VII
concludes this article and outlines potential directions for fu-
ture work.

Notations: The sets R, R, and R*+ denotes the set of real
numbers, nonnegative real numbers, and strictly positive real
numbers, respectively. The symbol (-) indicates the trans-
pose of vectors and matrices, (*) indicates the small signal
value of a signal, and V,(-) is the gradient operator in respect
to x. The vector xgq = [x4 xq]T denotes the d-axis and g-axis
components associated with the variable x.

Il. AC AND DC-SIDE COUPLING MODELING

Fig. 1 illustrates the DC-EVCS used as the case of study. On
the AC-side, a bidirectional voltage source inverter (B-VSI)
provides the interlinking between the DC and AC voltages,
while the AC-link serves as the common coupling point for
the AC generators.

On the DC-side, the DC-link integrates the PV, WT, BESS,
MEVCs, and FEVCs. The CSs have # slots for charging plug-
in hybrid and/or EV models. In addition, this case study, the
authors are considering that all EV models include an SC as
an auxiliary source.

A. AC-SIDE COUPLING

The AC-link voltage in the synchronous reference frame is
used to estimate the local power quality of the AC-side. In
this context, its voltage vy ” and frequency, denoted by wjc,
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are calculated as follows:
Vacsy = (R + Kit2) (T (=00 g, +T (~6;)igs,) (1)

Vac,

Wy = wg + (1b)

Vac,
where R, is defined as the coupling resistor of the AC-link,
u, represents the active load disturbances on the AC-side, and
kyn is the DC gain of the disturbance. The phase angles of
the B-VSI output and the grid with respect to the AC-link are
defined as 6, and 6,, respectively.

In addition, #o,, and ig,, are the currents flowing through
the second inductor of the B-VSI output filter and the grid,
respectively. In (1b), w, is the grid frequency, while vy, and
Vac,, are the dg components of the v, 1 VECLOL.

Definition 1: The operator used to shift the dg reference
frame with respect to the phase angle 6 at different points of
connection is defined as

sm(@):| | .

T(O) = [ cos®)
—sin(@) cos(0)

B. DC-SIDE COUPLING

The dynamics of the DC-link voltage, denoted by vgc, is
defined from the sum of the output currents of each coupled
converter, as follows:

vic = (Ppv + Pwt — Pysi +kdcu1)v(;clc<;cl t+...

n n
St (Z dyy;iby; + Z dSCiiSCi) Cd—cl )
i=0 i=1

where iy; and i, are the ith battery and SC currents, dyy, and
dg; are the ith control signal of their respective converters,
Ppy, Py, and Py are the power of the PV, WT, and B-VSI,
respectively, Cyc is the capacitance of the DC-link, and u;
represents the power disturbances from the PV and WT, with
kqc being the DC gain of this disturbance. The index i = 0
refers to the BESS, while i = 1, 2, ..., n refers to the ith EV
connected to the CS.

I1Il. PROPOSED S-SHAPED-BASED POWER SHARING
CONTROL

The proposed S-PSC aims primarily to reduce the degradation
of the BESSs connected to the system, without compromising
the power quality of the AC distribution grid. This is achieved
through the following operations.

1) A four-band frequency decomposition separates the
power demand into virtual-inertia components and
high-frequency damping term, enabling coordinated en-
ergy sharing among the BESS, the B-VSI, and the EV
sources.

2) The B-VSI active power control receives the low-
frequency (high-inertia) power reference.

3) The BESS current control receives power references
across all inertia levels and prioritizes compensating
each one according to its SoC.
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FIGURE 2. Block scheme of the proposed S-PSC.

4) The SC units connected to the EVs are used to com-
pensate high-frequency (low-inertia) power demands,
thereby reducing voltage fluctuations on the DC-link.

5) The EV batteries also contribute to compensating
moderate-inertia responses on the DC-link. Further-
more, the EVs reduce their charging power to enhance
stability under weak-grid conditions.

A. DC-LINK ERROR FREQUENCY DECOMPOSITION

The error between the DC-link voltage reference vqc,., and the
actual voltage vg. serves as an indicator of the power demand
required for DC-link voltage regulation. This error, denoted
as ap, is decomposed into different spectral components using
three pairs of linear filters, each consisting of a high-pass filter
(HPF) and a low-pass filter (LPF), as illustrated in Fig. 2.
Consequently, the resulting spectral bands can be interpreted
as analogous to inertia contributions in a rotational gener-
ation system formed by multiple renewable sources, where
the BESS and SC units provide virtual inertial behavior by
partially processing energy transients on the DC-link through
power reference decoupling [21].

1) HPF AND LPF DYNAMICS
Each filter pair separates ag into a high-frequency component

(sx) and a low-frequency component (ay ), whose dynamics are
defined as

X = (ar—1 — xx) fi (4a)
———
Sk
dr = (ar—1 — ax) fi (4b)

where xi, with k = 1, 2, 3, represents the kth washout state,
and f; denotes the kth cutoff frequency of the corresponding
filter pair, satisfying f; > f> > f3. As a result, six spectral
components are obtained. In the control structure, three high-
frequency bandwidths are grouped as s1,2,3 = [s1 52 s3]7,
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while the low-frequency component is represented by asz. To-
gether, these signals preserve the full spectral content of the
original error signal ag.

