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Abstract

DC Microgrids are advantageous solutions for integrating renewable energy sources. Existing control methods rely on com-
munication, which can be unreliable. To address this, a novel State-of-Grid (SoG) based control is proposed. In order to
address this challenge, after defining the notion of State-ofGrid (SoG), the present paper introduces a novel SoG based control
for DC Microgrids. The proposed approach ensures a communication-free operation of DC Microgrids, capable of power and
load sharing while balancing the State-of-Charge (SoC) of each Energy Storage System (ESS). In this SoG based control, the
ESS converters are fully decentralized controlled to map the SoC of each BESS into a corresponding output voltage range.
This streamlined approach significantly simplifies SoC equalization and power-sharing without necessitating dedicated commu-
nication infrastructure. The proposed approach encompasses both the AC-coupled mode and the islanded mode. Moreover,
through this SoG based control, completely communicationfree balancing of the SoCs throughout AC and DC Microgrids is
achieved. The proposed approach is implemented and validated using a DC Microgrid experimental setup comprising two ESS,
Photovoltaic (PV) arrays, multiple loads at different voltage levels, and a DC-AC interlink converter allowing power exchange

with an AC Grid. Both islanded and AC-coupled mode experiments are examined.
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Abstract—DC Microgrids are advantageous solutions for inte-
grating renewable energy sources. Existing control methods rely
on communication, which can be unreliable. To address this, a
novel State-of-Grid (SoG) based control is proposed. In order
to address this challenge, after defining the notion of State-of-
Grid (SoG), the present paper introduces a novel SoG based
control for DC Microgrids. The proposed approach ensures
a communication-free operation of DC Microgrids, capable of
power and load sharing while balancing the State-of-Charge
(SoC) of each Energy Storage System (ESS). In this SoG based
control, the ESS converters are fully decentralized controlled to
map the SoC of each BESS into a corresponding output voltage
range. This streamlined approach significantly simplifies SoC
equalization and power-sharing without necessitating dedicated
communication infrastructure. The proposed approach encom-
passes both the AC-coupled mode and the islanded mode. More-
over, through this SoG based control, completely communication-
free balancing of the SoCs throughout AC and DC Microgrids
is achieved. The proposed approach is implemented and val-
idated using a DC Microgrid experimental setup comprising
two ESS, Photovoltaic (PV) arrays, multiple loads at different
voltage levels, and a DC-AC interlink converter allowing power
exchange with an AC Grid. Both islanded and AC-coupled mode
experiments are examined.

Index Terms—DC Microgrid, Battery Energy Storage System
(BESS), Decentralized Control Strategy, State-of-Grid (SoG),
SoC-balancing, Power Management.

I. INTRODUCTION

HE increasing integration of Renewable Energy Sources

(RES) and electric vehicles calls for an enhancement of
the electrical grid. The vast majority of RES generate direct
current (DC) or require an intermediate DC circuit, and thus
need to be connected to the public distribution grid via power
electronics. On the other hand, energy storage systems and a
significant portion of electrical consumers convert alternating
current (AC) back to DC for utilization. The advantages of
DC Microgrids, include fewer converters resulting in reduced
semiconductor usage and costs, higher efficiency and reliabil-
ity due to fewer conversion steps, decreased copper conductor
requirements resulting from the absence of reactive power
and skin effect, enhanced modularity and scalability due to
the absence of frequency and synchronization constraints, and
reduced harmonic distortion, and their intrinsic recuperation
capability of all connected AC loads highlight their superiority
in modern power systems. For this reason, integrating RES
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and storage technologies into the distribution grid via DC
Microgrids has emerged as a promising solution and has
become the focus of research [1], [2]. While the primary
control objective of DC Microgrids is to regulate the bus
voltage within a desired range, other essential control objec-
tives are indispensable for the implementation of practical DC
Microgrids. These include power sharing capabilities, State-
of-Charge (SoC) equalization, and the provision of ancillary
services between the Microgrid and an AC Grid [3], [4]. SoC
equalization is a critical issue in Microgrids due to the lifespan
of batteries, particularly when managing multiple EES in the
same network. If the batteries are charged prematurely, the
available charging capacity in the grid decreases. In case of
over-production of RES, the remaining uncharged batteries
must charge at high power, resulting in reduction of their
operational efficiency and lifespan. Therefore, effective coordi-
nation to eliminate discrepancies in SoC among the batteries is
crucial. SoC balancing enhances reliability, maximizes energy
utilization, and prevents energy losses in situations of excess
generation due to reduced charging capacity resulting from the
premature completion of charging in some batteries [5].

