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State-of-Grid-Based SoC Balancing and AC
Coupling Control for DC Microgrids

Omer Ekin
De Carne

The shift towards renewable energy has in-
creased interest in dc microgrids as a promising inte-
gration solution. However, managing power-sharing, state-
of-charge (SoC) balancing, and reliable ac coupling with-
out communication remains challenging, necessitating ad-
vanced control methods. This article introduces a novel
state-of-grid-based control for dc microgrids, enabling
communication-free power-sharing and SoC balancing
across battery systems, even with significant line resis-
tances, while supporting synergistic ac coupling. Each bat-
tery locally projects its SoC into a small voltage offset
around the nominal dc bus level; the resulting bus voltage
therefore mirrors the average SoC of the entire microgrid.
By using an analogous mapping for ac frequency, a single
voltage—frequency metric unifies dc and ac domains. A
small-signal Lyapunov analysis proves local exponential
stability under realistic parameter spreads. The controller
is implemented on a laboratory microgrid comprising two
battery emulators, photovoltaic generation, programmable
loads, and a Silicon Carbide interlink converter. Hardware
results in islanded and grid-connected modes confirm volt-
age regulation, SoC equalization, and seamless power ex-
change.

Battery energy storage system (BESS), dc
microgrid, decentralized control, power management, SoC-
balancing, state-of-grid (SoG).

NOMENCLATURE
Ve DC bus Voltage [V].
Vi Reference dc bus voltage [V].
Ve ,Bi Converter Output Voltage of ith battery [V].
K SoC-dependent scaling factor for Ve g, [-].
o Globally defined mapping gain [-].
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SoC; State-of-Charge of it battery (0 ... 1) [-].
SoC; Desired State-of-Charge of i battery [-].
SoCa,;  Correction factor in the SoC mapping [-].
SoGac;  SoG index of i dc microgrid [-].
SoGac,;  SoG index of j ac microgrid [-].
fac Measured grid frequency [Hz].
o Reference grid frequency [Hz].
P Active power transferred by the VSC be-
tween i™ dc microgrid and ;' ac microgrid
[W]. .
Piss Rated active power of the VSC [W]F7ga
VSC dead-band limit [W].
Ivsc DC current of the interlink converter [A].
Clc DC-link capacitance [F].
C; Capacity of i™ battery [Ah].
Bi Line/internal resistance of i" battery [€2].

|. INTRODUCTION

HE increasing integration of renewable energy sources

(RES), electric vehicles, and decentralized energy stor-
age systems calls for a paradigm shift in power distribution.
Direct current (dc) microgrids have emerged as a suitable archi-
tecture for integrating these components, offering advantages
such as fewer conversion stages, reduced semiconductor usage,
higher efficiency, and improved compatibility with inherently
dc-native technologies [1], [2]. Their modular nature and ab-
sence of frequency synchronization requirements make them
particularly suitable for distributed generation, industrial au-
tomation, and commercial buildings [3], [4].

The dc microgrid architecture considered in the present
work, depicted in Fig. |, comprises two battery energy stor-
age systems (BESSs), a 6 kWp photovoltaic (PV) string, resis-
tive loads at 120V and 230V, and an ac interlink converter
(IC) compliant with the ride-through and islanding require-
ments defined in IEEE Std 1547-2018 [5]. This topology re-
flects typical communication-sparse rural or behind-the-meter
installations.

While the primary control objective of dc microgrids is to
regulate the bus voltage within a desired range, other essen-
tial control objectives are indispensable for the implementa-
tion of practical dc microgrids. These include power-sharing
capabilities, state-of-charge (SoC) balancing, and the provi-
sion of ancillary services between the dc microgrid and an ac
grid [6], [7].
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Schematic block diagram of the laboratory dc microgrid used in
this study (two BESS, 6 kWp PV, resistive loads, and ac interlink).

SoC balancing is critical for maintaining the stability of
dc microgrids. Without proper balancing, some batteries may
become fully charged or fully discharged prematurely. In both
cases, the collective ability of the storage system to absorb
or supply power is reduced, which can lead to instability,
especially during periods of surplus or deficit in renewable
generation. Moreover, operating batteries outside their opti-
mal SoC range accelerates degradation, reducing their lifes-
pan and the overall reliability of the system. Effective SoC
balancing therefore plays a key role in enhancing efficiency,
extending battery life, and ensuring stable and resilient grid
operation [8], [9].

In hierarchical control-based approaches, high-frequency
communication is required for steady and dynamic power-
sharing capability [10]. Such a communication requirement in
an energy grid increases complexity and costs. In addition,
communication technology introduces challenges such as vul-
nerability to cyber-attacks, reliability concerns, compatibility
issues, privacy and data security risks, regulatory compliance
requirements, maintenance challenges, and dependency on ex-
ternal networks [11]. Decentralized approaches operate based
on measurements available locally to each component, thereby
avoiding the drawbacks of communication-based methods. For
instance, droop based-control can achieve power-sharing capa-
bility without communication, however, it involves an inherent
trade-off between voltage regulation and load-sharing accuracy
[12].

Various approaches have been proposed to improve SoC
balancing and decentralized control in dc microgrids. These
can be broadly grouped into: 1) SoC-driven local adaption; 2)
adaptive droop-based control; and 3) hybrid ac/dc coordination.

