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ABSTRACT DC microgrids (DCMGs) have been gaining attention due to their advantages over AC
microgrids. The most commonly used control technique for DCMGs is droop control. Despite its benefits,
droop control has drawbacks, such as power mismatch and deviations in DC bus voltage, often caused by
differences in line resistance among grid-forming power electronics converters. To address these issues,
the article proposes an adaptive droop control technique to correct steady-state power imbalances between
grid-forming units in the DCMG. Additionally, a hierarchical voltage level is introduced to regulate the DC
bus voltage. The analyzed DCMG includes two energy storage units, electronic loads, and a renewable
energy source, each with its respective power electronic converter. The proposed technique uses real-
time output power measurements from the energy storage system to calculate line resistance differences,
incorporating these into the adaptive droop calculation. Several operating conditions are tested using a
controller hardware-in-the-loop. The results validate the proposed technique and design guidelines.

KEYWORDS Adaptive droop control, bus voltage regulation, controller hardware-in-the-loop, DC micro-
grids, power-sharing balance.

I. INTRODUCTION
Although microgrids are predominantly AC, DC microgrids
(DCMG) have become attractive due to their higher ef-
ficiency [1]. By using DC, it is possible to eliminate a
conversion stage of power electronics converters, resulting
in an overall increase in system efficiency. Additionally, DC
microgrids offer greater reliability and can be installed in
remote areas [2], used to support the conventional grid [3],
or in commercial installations [4]. Diverse other advantages
of these systems can be explored and detailed in [5].

Various control methods can be applied in DCMGs, all
aiming to provide more effective management among the
components of the microgrid. One of the most prevalent
control techniques is the well-known droop control, char-
acterized as a decentralized system since it does not re-
quire communication among the elements of the system,
hence, simplicity and robustness can be assured. Despite
all the advantages provided by this technique, it incurs
some drawbacks such as power mismatch under steady-
state conditions [6] and deviation in DC bus voltage [7].
Thus, new variations have been developed to improve power-
sharing [8], equalize the state of charge of the energy storage

system [9], improve the robustness of the systems using time-
varying models [10], and conduct studies with the aim of
hierarchical secondary level layers [11].

In [12], an adaptive droop control is proposed with the
aim of improving current sharing and correcting bus voltage
deviation. This control system is based on error values be-
tween the average output current and average output voltage
concerning their respective reference values. Through the
secondary control, it regulates the bus voltage and also
adjusts the droop constant. However, this control requires
different variables, a preliminary calculation to obtain these
variables, and an additional controller to adjust the droop
coefficient. In the research conducted in [13], an adaptive
droop control mechanism is integrated into isolated DC
microgrids to optimize power and current sharing. This
system employs the least squares technique to estimate
real-time feeder resistance values, facilitating the dynamic
integration of virtual impedance values in the local control
of individual power electronics converters. Nonetheless, the
technique uses the estimation of the actual resistances of the
feeders. This estimation takes into account three different
values for each feeder in the system. Additionally, for the
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method proposed in [13], the virtual resistance (or droop
constant) of the first feeder is considered to be zero, which
is unrealistic.

An adaptive control utilizing the instantaneous average
power and the average of droop gains is implemented in
[14], in which three additional compensators are employed
for voltage-shift control and droop slope adjustment. How-
ever, adjusting the droop control in the secondary loop
can lead to system failures since the droop control is not
performed locally. Furthermore, the control method proposed
in [14] requires calculating average values and designing
three additional compensators for the control system. The
adaptive gain technique, balancing dynamic performance and
system stability, presented in [15], utilizes a sliding mode
to estimate disturbances within a finite time. The adaptive
gain is implemented through a regulation mechanism. The
method is more complex as it uses a higher-order sliding
mode observer to estimate electrical coupling and an indirect
estimation to dynamically adjust the controller parameters,
which can also affect the control speed.