2) VIRTUAL INERTIA AND POWER REFERENCE DECOUPLING
The power reference for DC-link voltage compensation is ob-
tained as the sum of the filtered current references, denoted by
iref, for r = 1,2, 3, 4. Each i, is associated with a specific
spectral component given by s1,2,3 and a3. Consequently, the
DC-link voltage error dynamics can be expressed as follows:

apkiHPF| + agko LPF{HPF, +
—_—— ———

=iref 1 =iref 2

+ agksLPF,HPF; +a0k4LPF3 eref, (5a)
————
:iref3 —lref4
. 1 R fl .
apg = Elrefl + Elrefl (5b)
Power decoupling for s
. : (i +/2): 12
ag = ——lref “lref 5¢
0 k2f1 ref, A f Iref, + kz ref, ( )
Power decoupling for s,
. L. (o4 f3): 13,
ag = ——1i ——————lref; + I 5d
0 k3 f2 ref3 k3 f2 refy k3 ref3 ( )
Power decoupling for s3
i L et + i (Se)
ayg = —1 —1 €
0 k4 f3 refy k4 refy

Power decoupling for a3

where k, is the proportional gain (or S-shaped steepness)
associated with the respective spectral component, and HPF;
and LPF;, are the filters associated with the cutoff frequency
fx- Therefore, the variation of ag is governed by the dynamics
of irer,, in which the power decoupling is intrinsically linked
to the corresponding DC-link spectral frequency components.
Moreover, the second-order derivative terms introduce vir-
tual inertia, while the first-order derivative terms provide
virtual damping, thereby enabling selective transient energy
exchange among the DC power units.

B. VSI POWER CONTROL

A high-inertia emulation in the B-VSlI is effective for mitigat-
ing voltage fluctuations on the AC-side. Since a3 represents
the low-frequency response, it is used as the reference signal
for a conventional droop-based active power control of the
B-VSI. Thus, the active (calculated according to the AC-side
frequency wy,.) and reactive power references (based on the
dg AC-side voltage vy, ) are determined by the following
droop control model:

a)dref - wg — Mg (Ula3 + PVSi) (63)
Vs = Vg — N Qusi (6b)
315
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where Qysi denotes the reactive power of the B-VSI, o1 =
Prmax Md = W’ an(.l na = . Omax .

Here, Pyax and Qpmax are the maximum active and reactive
power of the B-VSI; vqc,,, and vqc,, are the maximum and
minimum DC-link voltages; and fimax, fmin> Vacmae> a0d Vac,;,
are the maximum and minimum frequency and AC-link volt-
ages, respectively.

Vdemax —Ydein Vacmax —Vacpin

C. BESS CURRENT CONTROLLER

The BESS must be designed with sufficient capacity to supply
energy during peak hours, while prioritizing energy storage
during off-peak periods. Its power\current reference ibtrr, is
generated using an S-shaped function, given as

: 200,10 :
lbtrefo = — 0pmax
51,2,3
—[y o2]x aj

1+ exp ASOCth

where y = [y1 ya 3 al € RT | ..
2 2 2 2
VL= s V2= s V3= V4= (7
Slmax s2max S3max a3mz\x

where i, € R* is the maximum BESS current, y is the set
of steepness coefficients used to determine the variations of
sx and a3 with the terms s and a3, € R™ denoting the
maximum values of s; and a3, respectively.

The selection of sy, and a3, determines the priority for
compensating the power demands associated with the decom-
posed spectral components [see Fig. 3(a)]. The procedure for
selecting p is detailed in Appendix A.
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FIGURE 4. EV current references. (a) S-shaped design for battery current
reference. (b) S-shaped design for SC current reference under variation of
three terms: y; 51, 25>, and psss.

Remark 1: As s; contains the highest spectral components,
Sl Must assume larger values to mitigate not only high-
frequency resonances but also the propagation of ripple from
the DC-connected devices.

As discussed in [14] and [17], operating the battery at
extreme SoC levels (e.g., 20% or 80%) increases its internal
resistance. To prevent such operation and minimize losses,
the term 02 ASoCyy, was introduced in the function, where
o2 € RT and ASoCh, = SoChy, — S0Chy,,;-

Thus, when the SoC falls below to the threshold SoCy,,,
the S-curve shifts to the right, while for SoC values above
SoCly,,,, it shifts to the left [see Fig. 3(b) for SoCyy, ; = 0.6].
The gain o establishes the priority of SoC regulation and can
be tuned according to grid conditions and period of day.

Moreover, as a3 increases or decreases, the S-shaped func-
tion smooths the current reference used to track the other
spectral components [see Fig. 3(c) and (d)]. These conditions
attenuate BESS current variations during critical power op-
erations, thereby mitigating stresses caused by overload and
excessive heat generation.

D. EV CURRENT CONTROLLERS

In this study, the EV charges its battery while simultaneously
contributing to the mitigation of voltage fluctuations occur-
ring in the medium-frequency spectral range. This strategy
improves DC-side power quality without imposing significant
stress on the EV batteries.