In [13], an adaptive droop strategy is combined with an
online capacity estimation via the Salp swarm algorithm (SSA),
enabling proportional power-sharing according to the actual
available capacity of each battery. While this method accounts
for ageing effects, it remains confined to the dc side, has only
been demonstrated in simulation, and does not address ac cou-
pling or experimental validation.

In [14], an SoC-dependent sigmoid-shaped droop is com-
bined with virtual voltage-drop equalization to mitigate feeder-
impedance mismatch and bus-voltage compensation for voltage
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restoration; low-bandwidth neighbor exchange is employed for
distributed averaging, and the method demonstrates fast SoC
equalization and accurate current sharing in simulation and HIL
with a supporting stability analysis. However, it still relies on
communication and does not address ac-side coordination.

In [15], an exponentially SoC-scaled droop is augmented
by a current-offset compensation term to explicitly counteract
feeder-impedance mismatch, complemented by PI-based bus-
voltage restoration; the approach is validated analytically, in
simulation, and experimentally, yet it requires low-bandwidth
communication and remains confined to dc-side control.

SoC-scaling approaches [16], [17] adjust power setpoints
based on SoC levels but assume equal battery capacities and
neglect the charging process in early works. More recent meth-
ods such as adaptive SoC-based droop [18] allow for hetero-
geneity but have only been validated in simulation. Reference-
voltage-based SoC balancing methods such as [19] operate
without communication, yet do not consider ac-side integra-
tion. The approach in [20] uses droop coefficient adaptation
to achieve SoC balancing in islanded dc microgrids, but lacks
grid coupling.

Other methods [21] rely on network-wide data exchange,
which limits scalability. Hybrid ac/dc approaches such as [22]
normalize ac frequency and dc voltage to enable intergrid
power-sharing but enforce near-continuous interlink operation,
leading to increased converter losses. The work in [23] intro-
duces energy-storage-based smoothing but lacks SoC coordina-
tion. Distributed control of ICs is explored in [24], while [25]
and [26] propose control via SoC-reflective voltages or ac signal
injection.

In [28], a SoC-based droop regulates the dc bus: the voltage
reference is held constant within a nominal SoC range and
adjusted only at low or high SoC to limit bus variation; the
droop gain adapts with SoC for balancing, and PV/utility coor-
dination relies on dc bus signaling with predefined thresholds.
The approach is restricted to dc side balancing and has not been
demonstrated in real hardware experiments.

In summary, existing schemes predominantly address either
dc-side SoC equalization or the interlink converter in isolation;
a unified strategy that realizes dc—ac cross-domain SoC balanc-
ing while explicitly accounting for heterogeneous batteries and
realistic feeder resistances has not yet been reported. Table
summarizes these approaches based on the literature review.
Synergistic ac coupling refers to a bidirectional grid supportive
functionality of the IC. Check marks in brackets indicate that
certain criteria are partially fulfilled. For instance, hardware
(HW) experiments conducted at limited power levels or using
hardware-in-the-loop (HIL) setups are viewed as a preliminary
step, yet may not fully meet the requirements for real HW
applications.

In the present article, the term state-of-grid (SoG) is intro-
duced and used as a unifying metric that encodes the system-
level energy state in measurable bus variables. Each converter
maps its local SoC to a small deviation of the common dc
bus voltage reference and, via frequency normalization, to an
equivalent deviation of the ac frequency reference. The re-
sulting bus variables act as a self-organizing field that con-
veys the global energy state to every node, enabling them
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STATE-OF-THE-ART COMPARISON

References Focus Communication SoC- Synergistic HW
Free Balancing ac-Coupling  Validated
[13] Adaptive droop with capacity estimation (SSA) v v X X
[14] LBC / distributed estimation W) v X W)
[15] Exponential SoC-scaled droop ) v X v
[16], [17] SoC based droop v v X v
[18] SoC based droop v v X X
[19] DC bus voltage signaling v v X v
[20] Adaptive droop v v X v
[21] Virtual power rating W) v X v
[22], [23] Normalized droop ac-dc interlink v X v v
[24] Normalized droop ac-dc interlink v X v v
[25] SoC based Voltage v v X X
[26] AC superimposed on dc voltage to modify droop v X v v
[27] Filter based Decentralized Control v v X W)
[28] Master/Slave bus voltage v v W) W)
The present paper Flexible dc voltage SoG based control v v v v

to adjust their power set-points autonomously. Consequently,
the microgrid: 1) balances SoC across heterogeneous battery
energy-storage systems (BESSs); 2) shares power robustly un-
der realistic feeder resistances and capacity spread; and 3)
exchanges power with the utility grid through an IC, without
any required communication link. The concept is validated on
a hardware testbed in both islanded and grid-connected modes,
considering various scenarios of line impedance and load
variations.

The key contributions of this article are as follows.

1) Introduction of the SoG metric, which unifies SoC,
voltage, and frequency to enable fully decentralized,
communication-free control.