Another adaptive droop algorithm, presented in [16], has
been developed, in which line resistances are estimated
through mathematical calculations. Based on these calculated
values, the droop coefficient is adjusted. Additionally, a
distributed secondary controller is proposed to enhance load
sharing among power electronic converters of different rating
levels. As a drawback, this strategy incorporates certain
requirements for implementing the control such as design-
ing an additional controller and having knowledge of two
other variables to estimate the line resistances. In [17], an
adaptive PI droop method is employed as a foundation for
adjusting the droop constant values in accordance with the
dynamic average of current circulation, aiming to enhance
current sharing in the grid-connected mode. Nonetheless,
the proposed control requires an additional PI controller to
perform the adaptable adjustment of the droop coefficient,
which increases complexity.

In [18], an adaptive regulation of input impedance is
proposed. In this method, an adaptive virtual impedance
is connected in parallel with the input impedance of the
load converter, aiming to stabilize the system for different
types of source converters. That is, the method is based
on knowledge of the frequencies at which the converters
operate, requiring a more complex and in-depth analysis
for adjusting the input impedance. In the study conducted
by [19], the objective was to improve the sharing of load
and circulating currents among the converters in the low-
voltage DC microgrid (DCMG), so the method calculates
the instantaneous virtual resistance based on variations in the
converters’ output voltages. On the other hand, it is necessary
to calculate the droop index and the cable resistance of
the converters for determining the droop coefficients, as
well as measuring the output voltage. In [20], an adaptive
droop control based on virtual output voltage is proposed to
reduce voltage deviations and improve power sharing among

FIGURE 1. The DCMG structure and proposed adaptive droop control
implementation.

distributed generations. However, the average value of the
units must be known for the adaptable droop adjustment,
which is dependent on the point of operation.

Therefore, this article addresses gaps in the field of DC
microgrid control by proposing an adaptive droop control
technique designed to correct steady-state power imbalances
in grid-forming power electronics converters. Existing meth-
ods often struggle with dynamic power-sharing and DC bus
voltage stabilization, particularly in complex systems with
multiple converters. The proposed adaptive droop control
technique attempts to fill these gaps by utilizing real-time
power calculations to estimate line resistance variations,
allowing for more precise and adaptive control without the
need for additional, complex controllers. Furthermore, the
incorporation of a hierarchical voltage level addresses the
challenge of maintaining stable DC bus voltage, a critical
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issue in current methodologies. The system’s implementation
on a Controller Hardware-in-the-Loop (C-HIL) platform, as
presented in Fig. 1 with validation across various scenarios,
demonstrates the technique’s effectiveness and practical ap-
plicability, setting the stage for future research to expand and
refine this approach.

The advantage of the proposed technique is the real-time
monitoring of the line impedance difference based on the
variation in output power. By obtaining the value of line
resistance variation, it becomes possible to make adjust-
ments to the adaptive droop control. Moreover, the method
is simple, requiring minimal information for calculation,
and it does not necessitate additional controllers or more
sophisticated computations compared to the state-of-the-art
methods.

Preliminary results were presented in a conference paper
[21] and motivated the authors to conduct further investi-
gations to improve the proposed technique. In the confer-
ence paper, simulation results using PSIM software were
conducted to evaluate the application of the method. A para-
metric evaluation was performed to assess the adaptability of
this proposal in real systems, considering variations in line
resistance disparities. In the presented study, the evaluation
and application of the technique are significantly expanded.
The line resistance disparities were evaluated at up to twice
the initial value. Additionally, this work introduces DC bus
voltage correction, which was not addressed in the previous
study. Finally, the system is assessed through real-time tests
using C-HIL under four new tested scenarios.

The remaining sections of this paper are presented in
the following sequence. Section II provides the modeling
and description of the DCMG under analysis. Section III
presents the conventional droop control and establishes
the mathematical foundation for the development of the
proposed adaptive droop control methodology. Section IV
elaborates the secondary level control. Section V presents the
results obtained through C-HIL. Finally, Section VI draws
the conclusive remarks.