1) EV BATTERY CURRENT CONTROLLER

The charging process consists of two main steps: 1) constant-
current (CC) mode, applied when the SoC is above 20% until
it reaches approximately 70%—-80%; and 2) constant-voltage
(CV) mode, applied thereafter. Furthermore, to enable the ith
EV to contribute to DC-link voltage regulation under moder-
ate spectral components, the CC mode is augmented with the
sigmoid function shown in Fig. 4(a), expressed as

ZiEvik%

Alpy, = ——————
lbtz 1+exp —¥383

— igv,; kg, (8)
where igy, € R™ is the charging current of the ith EV, and

ke, € [0, 0.2] is a contribution factor of igy, used to support 53
regulation.
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Under weak grid conditions, intensive EV arrivals at the
DC-EVCS can lead to significant AC-link voltage fluctua-
tions. Therefore, reduced power bounds must be imposed on
the B-VSI to avoid instabilities on the AC side. Consequently,
the DC side loses part of the B-VSI capacity for EV energy
provision and may need to operate in islanded mode.

To ensure continuous operation, the EV charging power is
adjusted according to the factor expressed as follows:

1

Ao = ——F——.
1+ exp(‘B 7u0max)

(€))
The limited energy provision capability of the B-VSI causes
the DC-link voltage error to increase until it reaches the
threshold ag,,,.. Once this threshold is exceeded, the EV
charging power demand is curtailed, while the BESS and
renewable sources continue supplying energy to the DC-link,
thereby ensuring continuous system operation.

2) SC CURRENT CONTROLLER

The high power density of SCs allows them to compensate
load fluctuations associated with high spectral components
(low inertia), thereby providing ancillary services that en-
hance the power quality of the grid. Accordingly, the required
current is; is determined as a function of s1,2,3, as follows:

2iS,'max

i 1 +exp ~[n1 72 v3lxs1,23 ~ imax (10)
where is; € R is the maximum discharge/recharge current
of the SCs.

The SCs must meet safety specifications to prevent ther-
mal runaway risks. Therefore, motivated by [14], (10) is
extended with additional S-functions to ensure SC operation
within a safe range of 50%-90% SoC, thus avoiding overload
conditions. Specifically, when 0.5 < SoCy; < 0.9, the SCs
operate according to (10). Conversely, when SoCy, < 0.5 or
SoCqc; > 0.9, the SCs are forced to recharge or discharge, re-
spectively. The expected current reference iscyer, is illustrated

in Fig. 4(b), and its analytical expression is given by

1.5is,‘max +
100 (O.Q—SoCSCi)

iscref,- =
1 +exp
iS[ + isimax

. —isi ..
* 100(SoCc; —0.5) fmax

(1)
1 4+ exp

IV. STABILITY AND PERFORMANCE ANALYSIS

The stability of the proposed power-sharing strategy is evalu-
ated by using the small-signal Lyapunov’s indirect method,
as described in [14]. First, the dynamic equations of the
DC-EVCS are combined with the previously modeled S-PSC
and linearized in Section IV-A. Then, in Section IV-B, the
Jacobian matrix is used to analyze the eigenvalue trajectories
as the short-circuit ratio (SCR) varies. Finally, Section IV-C
examines the attenuation performance of the battery currents
and DC-link voltage under the S-PSC through singular-value
analysis.
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TABLE 1. DC-Coupled EV CS Electrical Parameters

Description Symbol Value
AC-side
LCL input L;; Ry 0.3 mH; 20 mQ
LCL capacitance Co; Ry 50 pF; 3 Q
LCL output Lo; Ro 0.8 mH; 0.1 ©
Grid rms voltage Vg 270 V
Grid frequency Wy 27.50 rad.s ™1
Coupling resistance R, 100
Line impedance (SCR = 6) Lg; Ry 0.4 mH; 30 mQ
DC-side
DC-link rated voltage Vde,of 1000 V
DC-link capacitance Cae 6000 pF
Converter inductance Lpt;; Lsc; 5 mH; 5 mH
Converter losses Ryt,; Rse; 19,10
BESS voltage Vbto 500 V
BESS capacity Chty 56 Ah
1st battery voltage Vb, 600 V
1st SC rated voltage Vscry 500 V
1st SC capacitance Cse; 7F
2nd to 4th battery voltage Vbty — Ubty 600 V
2nd to 4th SC rated voltage | vscro — Usery 450 V
2nd to 4th SC capacitance Csey — Csey 2 F

A. COUPLING MODEL LINEARIZATION

Let F(x,u) = x denote the vector of nonlinear differential
equations obtained from the interaction among the main dy-
namics states presented in Appendix B, where x is the state
vector and u is the input vector of F. The electrical and control
parameters used in the proposed solution are presented in
Tables 1 and 2.

Definition 2: The set of solutions x* and u*, such as
F(x,u)|y y=x* ,+ = 0, is defined as the equilibrium points.
These points are computed using MATLABand Simulink [22].

Remark 2: During the computation of the equilibrium
points, the most critical scenario was considered, in which the
renewable energy generation is null and the CSs demand the
maximum power from the utility grid. Therefore, the BESS
and the B-VSI operate with higher power requirements, re-
ducing damper effects in both DC and AC-sides.

Assumption 1: The batteries have sufficient capacity such
that their SoC dynamics can be neglected. Moreover, since the
S-PSC forces the BESS to operate around 60% SoC, this value
was assumed as the equilibrium point. Although vy, varies
with power and SoC fluctuations, it does not substantially
affect the eigenvalue trajectories.