In hierarchical control based approaches high-frequency
communication is required for steady and dynamic power
sharing capability [6]. Such communication requirement in
an energy grid increases inevitably complexity and costs. In
addition, communication technology brings new challenges
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Fig. 1. Schematical block diagram for a DC Microgrid architecture


https://orcid.org/0000-0002-0514-6768
https://orcid.org/0009-0007-5409-3395
https://orcid.org/0000-0002-3700-2902
https://orcid.org/0000-0002-3572-9083

such as vulnerability to cyber-attacks, reliability concerns,
compatibility issues, privacy and data security risks, regulatory
compliance requirements, maintenance challenges, and depen-
dency on external networks [7]. Decentralized approaches, on
the other hand, operate based on local measurements, thereby
bypassing the drawbacks of communication based methods.
For instance, droop based control [8] can achieve power
sharing capability without communication, however, they have
to make a compromise between voltage regulation and load
sharing. The present paper proposes a novel control method
that can handle SoC balancing, includes a self-regulating effect
for resistive loads, and enables a synergistic AC-coupling,
allowing the DC-AC interlink converter to autonomously man-
age the power flow between an AC grid and its DC side.
Furthermore, by mapping the DC bus voltage and AC grid
frequency into representative quantities called State-of-Grid
(SoG) a novel SoG based DC-AC interlink control strategy is
introduced, that allows decentralized bidirectional grid support
between both grids. The predetermined maximum deviation
between the reference voltage and the DC bus voltage ensures
reliable coordinated operation between DC and the AC grid.

The main contribution of this work is a control method that
enables

(1) SoC balancing, allowing each SoC within the entire grid
to equalize without additional communication.

(2) Synergistic DC-AC Coupling, allowing the interlink con-
verter to support both grids according to the requirements.

(3) Power sharing capability, even with different line resis-
tances among the BES.

(4) Inherent tertiary control interfaces for optimization,
through tertiary control using the setpoints.

The paper is organized as follows: In Section II, a com-
prehensive review of state-of-the-art methodologies is pre-
sented. In Section IV the DC Microgrid configuration and
components are explained. The proposed control strategy is
explained in Section III. In Section V, the performance of the
proposed control strategy is demonstrated through a real DC
Microgrid experimental setup. Finally, a conclusion is given
in Section VI.

II. STATE-OF-ART SOC BALANCING

In order to emphasize the novelty of this work, in this
section, a review of the prevailing methodologies within the
realm of SoC balancing and voltage-Frequency Mapping is
presented and compared with this work’s contributions. In
[22], gain scheduling is employed to adjust controller gains
based on load conditions, thereby enhancing voltage regula-
tion and load-sharing performance. However, it is noteworthy
that Gain Scheduling methods in Microgrids are constrained
to proportional controllers [23]. In [9], the gain scheduling
method is modified by using fuzzy control; in this way, the
SoC and output power of each EES are gradually balanced.
However, a change in the grid, such as adding or removing
battery storage, requires communication within the network
[9]. In [10], the output power of each ESS is designed to
be proportional to its corresponding SoC; however, only the
discharge process is considered. In [11] this approach has been
extended to include the charging process. These SoC droop
based methods do not rely on communication but require
all batteries to have the same capacity. Also in [12], an
adaptive SoC based droop considering different batteries with
different specifications and capacities. The approach is only
validated by simulation. In [13], a power sharing approach
is presented to balance the SoC among BESSs in a DC
Microgrid. However, this approach requires a communication
network to exchange system data. In [17], the reference voltage
for various BESSs is dynamically adjusted based on their SoC
to achieve SoC balancing. However, this approach does not
include synergistic AC-coupling. In [21], a communication-
free power management strategy is proposed for islanded
DC microgrids. This strategy achieves state-of-charge (SoC)
balancing among different energy storage units (ESUs) by ad-
justing droop coefficients according to varying SoC conditions.
None of the aforementioned approaches [7]-[11] and also [22],
[23] considered the coordination between the DC Microgrid
and the distribution grid. In [14], power sharing between
the DC and AC sides of a hybrid Microgrid is achieved by
enforcing the normalized equality between AC frequency and
DC voltage with an interlink converter. However, this results in