II. DCMG DESCRIPTION AND MODELING
A. DCMG description
A 6 kW rated power DCMG, presented in Fig. 1, is the
focal point of this study. The rated power is chosen consid-
ering a forthcoming experimental evaluation. The proposed
control is structured hierarchically with the overarching
goal, as mentioned earlier, of enhancing power sharing
between grid-forming converters (DC-DC converters 1 and
2) under steady-state conditions and regulating the DC bus
voltage. A DC bus voltage of 400 V has been selected,
taking into account applications in data centers, industrial
facility standards, electronic equipment design norms, and
considerations for improved efficiency [22], [23]. The system
parameters used in real-time simulations are outlined in
Table 1.

On the top part of the structure, depicted in detail A
of Fig. 1, one can see that the DCMG is composed of
two bidirectional DC-DC converters, which are the grid-
forming units for the energy storage system (ESS). Other
power electronics converters are used for grid connection,
supply electronic loads, and distributed generation (DG)
integration. The DG is composed of a renewable energy
resource (RES) and a boost converter, which connects the
RES to the DC bus. Within this context, it is presupposed that
the DG operates at rated power deploying an ordinary boost
converter operating with maximum power point tracking
technique, such as perturb and observe (P&O). The DC load
is fed by an ordinary buck converter and the load adheres
to its individual power profile. The AC grid connection is
achieved by using an island switch and an ordinary three-
phase bidirectional AC-DC converter. The modeling of the
components constituting the DCMG is elucidated in the
ensuing sections. It is worth mentioning that only the line
impedances of the ESS units (Rl1 and Rl2) are displayed
in Fig. 1, since they are the object of this study. The line
impedances of other units are omitted for simplicity since
they have no impact on the proposed control.

On the bottom part of the structure, portrayed in B
of Fig. 1, one can see the block diagram representing the
control strategy embedded in a DSP TMS F28379D from
Texas Instruments. In the following tests, the controls were
implemented in the same DSP due to limitations with the
C-HIL available for testing. The lowest layer of control,
designated as zero-level control, is dedicated to the internal
regulation of current and voltage loops for each DC-DC
converter used to connect the ESS into the DCMG, as
shown in B1 of Fig. 1. The higher layer incorporates
the algorithms designed for the determination of the line
resistance variation used as an input variable for the proposed
adaptive droop control technique, detailed in B3 and B4
of Fig. 1. Ultimately, the second level is utilized to reinstate
the DC bus voltage to its specified reference set point, as
presented in B5 of Fig. 1. The control strategy is detailed
described in the next section.

B. Bidirectional DC-DC converter modeling
Non-isolated bidirectional converters are employed to con-
nect energy storage systems to the DC bus. The converter
is used to perform the charging and discharging of the two
ESS present in the DCMG. The differential equations used
as a reference for modeling the converter are expressed by
(1) and (2) [24], [25].

Ldil
dt

= vi − vo(1− d) (1)

Cdvc
dt

= il(1− d)− io (2)

in which, vi and vo are the input and output voltage,
respectively, vc the capacitor voltage, il is the inductor
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TABLE 1. System parameters.

Specification Symbol Value
Microgrid parameters

Nominal bus voltage Vbus 400 V
Nominal load power Pl 6 kW
Nominal output DG power Pos 6 kW
Line resistance 1 Rl1 1.2 Ω

Line resistance 2 Rl2 2.4 Ω

DC bus Capacitor Cbus 330 µF
Bidirectional DC-DC converters 1 and 2

Inductor L 6.7 mH
Capacitor C 330 µF
Rated output current Io 12.5 A
Rated output power Po 6 kW
Switching frequency fsw 15 kHz

Control parameters DC-DC converters 1 and 2
Current controller - proportional gain Kpi 0.02901
Current controller - integral gain Kii 33.5
Voltage controller - proportional gain Kpv 0.2108
Voltage controller - integral gain Kiv 51.8
Bus voltage controller - proportional gain Kpbus 1.5
Bus voltage controller - integral gain Kibus 37.5
Droop controller gain Kd 2 Ω

current, io is the output current, C and L are the capacitor
and inductor, and d is the duty cycle.