Based on the aforementioned considerations, the nonlinear
model F (x, u) is linearized around x* for small-signal varia-
tions, denoted by X. Its dynamics is then obtained through a
Taylor series approximation, as follows:

FGE+x*a+u* )~ Fx* u*,t)+Af +Bi  (12)
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TABLE 2. S-PSC Parameters

Description ‘ Symbol ‘ Value
External loop controllers
Filter frequencies [f1 f2 f3] (100 30 0.1] Hz
Power frequency filter we 34 rad.s™1!
Active power gains o1; my; 2%; 80 ‘\‘;,a:
Reactive power gain ng 1 %
S-function steepness ¥ [0.06 0.13 0.1 0.06]
BESS SoC regulation o9 8
BESS max. current 0max 100 A;
15t to 4th SC 181,000 152man 80 A; 60 A;
max. current 183, 003 ©53maw 60 A; 60 A
15t to 4t BV BV BV 133 A; 40 A;
max. current IRV 1BV, 40 A; 40 A
EV contrib. factor ko 0.1
Inner controllers
Virtual impedance Ry; Ly 1 m; 0.1 mH
Feedfoward gains Kyrpi; Krgo 0.5; 1
B-VSI voltage loop Kpo; Kiy 1.01 8;123.6 £
B-VSI current loop Kpis K 1.2 Q; 664 %
0 . KO0 1, 1
BESS current loop Kbt,,’ Kbt,; 1551 &
. 1. 1
SC current loop Ksep; Kse; 1 "}% i1 %
A 1. 1
EV current loop thp, K})ti 5 5 1 R

where A is the Jacobian matrix and B is the input matrix, given
by

A = ViF (0, 0]y yyr oy € R¥H (13a)

B = V,F (x, )|y 0 € R*7. (13b)
B. STABILITY ANALYSIS VARYING SCR

The indirect Lyapunov’s method uses A to analyze the local
stability of F (x, u) through the eigenvalue trajectories.

Assumption 2: In this analysis, we assumed that SoCy, =
0.5 or SoCy,. = 0.9. Ensuring asymptotic stability under these
conditions prevents the SCs from drifting into SoCy.; < 0.5 or
SoCq¢; > 0.9.

Fig. 5(a) shows the eigenvalue trajectories approaching the
right half-plane as the SCR decreases from 6 to 1.2. As ex-
pected, under weak grid conditions, the power demand of
the loads amplifies the AC-link voltage oscillations, reducing
the control stability margin in these scenarios. Nevertheless,
the analysis indicates that the overall system is asymptotically
stable in SCR > 3, which also ensures that the SoC of the
SCs does not drift into SoCq¢; < 0.5 or SoCy; > 0.9 when
disturbances occur.

C. PERFORMANCE ANALYSIS APPLYING DISTURBANCES

The singular values are used to analyze the attenuation per-
formance of § = [ibt, bt ibty bty ibt, Dde 0417 with respect
to the load disturbance defined as @& = [d> 4;]”. In the same
way, the gain output of § with respect to & was evaluated
using the transfer function matrix denoted as H(s) € R7*2
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(a) Low-frequency eigenvalue trajectories with SCR varying from 6 to 1.2;
maximum singular values (droop comparison): (b) iy, with respect to &

and i, (c) ?.,,i |i=1,2,3, 4 with respect to &I, and i1, (d) 4. with respect
to i, and i1, and (e) 8 with respect to i;. 'The SC units were not included.

calculated by

H(s)=C (s145>‘45 _ A) 'p (14)
where C € R7*# is the observation matrix of §, and I45%45 is
the identity matrix as well.

The singular values were also obtained from the droop-
based PSC, which neither accounts the frequency-response
decomposition nor employs SCs for DC-link voltage regula-
tion. These values were subsequently compared with those of
the proposed solution to more clearly assess its performance
attenuation.

Remark 3: During the linearization process, an SCR = 5
was considered. Consequently, the equilibrium points v}, =
955 V and v, =362 V were obtained. At these voltage
levels, the control structure approaches a low stability margin
and the limits of acceptable grid operation. Moreover, under
these conditions, the S-shaped function smooths the BESS
current reference, which may increase voltage fluctuations at
high frequencies.

Remark 4: In this analysis, the range 0.6 < SoC, < 0.8
was used. These equilibrium points indicate marginal stability
of the overall system due to the absence of SoCy, regulation
within this operating range [14]. However, these conditions
do not move the system into instability and can be useful for
investigating the contribution of SCs to BESS current support
and DC-link voltage attenuation.
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Remark 5: The parameters k., = 20 and kq. = 1000 were
defined to amplify the DC gains in H (s), since the load vari-
ation occurs on the kilowatt scale. This approach is useful
for predicting variations in the battery current and DC-link
voltage under high-power demands.

1) BESS CURRENT ATTENUATION PERFORMANCE

Fig. 5(b) shows the singular values of fbto with respect to i
and #i;. The results demonstrate that the proposed S-PSC re-
duces the BESS current DC gain by more than 15 dB through
the ancillary services provided by the SCs and EV batteries.
Most of this attenuation is attributed to the SCs, which are
specifically employed for this purpose.