TABLE I
STATE OF THE ART COMPARISON

References Focus Communication SoC- Load Synergistic HW
free balancing sharing AC-coupling validated
Fuzzy logic with
(9] SoC based Gain scheduling ) % x
[10], [11] SoC based droop X X
[12] SoC based droop X X
[13] Virtual power rating W) X X
Normalized droop
(141, T15] AC-DC interlink * x
[16] Normalized droop AC-DC interlink X
[17] DC bus voltage signaling X X
[18] AC superimposed on DC voltage to modify droop X X
[19] Filter based Decentralized Control X X X
[20] Master/Slave bus voltage W) W)

[21] Adaptive droop

Flexible DC voltage

The present paper SoG based control




the interlinking converter operating almost constantly during
load fluctuations, which amplifies the power dissipation within
the converter. To reduce this operating loss, [15] proposes a
progressive tuning of the power flow using energy storage.
Also in [16], a distributed power flow control and management
operating on both AC and DC. Using a two-stage modified
droop method for the bidirectional power control of the
interlink converter during different operation modes of the
hybrid AC/DC Microgrid.

However, approaches [14]-[16] do not include SoC balanc-
ing, as well as in [18], in which an AC voltage is superimposed
on the nominal DC voltage to modify the conventional droop
control. Furthermore, none of the approaches consider grid-
supporting load capability. In [20], an SOC based control
method is presented that is tailored to grid-connected DC
Microgrids. The dynamics of the AC grid are not considered.
The utility grid is activated or deactivated based on the require-
ments of the DC grid, resulting in voltage fluctuations during
transitions in grid connection status that impact the operational
stability of the DC Microgrid. Additionally, support towards
the AC grid is not addressed.

Tab. I summarizes the different approaches based on a
literature review as referenced. Synergistic AC-coupling refers
to a bidirectional grid-supportive functionality of the interlink
converter. Check marks in brackets are considered to be
partially fulfilled. For example, if Hardware (HW) experiments
were only carried out with very low power levels, they are
deemed insufficient for real HW applications. It can be con-
cluded, that the existing works do not include all the features
proposed in the present work, such as being communication-
free, fostering SoC balancing, actively influencing the load,
coupling with the AC grid, and being experimentally validated.
It is important to clarify that while some works may not
explicitly demonstrate certain aspects, this does not necessarily
imply an inherent inability of the methods to support those
functions. Our conclusions regarding these methods are based
on the available evidence and are framed within the context
of the demonstrated capabilities and limitations as presented
in the literature.

IIT. PROPOSED SOG BASED DROOP CONTROL METHOD

This section introduces the basic concept for the State-
of-Grid based approach. Each ESS is connected to the DC
Microgrid through a DC/DC-converter as illustrated in Fig. 1.
The DC voltage can be mapped to a representative quantity
(referred to here as SoG) in a steady state, and it can be used
in an equivalence relationship with the frequency to regulate
the DC/AC converter. Analogous to the grid frequency, which
serves as an indicator of overproduction or under-production
of electrical energy in the AC network, the voltage in the DC
network becomes an indicator through the approach developed
here. This makes it possible to control the DC/AC converter
in such a way that it regulates a relative deviation between the
SoGs to zero. This ensures that the DC Microgrid and the AC
grid will be controlled to maintain the same state. The control
scheme is depicted as exemplary for all four components in
Fig. 2. The SoG based method is controlling the DC Microgrid

side output voltage of these DC/DC converters depending on
the SoC of the batteries. The higher the SoC, the higher the
target voltage. Since the converters are all connected in parallel
to the DC Microgrid, a higher target voltage than the grid side
voltage will result in a current flow, and thus also a power flow,
towards the grid. Conversely, the opposite holds for target
voltages lower than the grid voltage. This control method
enables inherent SoC equalization for the DC Microgrid.