2) A novel control scheme that enables.

i) Effective SoC balancing across dc and ac coupled
BESS units.
ii) Synergistic dc—ac coupling, where the interlink con-
verter supports both grids autonomously.
iii) Robust power-sharing, resilient to line resistance and
capacity variations.
iv) An inherent tertiary interface via SoG reference ad-
justment for system-level optimization.
The proposed framework is validated through a comprehensive
analytical and experimental evaluation. The analysis includes
a Lyapunov-based small-signal stability proof and an input-
to-state stability (ISS) assessment under ac-side disturbances.
Experimental validation is conducted in a dc microgrid setup,
demonstrating the effectiveness of the approach under islanded
and grid-connected operation with realistic feeder resistances,
line impedances, and varying load conditions.

The remainder of this article is structured as follows. The
proposed control strategy is explained in Section II. In Sec-
tion [1I the dc microgrid configuration and components are ex-
plained. Section I'V provides the stability proof for the method.
In Section V, the performance of the proposed control strategy
is demonstrated through a dc microgrid experimental setup.
Finally, a conclusion is given in Section

[l. PROPOSED SOG-BASED CONTROL METHOD

This section formalizes the SoG concept obtained by merging
the SoC-driven bus-voltage control of Section with the
SoG-based interlink-converter (IC) strategy of Section ,
hereafter referred to as SoG-based control. Each energy-storage
system (ESS) interfaces with the common dc bus through a
dedicated dc/dc-converter, as illustrated in Fig. |. The key idea
is that if several converters attempt to impose slightly different
output voltages within a narrow operational band around the
nominal dc bus voltage, the resulting power exchange naturally
reflects each unit’s SoC. Due to the parallel connection and
voltage-based control, the actual dc bus voltage emerges as a
weighted average of the individual converter setpoints. As such,
it implicitly encodes the aggregate energy state of all ESS units
into a single physical quantity-the bus voltage-allowing it to
be interpreted as the SoG. At the IC, the same deviation is
mapped to an equivalent frequency offset, providing a unified
coordination signal to both dc- and ac-side converters. Unlike
in conventional ac grids, in which frequency drifts passively
in response to instantaneous generation-load imbalance, the
proposed microgrid modulates bus voltage (and its frequency
analogue) actively around nominal values to encode the longer-
term energy balance of the storage fleet. Positive excursions
indicate an SoC surplus, whereas negative excursions denote re-
duced reserves. The SoG thus offers every converter a real-time,
communication-free estimate of the overall energy availability
in the system, enabling decentralized power-sharing actions
while preserving tight voltage and frequency regulation.

Remark: In the present article, the ac grid is assumed to have
a predominantly inductive behavior. For ac grids with resistive
characteristics, the approach can be adapted using the voltage-
based SoG mapping on the ac side to control the active power.
Unless otherwise stated, the nominal references used through-
out this article are V3, =700V and f;, = 50Hz. For the ac
side, we assume a three-phase system with V5 ;o) =400V
(line-to-line RMS).

This makes it possible to control the IC in such a way that it
regulates a relative deviation between the SoGs. This ensures
that the dc microgrid and the ac grid will be controlled to
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Proposed decentralized microgrid control scheme.

maintain the same state. The control scheme is depicted ex-
emplary for some key components in Fig. 2. The SoC-based
method controls the output voltages of each battery’s dc/dc
converter in the dc microgrid according to its SoC. With the
converters connected in parallel to the dc bus, a higher voltage
setpoint at any converter causes current (and thus power) to
flow towards the grid. Conversely, a lower voltage setpoint than
the bus voltage causes current to flow toward the battery. This
control method naturally balances SoC across the batteries in
the dc microgrid.

The proposed SoC-V control is implemented using

VC*,Bi = Vi - Ki 9]
SoC; — SoC;

Ki=1l4+o0 SoCa 2)
where V(i ; is the controlled output voltage of the converter
of battery i € NT and K; € [Kmin, fmax) 1S a scaling factor
based on the respective SoC, and o € [0, 1] represents the glob-
ally defined permissible deviation across all grids. To guaran-
tee proper ac-side operation, the dc bus voltage must remain
above ﬂVl,rms ~ 565.7V, where V; .ns denotes the line-to-
line RMS voltage of the three-phase ac system. With a 10%
margin, this results in a minimum requirement of Vuin >
622.25 V. Since the SoG mapping allows relative deviations of
=+ around the nominal reference V,, 0 must satisfy
Vguin

Vie
This condition ensures that the dc bus voltage remains within
the admissible range even under maximum negative deviation.
Unlike traditional control approaches that aim to restore bus
voltage and ac frequency strictly to their nominal values, the
proposed method intentionally allows a limited deviation (+0),
which is used as an implicit coordination signal. This deviation
remains small (e.g., +5%) and does not compromise opera-
tional stability, as shown in Section I'V. In the present article,
o is set to 0.05, representing a permissible deviation of 5 % in

o<1- 3)
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SoCmin SoCf  SoC*  SoCl; SoC™®* SoC;

Voltage—SoC mapping for three exemplary SoC setpoints de-
rived from (1)—(3). the plot illustrates three cases: 1) low setpoint SoCj,
near SoC™* (red line); 2) high setpoint SoCj; near SoC™2* (blue line);
and 3) centered setpoint SoC* (green line). The correction factor SoCx ;
ensures that the slope of the voltage reference mapping is adjusted to
maintain symmetric sensitivity to deviations around each setpoint.