In contrast, the EV batteries sustain a higher current
magnitude to compensate for the DC-link voltage in the
medium-frequency range between 0.01 and 10 Hz, as shown
in Fig. 5(c). Although the EV batteries participate in DC-link
voltage regulation alongside the BESS, their contribution oc-
curs in frequency ranges that do not significantly affect the
BESS lifespan.

2) DC-LINK ATTENUATION PERFORMANCE

The attenuation of DC-link voltage fluctuations under distur-
bances was analyzed in Fig. 5(d) where, it shows the singular
values of ¥4 with respect to @ and #;. In addition, it can
be observed that voltage attenuation is more evident in the
frequency range above 0.01 Hz, at the cost of a higher DC
gain.

This result indicates that the proposed S-PSC can effec-
tively absorb voltage fluctuations caused by the intermittent
nature of renewable sources. The increased steady-state error
can be attributed to the smoothing characteristic of the sig-
moid function, which reduces the compensation of 7y, with
respect to az, thereby affecting DC-link voltage steady-state
error.

3) B-VSI FREQUENCY ATTENUATION PERFORMANCE

The inertia gain of the B-VSI was also investigated by evaluat-
ing the frequency response of 6, with respect to ii;. As shown
in Fig. 5(e), the proposed S-PSC attenuates high-frequency
components above 0.01 Hz, causing the B-VSI to respond
more slowly to DC-side load disturbances. This behavior
suggests that the proposed solution is a suitable alternative
for low-voltage grid applications, as it reduces high-voltage
variations in AC-link couplings.

Remark 6: The frequency response with respect to iip
was not assessed. Since B-VSI reactive power and harmonics
control are not the focus in this work, the effects of /i, on
the AC-side would not contribute for any deep analysis in the
power quality.

V. SIMULATION RESULTS

Simulations were first conducted to validate the proposed
S-PSC under diverse grid conditions and varying EV/BESS
operating scenarios. For this purpose, data files containing
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FIGURE 7. S-PSC performance throughout the day. (a) DC-link and AC-link
voltage. (b) BESS and B-VSI power. (c) BESS SoC and SoH dynamics.

the renewable generation profile and the EV arrival rate were
included, as illustrated in Fig. 6(a). Furthermore, SoCy, , was
adjusted according to the daily net load demand, as shown
in Fig. 6(b). Consequently, the BESS restores energy during
off-peak hours and provides energy support during periods of
high load demand.

The model F (x, u), BESS dynamics, and their parameters
listed in Tables 1 and 2 were discretized in MATLAB and
Simulink using the backward Euler method with a minimum
time step of 1 x 10™* s. This discretization captures the dy-
namic of the S-PSC throughout daily operation and enables a
clear stability assessment of the controller gains under differ-
ent operating conditions.

A. S-PSC PERFORMANCE DURING THE DAY

In this analysis, Fig. 7(a) shows the dynamics of vgc and vy,
during the period from 6 to 21 h. The largest voltage fluctua-
tions occur on the DC side, where high power density units are
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AC-link voltage. (b) Power processed by the BESS, B-VSI, and EVs.

coupled. The DC-side power balance is illustrated in Fig. 7(b),
where the BESS supplies energy to sustain all spectral compo-
nents of the power demand, while the B-VSI contributes only
to the low-frequency components. Consequently, the proposed
S-PSC ensures reliable operation, with the maximum voltage
deviation limited to below 10%.

The simulation results predict the BESS SoC and SoH dy-
namics throughout the day. As shown in Fig. 7(c), the BESS
SoC is maintained within the range of 20% to 80%, with more
pronounced variations occurring between 13 and 20 h, mainly
due to the higher probability of EV arrivals during this period.
In contrast, the SoH is more significantly affected, since it
is strongly influenced by the effort required to maintain the
SoC within safe operating limits. A solution for reducing SoH
degradation is to adjust SOCyy,,; or o7 in order to smooth the
power processed by the BESS.

B. S-PSC PERFORMANCE UNDER WEAK GRID

To assess the adaptability of the S-PSC under weak grid con-
ditions, a simulation was conducted considering SCR = 1.5.
As shown in Fig. 8(a) and (b), between 6 and 6.65 h, the high
power processed by the B-VSI leads to significant AC-link
voltage drops, which are characteristic of weak grid condi-
tions. Therefore, reducing the power delivered by the B-VSI
is crucial to avoid blackouts caused by voltage instability.
Consequently, after 6.65 h, the B-VSI operates under reduced
power, and the proposed S-PSC adapts the operation of the
BESS and EVs according to (9) to maintain voltage stability,
as illustrated in Fig. 8(a) and (b).

C. BESS PERFORMANCE WITH S-PSC AND OTHER
APPROACHES

A comparison of the proposed S-PSC with a conventional in-
ertial droop-based control was conducted in order to assess the
benefits of employing S-shaped functions for power-sharing
strategies.

The results in Fig. 9(a) confirm that the proposed S-PSC
exhibits a higher DC-link voltage error under steady-state
operation, as discussed in the stability analysis. In contrast, the
S-PSC effectively limits BESS overload during high power
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demand [see Fig. 9(b)], thereby protecting the device from
undesirable SoC excursions and reducing long-term SoH
degradation, as evidenced in Fig. 9(c). These advantages arise
from the nonlinear characteristics of the sigmoid functions,
which reshape the droop gains and mitigate excessive BESS
power effort under high demand scenarios.