A. Proposed SoC-V based droop
The proposed SoC-V droop is implemented using:

VC*,Bi =Vpe ki (1)

SoC; — SoC*

_— 2
SOCAJ‘ ( )

where V¢ g, is the controlled output voltage of the converter
of battery ¢ € {1,2} and &; € [Kmin, Kmaz] 1S @ scaling factor
based on the respective State-of-Charge.

Vi is the desired DC bus voltage in the steady state.
SoC;, SoCy € [0,1] are the measured and the desired SoC
of the battery ¢. The SoCx ; is defined as:

SoCn : — SoC™** — SoC,
217 SoCr — SoCmin,

ki=14+0

if SoC; — SoC; > 0,
otherwise.

3)

with o € [0,1] as the allowed deviation (e.g. o = 0.05 if
5% variation allowed). By applying the mapping (1)-(3), an
inherent SoC equalization is achieved. This method allows the
SoC of individual batteries to be freely chosen by adjusting the
setpoint values SoC7. This can be done, for example, through
tertiary control or manually. The case differentiation made by
Eq. (3) ensures that the range is always divided across the
adjustment range, regardless of the setpoint. However, there
is still a significant reaction when setpoints are chosen near
the limits. This is illustrated in Fig. 3. This mapping results
in a steeper slope in the descending direction in the case
of an SoC setpoint SoC} near the minimum SoC, making
it more difficult to reach the minimum SoC. Conversely, it
leads to a gentler slope in the ascending direction for an SoC
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Fig. 2. Proposed decentralized Microgrid control scheme



setpoint SoC’}; near the maximum SoC, facilitating reaching
the maximum SoC as the batteries react more strongly to a
voltage drop. In equation (3), SoCx ; is defined for a specific
ESS. This definition applies individually to each ESS within
the DC Microgrid. Consequently, the variables SoCy ; are
used in equations (4) and (5) to reflect the individual state of
charge deviations for each ESS. Each SoC ; is determined
by each ESS based on its local measurements.

Remark. By utilizing a DC bus voltage proportional to the
grid condition, a self-regulation effect analogous to the one
present in AC systems is achieved for all resistive loads
connected to the DC bus without a converter.

B. Proposed SoG based DC-AC interlink Control

The control method proposed in the present work for reg-
ulating the DC-AC interlink is based on a feature-normalized
mapping, for which we introduce the following definition:

Definition I (State-of-Grid). The State-of-Grid (SoG) is a
representative quantity for DC and AC Microgrids gained
through a feature-normalized mapping between the two phys-
ical quantities. For DC Microgrids the SoG is defined as:

SoCai Vbe,i
SoGpe; = SoGpe + 208t (ZPCE ) (4
Vbe
and for AC Microgrids with:
SoCA .
SOGAC’jZSOGZCjL&.(@_l) (5)

fac

with SoG%, SoG% .~ being the desired DC and AC SoG
references, SoCa ; as defined in (3), V5~ and f}. repre-
senting the nominal reference 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 SoGpc,; and SoG sc,; are calculated using local mea-
surements obtained from the DC/AC converter. This allows
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Fig. 3. Examplary Plot of Eq. (1) (3) with SoC7} as a low, SoC7; a high
and SoC™ as a mean SoC' setpoint

each converter to independently determine these values with-
out the need for communication with other components in
the system. Two control approaches based on the SoG are
introduced. The first one is a SoG-droop based method, the
second one is SoG-PI based control.