the dc bus voltage. SoC;, SoC; € [0, 1] are the measured and
the desired SoC of " battery. The SoC A,i 18 a correction factor
and defined as

SoC;"** — SoCf,
SoC; — SoCin,

if SoC; — SoC} >0
otherwise

SoCa; = @)

where SoCap ; # 0, SoC?‘in, SoC;*®*, and SoC; denote the
minimum, maximum, and desired SoC for i"" battery, respec-
tively. The purpose of the case differentiation in (4) is to nor-
malize the influence of SoC deviations depending on the posi-
tion of the setpoint SoC; within the SoC range. This ensures
that the scaling factor «; from (1) produces an appropriate
voltage adjustment—symmetrical in effect relative to the SoC
deviation—even when the setpoint is asymmetrically located.
As illustrated in Fig. 3, three scenarios are shown: a low setpoint
SoCj near SoC™™ (red), a high setpoint SoCj; near SoC**
(blue), and a centered setpoint SoC* (green). Without the cor-
rection term SoCx ;, the slope of the voltage mapping would be
constant and lead to uneven sensitivity: SoC deviations in one
direction would have a stronger impact than in the other. By
adapting the slope dynamically through SoCa, ;, the controller
ensures that reactions to SoC deviations are scaled appropriately
regardless of where SoC; lies. By applying the mapping (1)
(4), an inherent SoC balancing is achieved. Interfacing with the
system is possible through the SoC* and SoG”* reference values,
allowing tertiary control to enhance functionality. However,
tertiary control is not required for the core operation of the
method, which remains fully functional without it.

The control method proposed in the present work for regu-
lating the dc-ac IC is based on inverse mapping of (1)—(4), for
which we introduce the following definition.

Definition I (SoG): The SoG is chosen as a represen-
tative quantity for dc and ac microgrids gained through a
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Fig. 4. Exemplary plot of P;}

with  SoGj, ; =SoG;, ; =0.5
and o = 0.05.

ac,j —

feature-normalized mapping between the two physical quanti-
ties. For dc microgrids the SoG is defined as

SoGa,i [ Vae,i
S0Gac,i = S0Gi. ; + D0LA ( d*, _ 1> )
o dc
and for ac microgrids with

S0Gae,; = SoG;,

ac,j

1 50Gay (f‘"“” - 1) ©)

g ac

with SoGg. ;,SoG;,. ; being the desired dc and ac SoG ref-
erences for the ™ dc and j™ ac grid, SoGa ; is equivalently
defined as in (4), V. and f;. representing the nominal ref-
erence values for dc voltage and ac frequency, respectively.
This definition enables the formulation of grid codes that can
naturally be used for both dc and ac microgrids. Both SoGgc ;
and SoG,,,; are calculated using local measurements obtained
from the IC. This allows each converter to independently de-
termine these values without the need for communication. The
proposed approach is based on the difference between the dc
side SoG (SoGqc,;) and the ac side SoG (SoGac, ;). To suppress
inefficient low-power operation and eliminate chatter around
the steady state, a symmetric dead-band-implemented with a
narrow hysteresis in hardware-is applied

PEE . (S0Gac,i — S0Gacy), if [P > Pyl

P;; _ VSC (7)

0, otherwise

max max th

with P € [~ Pyss, PyéE] being the transferred power from 4
dc microgrid to the j ac grid. By using a deadband between
—Pyin and PRL, the function P is illustrated in Fig. 4 for
SoGj.,; = SoG,. ; = 0.5 and o = 0.05.

ac,j

C. Primary DC Voltage and VSC Power Control

The reference output voltage Vi p; of the battery unit can be
regulated, for example, using a cascaded PI voltage and current
controller, as illustrated in Fig. 5. Depending on the underlying
voltage controller structure, it is referred as SoG-based droop
(P-controlled) or SoG-based PI (PI-controlled). Each integral
control term is saturated and enhanced with an anti-windup.
The integral term leads to increased oscillations between the

SUCL~ SoC-V Droop Vém

Eq.(1)-(4)

Y

Kp1, Kt

SoCo,1 ip

Bidirectional DC-DC Converter (Buck-Boost)

Fig. 5. Proposed control scheme of SoG-based controller with cas-
caded voltage and current Pl and SoC estimation applied to a bidi-
rectional dc—dc converter, operating as boost in one direction (battery
discharging) and buck in the other (battery charging).

[ Battery
| Emulator 1 |
PV
‘W Emulator
| Interface |

Battery
Emulator 2

DC Loads Real-time
Controller
Power
Electronics
AC Loads

Passive
Elements

Fig. 6. DC Microgrid experimental setup consisting of PV emulator,
loads, real-time controller, SiC-MOSFETSs, passive components and
battery emulators.

batteries, but removes steady state error. By designing an ap-
propriate gain K; the oscillations can be reduced significantly.

D. Inherent Tertiary Interface

An inherent tertiary control interface is provided by SoC;,
SoG}., and SoG}.. Adjusting these values allows shifting of
operating points, thereby influencing power and energy flows.
While these adjustments typically require tertiary control and
communication, the primary functionality of the approach re-
mains independent of communication and would continue op-
erating even if communication were to fail.