The nonlinear characteristics of the S-shaped function can
be reproduced using fuzzy-logic-based control, resulting in
similar power-sharing behavior [23]. However, adapting the
gains and base rule to different device characteristics is con-
siderably more complex with this approach. Furthermore,
fuzzy-logic control complicates the derivation of an analytical
model for small-signal analysis, which constitutes a disadvan-
tage when compared with the proposed S-PSC. Therefore, the
S-shaped strategy based on sigmoid functions is a more suit-
able choice for achieving the objectives of this work, owing to
its continuity, reduced tuning complexity, and straightforward
mathematical modeling.

Vi. HARDWARE-IN-THE-LOOP (HIL) RESULTS

The experimental results was conducted using a real-time
HIL platform. The HIL platform integrates SpeedGoat for
real-time DC-EVCS emulation and dSPACE for executing the
power sharing strategy and the inner controllers, as indicated
in Fig. 10.

The schematic illustrating the board connections is pre-
sented in Fig. 10. In this setup, the dSPACE1006 multipro-
cessor system, featuring an AMD Opteron processor, retrieves
analog signals from SpeedGoat through the 16-bit A/D board
DS2004 and generates digital signals via the digital board
DS4004. Subsequently, the measurements related to the DC-
EVCS are obtained from SpeedGoat, which is powered by
a performance-core Intel Core i3 FPGA 100 k, using the
16-bit analog output board 10110, while the PWM signals are
acquired through the digital board I0316.

In the HIL implementation, the controllers were developed
using discrete equations based on backward Euler approxi-
mation. During the experimental execution, the user manually
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FIGURE 10. Real-time HIL setup: dSPACE and Speedgoat.

FIGURE 11. Scheme of the R-PSC benchmark solution. Adapted from [16].

TABLE 3. R-PSC Rules Decision. Adapted From [16].

SoC, | above 50% | 30-50% | 10-30%
Prcg > 0 (Pbtyep:Pvsiyey) 2:1 1:1 1:1.5
Prey <0 (Pbtyes:Pvsiyeys) 1:2 1:1 1.5:1

set the EV power demands and specified their arrival and
departure times at the CSs. For each EV arrival, SoCy, and
SoCy; were reset to random initial conditions within the
ranges of 0.2-0.9 and 0.5-0.8, respectively, while the errors in
the current control loop were cleared. Furthermore, the battery
charging process followed the conventional CC/CV protocol.

Moreover, the proposed S-PSC was compared with the
benchmark solution in [16]. The benchmark employs a ratio-
based PSC (R-PSC), adapted with the control loop illustrated
in Fig. 11, where Pt denotes the power demand, Pbt.r
and Pusis represent the battery and B-VSI power refer-
ences, respectively. The ratio-sharing rules are summarized in
Table 3. The R-PSC is designed to operate exclusively in grid-
connected mode in peak hours, utilizing a single high-power
BESS connected to the DC-link.
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Finally, the tests were carried out for both strategies under
the following conditions: 1) during the test, R, was varied
between 5 and 700 €2; 2) the power injected by the renew-
able sources followed the same profile, characterized by high
load fluctuations; and 3) in both cases, the grid condition was
assumed to represent peak-hour operation with SCR = 6.

A. BESS USAGE

The BESS performance and stress were quantified in terms of
power levels, transient responses, SoC, and SoH. With respect
to the power response of the R-PSC, the proposed S-PSC
not only reduced high-frequency transients in the BESS, but
also lowered the rms power for SoC values above 50% [see
Fig. 12(a)]. Furthermore, analysis of the BESS power detail
coefficient (D,,) obtained via Wavelet Transform and the stan-
dard deviation (o) [see Fig. 12(b)] confirms that the proposed
strategy results in reduced BESS stress.

In the zoomed intervals of Fig. 12(b), it can be observed
that the R-PSC requires greater BESS effort at SoCs above
50%. This behavior results from the abrupt transition of the
power-sharing ratio at specific SoC intervals, as shown in
Table 3. In contrast, the S-PSC adapts more smoothly to SoC
transitions, preventing the BESS from operating under sus-
tained high demand within the same SoC range, as imposed
by the R-PSC.

Moreover, the S-PSC demonstrated superior performance
in terms of BESS lifespan, as both SoC and SoH were less
affected, as shown in Fig. 12(c) and (d). Although the energy
sold was less during this time interval, in the long term these
results can potentially increase the revenue in 10%—20%. This
is further supported by the analysis in Table 4, where the
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TABLE 4. BESS Long Term Profit? Comparison

Energy sold SoCend SoHepng | Profit!
R-PSC 13.47 kWh 22.1% 99.94% 2.06 $
S-PSC 12.12 kWh 35.3% 99.97% 2.42 %
2Profit calculation is detailed in Appendix C.
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FIGURE 13. Voltage fluctuation comparison. (a) DC-link voltage.
(b) AC-link voltage. (c) Instantaneous flicker occurrences.

overall cost comparison indicates higher profitability for the
S-PSC relative to the R-PSC, taking into account the BESS
pack price, SoH degradation, energy sold, and grid energy
price.