SoG-difference based: The first approach is based on the
difference between the DC side SoG (SoG pc,;) and the AC
side SoG (SoG ac,;), both determined locally by the DC/AC
converter, enabling operation without communication. Power
converters have an optimal operating range for efficiency.
Operating below this range can lead to inefficient operation, re-
sulting in reduced system efficiency [24]. Therefore, requiring
a minimum power level helps reducing losses and preventing
chattering:

o

P YSe (SoGpe, — SoGacy), if |Pf| > PR,
” 0, otherwise,
(6)
with Py sc,i € [—P{,ngé, P"}lg’é} being the transferred power
from 7" DC Microgrid to the j™ AC Grid. By using a deadband

between fP{}%nC and P{}lglc the function P{; is illustrated for
Ve =700V, f* =50 Hz and P35 = 15 kW in Fig. 4.

Remark. In the present paper, AC networks are assumed to
have a predominantly inductive behavior. For AC networks
with resistive characteristics, the approach can be adapted
using the voltage based SoG mapping on the AC side to control
the active power.

15
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Fig. 4. Examplary Plot of Py gc with Vi = 700 V, f* = 50 Hz and
PREE =15 kW

SOG-PI based: The SoG-difference based approach leads
to steady-state errors. By using a PI based control for the VSC,



the control can be expressed with:

P j = Pyt - ¢F + Prert @)
1,  ifé>1,
a _17 if (bz S _1a
o7 =

Oa if |¢Z| S ¢min’

¢;, otherwise.
bi
SOG@M‘ = SOGDCJ‘ — SOGACJ'

t
—Kp’i(SOGe’ij) — KI,i/ (SOGG’Z‘]‘) dzr

to

with ¢$ being the saturated and dead-banded control output
¢;, ™™ the factorized minimum power of the VSC, and Py
a optional reference power from tertiary control. A tertiary
control is not considered in this paper, therefore Pje,+ = 0 in
the following.

C. Primary DC voltage & VSC power Control

The reference output voltage V¢ p; of the battery unit can be
controlled by a cascaded P and PI controller, or by a cascaded-
PI control as shown in Fig. 5. Each integral control term
is saturated and enhanced with an anti-windup. The integral
term leads to increased oscillations between the batteries, but
removes steady state error. By designing an appropriate gain
K; the oscillations can be reduced significantly.

SoC ) oGy
Estimation

®)

F PWM

UB1 Up1 ~ |

SoC- V Droop
Eq.(D-3)

SoCo,1 ip1

Bidirectional Boost Converter

Fig. 5. Control scheme of SoC-V based control with cascaded voltage and
current PI and SoC estimation

The power Py sc between the DC and AC side is controlled
by a grid-following approach. The reference value P; ; used
for this purpose is taken from the presented method (6) for
SoG-difference based, (7) for SOG-PI based.

IV. EXPERIMENTAL SETUP OF THE MICROGRID

The DC Microgrid configuration employed in this study is
depicted in Fig. 1, where a representative electrical equivalent
circuit can be found in Fig. 7. The experimental results
are obtained from a DC Microgrid experimental setup as
depicted in Fig. 6. The laboratory setup includes two battery
storage emulators, a PV emulator, passive loads and con-
verter realized by Silicon Carbide (SiC)-MOSFETs (Type:
NTHLO20N120SC1). The switching frequency is chosen to
be 20 kHz. The interlink converter is limited to 10 kW. The

Battery
Emulator 1
PV
Emulator
Battery
Emulator 2
Real-time
Controller
Power
Electronics

Passive
Elements

DC Loads

AC Loads

4

Fig. 6. DC Microgrid experimental setup consisting of PV emulator, loads,
Real-time controller, SiC-MOSFETS, passive components and battery emula-
tor

Microgrid parameters corresponding to Fig. 7 are listed in Tab.
II. For each parameter, the values are provided in the last
column of its row. Additionally, the Voltage Source Converter
(VSC) DC side is considered as the point of common coupling.