[ll. EXPERIMENTAL SETUP OF THE MICROGRID

The experimental results are obtained from a dc microgrid
experimental setup as depicted in Fig. 6 [29]. The representative
electrical equivalent circuit of the dc microgrid is shown in
Fig. 7. The laboratory setup includes two BESS emulators, a
PV emulator, passive loads and converter realized by Silicon
Carbide (SiC)-MOSFETs. The switching frequency is chosen
to be 20 kHz. The IC is limited to 15 kW. The microgrid
parameters corresponding to Fig. 7 are listed in Table I1. Due to
identical hardware across all converters, the values in Table 1[I
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Electrical circuit of the considered dc microgrid setup.

CIRCUIT PARAMETERS OF THE EXPERIMENTAL MICROGRID SETUP

Battery 1 | Battery 2 PV Load 1 Load 2 Value
Rp1 Rpo Rpv | Rprar | Br,ra2 0.1 Q
0}31 0}32 Cpv | Crrar | Cr.pa2 | 500 uF
Ry, Rgy Rpy Rra Rlas 0.1
Lp1 Lpo Lpv Lya: Lya2 2.5 mH

are likewise uniform across components and are listed in the
last column for each row. The IC’s dc side is designated as the
point of common coupling.

The SoC estimation is based on the coulomb counting
method [30]
t

Ci iy
where SoCy ; is the initial SoC, Cj; is the capacity (in Ah) and
ip; is the current of the i battery. Ageing effects or temperature
influences are not considered in this article. The BESSs are em-
ulated by a bidirectional power amplifier with Py, = 7.5 kW.

The nominal voltages are Vg1 = Vg =380V and the initial
values of SoC are chosen as SoC; = 0.6 and SoCy = 0.4.

SoC;(t) = SoCo,; — igi(t)dr for t>ty (8)

The approach presented is applicable to microgrids with dif-
ferent RES. Due to the significant expansion of photovoltaics,
this work considers it as the primary generation within the grid.
The PV panels arranged in a string structure are considered as
the main generation of RES in the dc microgrid. By using an
incremental conductance algorithm [31], [32], the Maximum

Bidirectional DC-DC Converter

Power Point (MPP) is tracked. Through the SoG concept, the
curtailment of PV systems can also be integrated locally into
the MPPT algorithm, based on the voltage measurement and
the SoG derived from it, as this allows inference about the SoC
of the batteries.

The loads are resistive loads. While resistive loads may not
accurately represent the dynamics of all real-world loads, they
serve as a reliable and controllable means of testing the stability
and performance of the SoG-based control. The primary volt-
age and current regulators are assumed to function adequately.
The load power can be increased or decreased between 0 and
5.0kW by adjusting the resistor’s corresponding ohmic value.
The loads are split into two different voltage levels. Devices
with a smaller power consumption are connected to a 120 V
bus, while larger loads are considered to be connected to a 230
V bus.

The dc—ac interlink is a VSC, highlighted in Fig. 7, con-
trolled in grid following mode. Each semiconductor of the VSC
converter has internal resistances Ry = Ro7 = Rgs = 10 mf)
representing the semiconductor losses. The capacitors of the
VSC are C'ygc = 1.5 mF and the inductors L;, = Ljp = Lj. =
2.5 mH. The nominal power is P;{& = 15 kW. For the demon-
stration of the functionality of the presented approach, fre-
quency transitions are required, thus an emulator is employed
for the ac grid side.

IV. SYSTEM STABILITY ANALYSIS

In this section, we demonstrate the small-signal stability of
the proposed control method using Lyapunov’s indirect method
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Simplified equivalent circuit diagram of a dc microgrid.

[33]. An equivalent microgrid model is developed to facilitate
this analysis, incorporating two batteries, an output current 4y,q
representing the combined load and PV-generated currents, and
an ac connection, as illustrated in Fig.

To simplify the stability analysis, we assume the following
hierarchy of dynamic responses based on their characteristic
timescales: 1) The current dynamics are faster than the voltage
dynamics; and 2) the voltage dynamics of the batteries are faster
than the SoC dynamics. This hierarchy leverages time scale sep-
aration principles, where the current, voltage, and SoC dynam-
ics are categorized as fast, medium, and slow, respectively. This
approach aligns with singular perturbation theory, which allows
the model to be simplified by approximating the current loop
as an algebraic gain during the voltage regulator design [34].
This simplification enables a more tractable analysis focused
on the slower voltage and SoC dynamics, as represented in the
system’s state-space form

Vdc
& =®(x) = |SoCy )
SOC2
1 (Ve,B1—Vac) (Ve,B2—Vae)
Cae ( Ry * Rp, La t Ivsc
_ |1 1 % SoCi—SoCT\ Ve B1
- C1 \ R, Vdc lI+o SoCa1 Vae VB1
_1 (. « SoC—80C3 Vo.ns
o \m (Vae (1o 5500, Vae | Vis

where Vo 1 and Vo o are defined as in (1) and the VSC
current is given by

max

P
“’/SC (SoGqe — S0Gac)

OVdc
where SoGg. and SoG,, are defined as in (5) and (6), respec-
tively, and Iygc is derived from (7).
Setting & = 0 leads to the unique equilibrium point