B. COUPLING POINT VOLTAGE PERFORMANCES

In relation to the DC-link voltage fluctuation, as shown in
Fig. 13(a), the S-PSC demonstrated robustness against load
disturbances, maintaining the maximum voltage error below
5% throughout the test. However, a higher integral absolute
error is expected due to the absence of an integrator in the
voltage control loop. Since the voltage error strongly depends
on the power distribution between the BESS and the B-VSI,
the power-sharing steepness gains must be tuned according
to the maximum and minimum DC-link voltage levels of the
microgrid.

Fig. 13(b) shows the AC-link voltage fluctuations. The
S-PSC influences the low-frequency variations because it re-
quires more energy from the utility grid. Although the AC-link
voltage exhibits larger drops, its rms value remains within
acceptable limits (IEEE 1159) [24]. Furthermore, these drops
occur at low-frequency ranges, thereby mitigating flicker oc-
currences in accordance with IEEE 1453 [25]. In contrast, the
R-PSC results in a higher incidence of flicker [see Fig. 13(c)],
which is undesirable for maintaining good power quality in
the utility grid.

C. EV CHARGING PERFORMANCE

In the S-PSC, the EV batteries support voltage regulation
by compensating medium-spectral frequency components.
Fig. 14(a) (zoomed view) highlights the current variations of
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the EV batteries during connection/disconnection events of
the CSs and under power fluctuations of the renewable energy
sources. In contrast, the benchmark solution does not provide
such support and is therefore more affected by disturbance
variations, as shown in the zoomed view of Fig. 14(b).

Moreover, in respect to rms power delivery, exhibited in
Fig. 14(a) and (b), the S-PSC with SCs as auxiliary support
enabled 34% more power delivery for EV charging during the
test. This result attracts the interest in using SCs as comple-
mentary sources to improve both power quality and charging
performance in the infrastructure.

D. SC PERFORMANCE WITH S-PSC

The SC power dynamics and the corresponding SoC varia-
tions were evaluated within a specific time interval, covering
the EV plug-in [point (D] and plug-off [point (2)] events.
Fig. 15(a) illustrates the power processed by the 1st SC, while
Fig. 15(b) shows the behavior of the 3rd SC.

As observed, the Ist SC, having higher power density,
processed more power compared to the 3rd SC, which has
lower power density (smaller capacitance and maximum cur-
rent). The SC SoC remained within the safe operating limits
of 50%—90%, ensuring that the S-PSC provides reliable SC
operation avoiding overload conditions and thermal runaway
risks.
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VII. CONCLUSION

A S-shaped-based power sharing control was proposed in this
work for DC-EVCS. The S-shaped function shapes the ratio
power of the available source to compensate the DC-voltage
across different inertia responses, adapting the operation of
BESS and EV energy storage units for ancillary service provi-
sion, while ensuring high-inertia responses of the interlinking
converter with the utility grid.

The small-signal stability and performance attenuation of
the proposed strategy were assessed through eigenvalue tra-
jectory and singular value analyses, respectively. Simulation
results predict the controller performance under diverse grid
conditions. Furthermore, experimental validation with bench-
mark comparisons was conducted using an HIL test bench.
The results demonstrate that the proposed strategy mitigates
flicker and extends BESS lifespan. Compared to a fixed
power-sharing ratio without SC support, the S-PSC reduces
BESS stress by more than 40% and increases its profit by
more than 10%. Nonetheless, a tradeoff arises between ex-
tending BESS lifespan and maintaining grid voltage within
the acceptable rms tolerance specified by IEEE 1159 [25].

Future work will focus on implementing reactive power
sharing control and low voltage ride through support under
severe rms voltage drops, indicative of weak grid conditions.
In addition, the proposed PSC will be extended to adapt
dynamically to changing grid conditions, thereby enhancing
power quality on both the DC and AC-sides.

APPENDIX A
In this appendix, the authors demonstrate how to select the
S-shaped steepness coefficients y based on the spectral char-
acteristics of the frequency signal used as input.

First, we assume that the reference current follows an S-
shaped curve, expressed by the sigmoid function

15)

~ limax

where y; denotes the jth steepness coefficient, & is the number
of high-frequency components, and v; is the jth input signal.
The maximum steepness of (15) with respect to v; is obtained
as

diref — )/.iiimax (16)
dvj 1(v1=0,0=0,...,v;41=0) 2
with y; defined by
Vilimax _ limax
T = Sy = (17)
2 Ujmax jmax

where the ratio :}’"‘i specifies the maximum gain between the

Jmax

current output and the input signal.

APPENDIX B
The remaining differential equations of F (x, u) used in (12)
are presented below. The equations was adapted from [14]
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and [22], and the system parameters adopted in the nonlinear
model are summarized in Tables 1 and 2.