TABLE I
CIRCUIT PARAMETERS OF THE EXPERIMENTAL MICROGRID SETUP

Battery 1 | Battery 2 PV Load 1 Load 2 Value
Rp1 Rpa Rpv | Rp.rd1 | Rp pa2 0.1
CB1 Cho Cpv | Crpar | Cr,Laz | 500 pF
R Ry Rpy | Rpg | Rpg [ 010
Lp1 Lpa Lpv Lra1 Lraz 2.5 mH
Ro1 Roz Ros Roq Ros 10 m2

A. Battery Energy Storages

The SoC estimation is based on the Coulomb counting
method [25]:

t

SOCi(t) = SOCOJ' — a "

Ip;dt (8)
where SoCy; is the initial SoC, C; is the capacity and
Ip; is the current of the interfacing converter of battery i.
Ageing effects or temperature influences are not considered in
this paper. The BESS are emulated by a bidirectional power
amplifier with P, = 7.5 kW. The nominal voltages are
VB1 = Vo = 380 V and the initial values of SoC are chosen
as SoCq = 0.6 and SoCy = 0.4.

B. Renewable Energy Sources

The approach presented is applicable to Microgrids with
different RES. Due to the significant expansion of photo-
voltaic, 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
[26], [27], the Maximum Power Point (MPP) is tracked.
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Fig. 7. Electrical circuit of the considered DC Microgrid setup

C. Variable Load Systems

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 sta-
bility and performance of the SoG based control. The primary
voltage and current regulators are assumed to function ade-
quately. The resistors can be increased or decreased between
0.5 kW and 5.0 kW. 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.

D. AC Grid Connection

The DC-AC interlink is a VSC, highlighted in Fig 7,
controlled in grid following mode. Each semiconductor of
the VSC converter has internal resistors Rog = Ro7 =
Ros = 10 m) representing the semiconductor losses. The
capacitors of the VSC are Cyg¢ = 1.5 mF and the inductors
L, = Li, = L, = 2.5 mH. The nominal power is

Vet = 15 kW. For the demonstration of the functionality
of the presented approach, frequency transitions are required,

thus an emulator is employed for AC grid side.

V. EXPERIMENTAL VALIDATION

The results presented in this section aim to demonstrate the
effectiveness of the proposed SoG based control approach for
DC Microgrids. The validation of the approach is performed
in several cases. In Case I, the DC side with two identical
batteries is considered in islanded mode. The effects of using
two different batteries are examined in Case II, both for the
droop based method and the PI based method. The approach

Rra

Rraz

Bidirectional Buck Converter

for AC-coupled mode with two identical batteries on the DC
side is investigated in Case III.

Case I (SoG based droop with identical batteries). The
experimental validation of the first approach is conducted by
variations in the input, and changes in load. The usable energy
is designed to be small (Ep; = Ep2 = 0.2 kWh) to conduct
significant results within a reasonable time-frame, without
compromising the accuracy of the results. This selection does
not restrict the functionality of larger batteries. The steps are
listed in Tab. III. A Ppy represents the change in the PV power
output in [kW]. APp4; and APy 4o denote the changes in the
power consumed by load 1 and load 2, respectively. Within

TABLE III
POWER STEPS IN EXPERIMENTAL TEST

DI O [0 ® [ 6] ®]0
APpy[kW] | 0 | 135 | =35 | +15 ] 0 0 | +15
APy kW] [ 0 | 0 0 0 | +20 | 25 0
APrgskW] [ 0 | 0 0 0 | +05 | 05] 0

the test sections, variations in PV power injection may occur,
which are attributable to changes in the operating point of the
MPPT tracker. However, these variations are insignificant for
the experiment and therefore negligible.

The results depicted in Fig. 8 demonstrate the effectiveness
of the proposed SoG based droop control approach for DC
Microgrids. Firstly, the voltage Vpc ; of the DC bus remains
stable at the determined voltage throughout the experiments,
with minor fluctuations observed in response to varying loads
and renewable energy generation. This indicates successful
regulation of the DC bus voltage within the desired range,
ensuring stable operation of the Microgrid. Secondly, the
State-of-Charge (SoC) trajectories of individual BESS show
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Fig. 8. Experimental results of the proposed SoG based droop control

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

effective balancing achieved by the SoG based control strategy.
Each BESS unit reaches a similar SoC level over time,
indicating successful equalization facilitated by the proposed
control approach. Furthermore, both batteries exhibit power
sharing capability, dynamically allocating power in response
to changes in load demand and the availability of renewable
energies. The proposed control method effectively manages
battery power fluctuations and optimizes energy utilization
within the Microgrid.