Ivsc = (10)

Ve
z* = |SoC] (11)
SoC;3
For the linearization around x* the Jacobian J is derived as
FoL UG 9P,
J _ 3‘1)(93) — %‘é‘; ds%gl 0S802 (12)
or PAZS 0S0Cy
8Vdc 88002 r=x*
where each partial derivative is defined as
0Py 1 ( 1 n 1 8[V30>
OVye Cac \ Ry, Rp, Ve
8(1)1 1 8VC,B1

9S0C;  CaoRly,  950C;

90, 1 9Vop
9S0Cy ~ CacRl, 9SoCy
9b, 1 Vom
WVae CiRp Ve
0Py oVi?
9SoC; ~ C1R}5,S0Ca1 Vi1
by 1 Vom
OWViae CaRby Vi
oP; oVi?
9S0Cy  CyR}pySoCasVie

Setting the parameters V. =700V, fZ =50Hz, SoCj=
0.5, SOCS = 0.5, SOCA1 = 0.5, SOCAQ = 0.5, SOCAVSC =
0.5, PRe% =5kW, Cq. = 0.3 x 1072 F, Ry, = R, = 0.10,
C1=C5=100Ah, Vg1 = Vo =380V, and o = 0.05, the re-

sulting eigenvalues are

A =-4.83 x 105, Ay =—1.2716, A3 =—1.2804.

Following the eigenvalue sensitivity analysis, variations in the
parameters Rf;; and Rp, between 0.1 and 5 €, as well as C
and Cy between 1 and 10 A h, result in pole shifts towards
the imaginary axis; however, the poles remain in the stable
left half-plane, preserving stability. Specifically, the dominant
poles’ movements under changes in Ry, and Ry, are depicted
in Fig. 9(a), while the effects of changes in C; and C5 are shown
in Fig. 9(b). In contrast, variations in Cy. primarily impact
the nondominant pole A, which lies far left in the complex
plane, thereby exerting minimal influence on system stability.
In addition, the sensitivity of the system’s eigenvalues with
respect to the control parameter ¢ is examined in Fig. 9(c). The
parameter o governs the steepness of the SoC-to-voltage projec-
tion and thereby influences the strength of the balancing action.
For small values up to ¢ = 0.04, the dominant eigenvalue re-
mains approximately constant at A = —0.214, indicating robust
damping. However, as o increases beyond this point, the poles
progressively move toward the imaginary axis, reflecting a re-
duction in system damping and slower convergence dynamics.
Despite this, all poles remain in the left-half complex plane,
confirming that small-signal stability is preserved for o < 0.25.
This behavior highlights a critical trade-off in the controller
design: while higher values of o improve the responsiveness of
the SoC balancing mechanism, they also reduce the system’s
robustness margin. Therefore, the mapping gain must be care-
fully tuned to ensure stable operation without compromising
dynamic performance. These eigenvalue distributions validate
small-signal stability, as all poles retain negative real parts,
demonstrating that the proposed dc microgrid control strategy
reliably stabilizes the system around its equilibrium point z*.
While no instability is observed within the considered param-
eter ranges, it is important to note the limits of applicability.
Instability may occur if feeder resistances become excessively
large [Fig. 9(a)], if the mapping gain o is chosen disproportion-
ally high [Fig. 9(c)], or if the assumed time-scale separation
between current, voltage, and SoC dynamics is violated.
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Pole analysis illustrating the dominant poles for (a) variations in
Ry, and Ry, between 0.1 and 5 Q; (b) similar effects from changes in
C7 and C> between 1 and 10 a h; and (c) influence of control parameter
o varied between 0 and 0.25. Increasing values of o lead to dominant
pole movements towards the imaginary axis, reducing damping.

The equilibrium point z* in (11) is derived under the as-
sumption of a constant ac frequency f,. = f.. However, in
practical implementations, the frequency fa.(t) may vary due
to dynamic disturbances in the ac grid. This variation affects
the SoG mapping and consequently the dc side equilibrium, as
the VSC current Iysc in (10) depends directly on fu.(t). To
analyze this, we recast the nonlinear system in (9) as

&= f(2) + g(@)u(t)

where  u(t):= fac — f* and Z(t) := z(t) — x*. Further-
more, g(&) = [g1(Z) 0 0] " which reflects the fact that fre-
quency deviations influence only the dc voltage dynamics via
the interlinking converter. The specific form of g;(Z) is derived
from (9) and given by

13)

Pgx - SoCa

a (x) - O'QVdcf;chc '

(14)
This input-to-state stability (ISS)-based analysis approach is
closely aligned with the robust frequency stability analysis pre-
sented in [35], and follows the framework provided by [33,
Theorem 4.19 and Lemma 9.2]. The input-to-state stability
(ISS) of this system is being examined with respect to the time-
varying input «(¢) implies that, if the system & = ®(z,u) is
ISS, then for any bounded input u(t), the state x(¢) remains
bounded and is ultimately bounded to a neighborhood around
the equilibrium z* whose radius depends on the magnitude of
the input perturbation. To prove ISS, we define the Lyapunov
function