LCL dynamics

Od = Ody — @ac (18a)
. . . 4T Rl . 1

i, = Wdpelin, —i,1" — L—llqu + L—l(vsdq — Vo,,)  (18b)

1 . .
. T . . . .
Voyy = Pes [UDq - vod] + C_v (lldq _l"dq> +Ra (lldq _l"dq)
0

(18¢)
. - S R, 1
Logg = Wdyey [loq - lod]T - L_olodq + L_(vodq - vacqu(od))~
0 0
(18d)
Grid impedance dynamics
Oy = wg — Wy (192)
. - . .1 Re. 1
lgg, = Wglig, —ig;]" — L_’gdq + L_(”gdq - "aC.qu(og))'
3 g
(19b)
AC-DC converter power dynamics
; 3 : .
Pysi = @, <§ (Uod loy + Vo, loq) - vai> (20a)
: 3 . .
Ovsi = ¢ <5 ( oqlog — Voy loq) - sti) . (20b)
DC-DC converter current dynamics
: . Roy; | 3up 3vdc
= — iy — L — dyy, 21
iy bt I, L by (21a)
. Ry, 3, RI
Isc; = —lsc; li:: ch — dsq; L,‘C (21b)
SC SoC dynamics
SoCye, = —— (22)
Csc,v Uscr;

AC-DC converter zero level control
Virtual impedance:
Vogret = [Way 01" = Rolog, + 0 Lolio, —io1". (23a)

Voltage loop control:

8uiy = Voggref — Vo, (23b)

Isg, = Ky fitog, — @iy Colvo, — Vo, 1T + vafsvldq + Kivdy,, -
(23c¢)

Current loop control:

814y = isg, — il (23d)

sy, = Kffovoy, — @a Lili;, — i, 1" + Kpisi;jq + Kiidig, -
(23e)
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DC-DC converter current control

di; = Kpy, Sot; + K, Sotys Soy; = ity — ibtier;  (240)

dsc,- = Kpcgsc,- + Kic68C17 Ssc,» = isc,v - iscref,-~ (24b)

The main state vector is given by
X = [Sbto Sbtl 8bt2 8bt3 5bt4 85C1 (SSCZ 85C3 55C4 ...

Sid 81‘,, 5vd (qu X1 ayp X2 ay X3 as SOCSC]

S0Cs, S0Cse; S0Cse, Vdc ibyy ibt; bty bty - - -
ibt4 iSC1 iSCz isc3 isc4 ed eg igd igq...

(25)

. . . . T
log log Vog Vo, U, U, Pysi sti]

and the nonlinear model is defined as F (x, u) = x.

APPENDIX C

The internal dynamics of the BESS are used to estimate both
its SoC and SoH. In this work, the BESS is modeled using a
lithium-ion pouch-type cell, adapted from [17] and [26]. The
SoC is estimated using the Coulomb’s counting method, while
the SoH is obtained from a first-order RC equivalent circuit
model that captures aging and thermal effects. Accordingly,
the SoC and SoH dynamics of the BESS are given by

SoCy, = — (’% (26a)
0
. |ibt() |
SoH = — —1tol 26b
“ 7.2004, (26b)

20 <
Ap = [A.103 exp(3100—31,700)/R(Tc+Ts)/2] (26¢)

where R is the ideal gas constant and z is the power-law factor.
Since A;, depends on the cell temperature, its dynamics are
also modeled as

_ (Rc + Rs) 15 1. Tf

T, = 27
s RRC. | RC T RC (272)
. T. T,

o=t T 2 (27b)

RcCc RcCc Cc
. . Ve (S0Chy,, )
O = bty (Vbtg — Voe(S0Chty)) + ity Te — O™ (27¢)

oTe

where Ty is the ambient temperature, and c, R, Ry, C¢, and C;
are defined in Tables 5 and 6. Because the heat generation
rate depends on the BESS terminal voltage, the electrical
dynamics are described by

Ubty = Voc — Ropibto + Ve (28a)

bre = (Rpitey — vre) (CoRy) ™
where R,p, R, Cp, and v, are also summarized in Tables 5
and 6.

The BESS did not purchase energy from the renewable
sources, and it only sold energy to the CSs. Accordingly, the
customer’s final profit is expressed in terms of the BESS en-
ergy sold/purchase and the corresponding battery degradation,

(28b)
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TABLE 5. BESS Model Parameters.

Description Symbol Value
BESS capacity Qb 28 kWh
Polarization capacitor Co 15.7 kF
Internal resistances Rp; Rop Table 6
Open-circuit voltage Voe Table 6
Heat conduction Re; Rs | 182 KW—1; 1,410 KW~
Thermal capacitances Ce; Cs 10 kJK—1; 50 kJK—1!

Adapted From [17].

TABLE 6. Battery Circuit Parameter Versus SoC, and Pre-Exponential Factor
A Versus C-Rate.

Description Symbol Value

Battery electrical parameter (single cell) versus SoC

SoC SoCly, 0.2 0.4 0.6 0.8
Open. voltage Voe 3.01 3.05 3.15 3.24
Ohmic resist. Rop 0.165 | 0.145 | 0.13 0.15

Tonization resist. Ry 0.046 | 0.042 | 0.043 | 0.045
Pre-exponential factor versus c-rate
c-rate c 0.5 2 6 10
Pre-exp. factor 31.6 21.7 13.9 15.5

Adapted From [17].

as follows:

Profit = EoBeh — EgfBg — (1 — SoHend)Oby, Bo (29)

where Ey [kWh] denotes the total BESS energy sold, B¢, =
0.32$ [27] is the charging energy price during peak hours,
E, is the grid energy bought, B, = 0.12$ [27], O, [kWh]
is the BESS nominal capacity, and By = 124.24 $/kW h [28]
represents the BESS pack cost.
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