Case II (SoG based control with different batteries and line
resistances). The variations in input and load consumption
used for the investigation of the SoG based approach for
different batteries are identical to those in Case I and ac-
cordingly listed in Tab. III. The battery 1 is reduced to half
its capacity (Ep; = 0.5Fpy; = 0.1 kWh). In Fig. 9 the
results of a droop based SoG Control is depicted. Compared
with the results with two identical batteries shown in Fig. 8§,
here we observe a divergence of the SoG depending on
the load. However, when employing a PI based approach,
the differences between the two SoGs are mitigated by the
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Fig. 9. Experimental results of the proposed SoG based droop control

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

integral component, as depicted in Fig. 10. Nevertheless, the
drawback of the PI based method is that it leads to energy
oscillation between the batteries during (D and B). In the
case of different batteries, the integral component provides
a trade-off between the accuracy of SoC equalization and
power oscillations. Additionally, the impact of line resistances
on performance was investigated. For this analysis, the line
resistance R’;; was increased to 2.5 €2, corresponding to a line
length of 350 m with a cable cross-section of 2.5 mm?. The
results are presented in Fig. 11. It can be observed that the SoC
balancing capability is affected; however, unlike conventional
droop control, the power balancing capability is maintained
after the equalization. In the scenario involving different line
resistors, the inclusion of the integral component does not
enhance the accuracy of State of Charge (SoC) equalization,
unlike its impact in the case of two distinct batteries.

Case III (AC-coupled SoG based Control). The results de-
picted in Fig. 12 demonstrate the effectiveness of the proposed
SoG based control approach for AC-coupled DC Microgrids.
While the aspects related to DC side capabilities are similar
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Fig. 10. Experimental results of the proposed SoG based PI control approach
for DC Microgrids in islanded mode with two different batteries. The figure
subplots depict the (a) voltage profile of the DC bus, (b) the SoCs of the
BESSs, (c) the battery power variations, and (d) the power profiles of the
load and PV systems, respectively.

to those already listed in the previous section, this section
highlights the AC interlink insights. The AC grid frequency
steps Af are highlighted in Tab. IV. The VSC dynamically
adjusts its active power Py gc output to regulate power flow
between the AC and DC side. While during (D) the SoG DC,i
and SoG 4c,; are both around 0.5, the power provided by
the VSC remains 0 kW. At step (2), the AC frequency step
of 0.5 Hz, which equates a SoG ac,; = 0.6, power transfer
from the AC side to the DC side is facilitated by the VSC.
With increasing SoC's of the batteries, which are leading to
increasing SoG pc,;, the VSC power decreases. The opposite
occurs in ). In (@), the frequency is set to 50 Hz and the
SoGpc,; converges to 0.5. The proposed control approach
enables the VSC to maintain grid stability by dynamically
adjusting active power exchange based on the SoGs.

TABLE IV
FREQUENCY STEPS IN EXPERIMENTAL TEST
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Fig. 11. Experimental results of the proposed SoG based PI control approach
for DC Microgrids in islanded mode with different line resistors of the
batteries. The figure subplots depict the (a) voltage profile of the DC bus,
(b) the SoCs of the BESSs, (c) the battery power variations, and (d) the
power profiles of the load and PV systems, respectively.

VI. CONCLUSION

The present work introduces a novel control method that
features communication-free capabilities for SoC balancing
and AC coupling. Leveraging the State-of-Grid based con-
trol, the proposed approach demonstrates promising results
in equalizing the SoC of each ESS throughout DC and AC
Microgrids. Through comprehensive simulations and experi-
mental validations, the proposed method shows SoC balancing
capability while maintaining load power requirements, regard-
less of fluctuations in input power, consumption power, or fre-
quency deviations on the AC side, and without the need for any
communication. Further advantage of the presented method is
the self-regulating effect for resistive loads connected to the
DC bus.
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