1
V(@) =57 (15)
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POWER STEPS IN EXPERIMENTAL TEST

D@ ®]® 660
Pov][kW] | 00 | 30 | 00 | 15 | 15 | 1.5 | 30
PraikW] | 1.0 | 1.0 | 1.0 | 1.0 | 30 | 1.0 | 1.0
Praz[kW] | 05 | 05 [ 05 ] 05 | 1.0 | 05 | 05

which satisfies

Lo

a(([z]]) V(@) < eax(lll]),  aalr) = az(r) = 57

with aq,a4 being class I, functions. Taking the time deriva-
tive of V(&) along system trajectories leads to

V(@,u) = @) f(@) + (@) g(@)u. (16)
—_—
stabilizing disturbing
Based on the linearized stability analysis in Section IV, the au-

tonomous part & = f(x) is locally exponentially stable. There-
fore, there exists a constant A > 0 such that

i f(2) < -]

The disturbance term satisfies

# (@) < 7] o) -l (1)
Hence
V() < AN + 7] (@)l - ol
Now, if
0> p(ful) = 12 1s)
then
V(o) < W), Wala) = Al

where Ws(z) is positive definite. This verifies the conditions of
Theorem 4.19 [33], confirming that the system is ISS. Hence,
there exists a class L function (5 and a class K function  such
that

2] < B([l(0) = 2], £) +~ ( sup IU(T)|> (19)

0<r<t

with Fy:al_l oagop. From (14) and (18), the maximum
frequency deviation that ensures a bounded state deviation
|Z(t)|| < e is given by

A2V £ .Cac
_f;c‘go—dfacd_\/%'

20
Prex - SoCa 0

sup |faC(T)
0<r<t

The analysis in this section considers a single IC between the
dc and ac subsystems. The extension to multiple ICs requires a
multi-input treatment and is outside the scope of this work.
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Fig.10. Experimental results of the proposed SoG-based droop control
approach for dc microgrids in islanded mode with two identical batteries.
The figure subplots depict: (a) voltage profile of the dc bus; (b) SoCs of
the BESSs; (c) battery power variations; and (d) power profiles of the
load and PV systems, respectively.

V. EXPERIMENTAL VALIDATION

The results in this section demonstrate the effectiveness of
the proposed SoG-based control approach for dc microgrids,
validated across multiple scenarios. All underlying data and
code to reproduce the results are archived at [36]. In Case I,
the dc microgrid operates in islanded mode with two identical
batteries. Case II examines the impact of using two different
batteries and line resistances, comparing both the droop-based
and PI-based methods. Finally, Case III investigates the ac-
coupled mode with two identical batteries on the dc side. The
values of SoC7, SoCj, and SoGj.; = SoG,, are all set to
0.5. The experimental steps are listed in Table 11, where Ppy
represents the PV output power, and Prq; and Ppq2 denote
the power consumed by load 1 and load 2, respectively. Three
distinct PV transitions are imposed using the programmable PV
emulator: a sharp increase from 0 kW to 3kW in Step @, an
abrupt drop back to 0 kW in Step ®, and two moderate increases
to 1.5kW in Steps @ and @. These PV steps are designed to
emulate realistic fluctuations in renewable generation and to
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Fig.11. Experimental results of the proposed SoG-based droop control

approach for dc microgrids in islanded mode with two different batteries.
The figure subplots depict: (a) voltage profile of the dc bus; (b) SoCs of
the BESSs; (c) battery power variations; and (d) power profiles of the
load and PV systems, respectively.

test the controller’s robustness against rapid injection changes.
In parallel, the loads Prq1 and Pp 4o are varied across the test
sequence, with Step ® introducing a temporary load increase
from 1.5 kW to 4.0 kW total. These combined variations chal-
lenge the system to maintain dc voltage regulation, SoC balanc-
ing, and power-sharing under non-steady operating conditions.
Within the test sections, minor variations in PV power injection
may occur due to changes in the MPPT tracker’s operating
point. However, these fluctuations are insignificant for the ex-
periment and therefore negligible.

A. Case | (SoG-Based Droop With Identical Batteries)

The experimental validation of this approach is conducted by
variations in the PV power, and changes in load. To achieve sig-
nificant results within a reasonable timeframe, the usable energy
of each battery is set to a small value (C; = Cy = 0.8 Ah),
without compromising result accuracy. This choice does not
limit the applicability to larger battery capacities.

The results in Fig. 10 demonstrate the effectiveness of the
proposed SoG-based droop control approach for dc microgrids.
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Fig. 12. Experimental results of the proposed SoG-based PI control
approach for dc microgrids in islanded mode with two different batteries.
The figure subplots depict: (a) voltage profile of the dc bus; (b) SoCs of
the BESSs; (c) battery power variations; and (d) power profiles of the
load and PV systems, respectively.

First, the dc bus voltage V. ; remains stable at the determined
voltage throughout the experiments, with minor fluctuations
in response to load variations and renewable energy inputs,
demonstrating effective regulation within the desired range
for stable microgrid operation. Second, the SoC trajectories of
individual BESS units indicate successful SoC balancing, as
each unit gradually converges to a similar SoC level, achieved
by the SoG-based control strategy. Furthermore, both batteries
demonstrate effective power-sharing, dynamically adjusting
power output based on load demand and renewable energy
availability.

B. Case Il (SoG-Based Control With Different Batteries
and Line Resistances)

The variations in input and load used to investigate the SoG-
based approach with different batteries are the same as in Case
I and are listed in Table IIl. In this case, Battery 2 has half
the capacity of Battery 1 (C; = 1.0 Ah and C3 = 0.5 Ah). The
results for the droop-based SoG control are shown in Fig. 1.
Compared with the results with two identical batteries shown

Time [hh:mm:ss]

Fig.13.  Experimental results of the proposed SoG-based droop control
approach for dc microgrids in islanded mode with different line resis-
tances of the batteries. The figure subplots depict: (a) voltage profile of
the dc bus; (b) SoCs of the BESSs; (c) battery power variations; and (d)
power profiles of the load and PV systems, respectively.

in Fig. 10, we observe a divergence of the SoG depending on
the load conditions. However, when employing a SoG-based PI
approach, the differences between the two SoCs are mitigated
by the integral component, as depicted in Fig. 12, without any
adaptions on the droop coefficients. Nevertheless, the drawback
of the PI-based method is that it leads to energy oscillations
between the batteries during @ and @. For different battery ca-
pacities, the integral component introduces a trade-off between
SoC equalization accuracy and power oscillations. Additionally,
the impact of line resistances on performance is investigated.
For this analysis, the line resistance Rp;; is increased to 2.5 (2,
corresponding to a line length of 375 m with a copper cable
cross-section of 2.5 mm?. The results are presented in Fig. 13
for SoG droop based-control. It can be observed that the SoC
balancing capability is affected; however, unlike conventional
droop control, the power balancing capability is maintained. In
the scenario involving different line resistances, the inclusion
of the integral component does not enhance the accuracy of
SoC equalization, unlike its impact in the case of two distinct
batteries.
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Fig. 14. Experimental results of the proposed SoG-based droop control
approach for ac-coupled dc microgrids. The figure subplots depict: (a)
voltage profile of the dc bus; (b) SoCs of the BESSs; (c) battery power
variations; (d) power profiles of the load and PV systems; (e) active and
reactive power of the VSC; and (f) ac grid frequency, respectively.

TABLE IV
FREQUENCY STEPS IN AC-COUPLED TEST
SCENARIO

® [©) ® @
50.0 | 50.5 | 49.5 | 50.0

fac [HZ]

C. Case lll (AC-Coupled SoG-Based Control)

The results shown in Fig. 14 demonstrate the effectiveness
of the proposed SoG-based control approach for ac-coupled dc
microgrids. While the dc side operates similarly to that dis-
cussed in the previous section, this section focuses on insights
related to the ac interlink. The VSC dynamically adjusts its
active power Pygc to regulate power flow between the ac and
dc side. Reactive power provision is not considered, and the
reactive power reference is set to Qygc = 0. The test sequence
includes four distinct frequency steps on the ac side, as sum-
marized in Table ['V.

During @, the ac grid frequency f is set to 50 Hz with
S0Gqc,; and SoG,c,; both around 0.5, resulting in zero power
transfer from the VSC. At step @, the ac frequency increases

to 50.5 Hz, corresponding to SoG,c,; = 0.6, which facilitates
power transfer from the ac side to the dc side. As the SoCs of the
batteries rise, leading to an increase in SoGyc ;, the VSC power
output gradually decreases. The opposite effect occurs in @,
where power flow reverses due to a change in frequency. Finally,
in @, the frequency is reset to 50 Hz bringing SoGgc,; back to
0.5. Through dynamic adjustments in active power exchange
based on SoG values, the proposed control approach enables
the VSC to maintain grid stability.

VI. CONCLUSION

The present work introduces a novel SoG-based control ap-
proach for dc microgrids, providing a communication-free solu-
tion for SoC balancing and seamless ac coupling. The proposed
control method effectively manages power flow and balances
the SoC among ESS units in the dc microgrid without requiring
direct communication, addressing a key challenge in decentral-
ized microgrid management. By dynamically adjusting power
exchange between the ac and dc sides based on SoG values, the
method achieves robust stability and reliable operation under
varying load conditions, input power fluctuations, and ac-side
frequency deviations. The flexibility of the proposed control
approach is further enhanced by inherent tertiary control inter-
faces, which allow for supervisory adjustments to optimize ESS
performance as needed. While additional communication could
facilitate more precise adjustments at the tertiary control level,
the core method remains fully functional and effective without
communication, maintaining its decentralized nature. The SoG-
based control method performs effectively in small-scale sys-
tems but exhibits sensitivity to line resistances. Stability analy-
sis and experimental results indicate that longer line distances
can reduce the precision of SoC balancing and lead to voltage
drops, which may destabilize the system. This sensitivity sug-
gests that system configurations with significant line resistances
require consideration of potential voltage regulation measures
to ensure consistent performance. Comprehensive experimental
validations have confirmed the effectiveness of the proposed
SoG-based control approach. The results demonstrate not only
successful SoC balancing but also stable power regulation,
making this method suitable for practical deployment in small-
scale dc microgrids, such as residential or islanded systems.
Overall, the proposed SoG-based control approach advances
dc microgrid control, offering a practical and scalable solution
that minimizes communication requirements while ensuring
stability and optimal ESS operation.
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