C. Zero-Level control design
The zero-level control consists of an inner current loop
and an outer voltage loop, as detailed B1 of Fig. 1. The
controller design is based on the transfer functions associated
with the boost operating mode [24], [25], as follows:

Gi(s) =
ĩl(s)

d̃(s)
=

Vo

Ls
(3)

Gv(s) =
ṽo(s)

ĩl(s)
=

−LIls+ (1−D)Vo

VoCs+ 2(1−D)Il
(4)

in which, in steady-state values, Vo is the output voltage, Il
inductor current, D duty cycle, L is the inductance, and C is
the capacitance.

Equations (3) and (4) are the plants used for designing
compensators in each grid-forming unit. For current control,
(3) is employed to relate the inductor current with the duty
cycle, while (4) relates the converter output voltage to the
current passing through the inductor.

The zero-level control is applied to all grid-forming units
i.e. for energy storage systems. The current control is typi-
cally designed with a crossover frequency one decade below
the switching frequency using a conservative phase margin of
60◦. For the external voltage control, the crossover frequency
is set to a value less than one decade from the crossover
frequency of the internal current loop, avoiding interference
with its control dynamics and maintaining the same phase
margin value as the current control. The equations for these
controllers are provided in (5) and (6).

(a) (b)

FIGURE 2. DC system simplified model. a) without droop control; b) with
droop control.

Ci(s) =
Kpis+Kii

s
(5)

Cv(s) =
Kpvs+Kiv

s
(6)

where, Kpi is the proportional gain to current loop, Kpv is
proportional gain to voltage loop , Kii is the integral gain
to current loop, and Kiv the integral gain to voltage loop.
Table 1 presents the controller values.

III. PROPOSED ADAPTIVE DROOP CONTROL
A. Initial droop coefficient calculation
Droop control is depicted in B2 of Fig. 1. As usual for
DC systems, the droop constant Kd can be calculated by
(7) [26].

Kd =
∆Vo

∆Io
(7)

where ∆Vo is the allowed DC bus voltage variation, defined
in this work as 12.5% of the 400 V nominal voltage (Vbus).
Thus, the DC bus voltage varies in the range between 375-
425 V, following the guidelines established by [27], which
indicate that a variation up to ±15% of the DC voltage does
not adversely affect the system components. ∆Io denotes
DC-DC converter current taking into account the rated output
current. Thus, a constant droop coefficient is defined as equal
to 2 Ω .

B. Adaptive droop control calculation
In Fig. 1, two bidirectional DC-DC converters operate con-
currently, serving as grid-forming units and managing the
charging and discharging of the battery banks within an inner
control loop. By controlling the output voltage, the simplified
system can be represented as a voltage source for each unit,
along with the line resistances depicted in Fig. 2(a). The
output power for each converter is expressed as{

Po1 = vo1io1
Po2 = vo2io2

(8)
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Through zero-level control (inner loops), several consid-
erations, given in (9), are possible: vo1 = vo2 = vo

Rl1 = Rl

Rl2 = Rl ·∆Rl

(9)

in which, vo1 and vo2 are the output voltage of converter 1
and 2, respectively; Rl1 is the line resistances of converter
1, Rl2 line resistance of converter 2; and ∆Rl is the line
resistance variation. The power imbalance (∆Po) can be
calculated as (10).

∆Po =
Po1 − Po2

Po1

= 1− 1

∆Rl
(10)

Hence, since real-time monitoring of the power imbalance
is possible, the alteration in line resistance, shown in B3 of
Fig. 1, can be determined by reformulating (10) as (11).

∆Rl =
1

1−∆Po
(11)

When the droop control is activated, Fig. 2(b) is consid-
ered, where the droop coefficient is included as a dependent
voltage source. Therefore, each converter’s output power and
output voltages are defined as (12).

Po1 = v′o1io1
Po2 = v′o2io2
v′o1 = vo1 −Kd1io1
v′o2 = vo2 −Kd2io2

(12)

Consequently,

∆Po = 1− β2αγ (13)

where, 
β =

Rl1 +Kd1

Rl2 +Kd2

α =
vo2 − Vbus

vo1 − Vbus

γ =
vo2Rl2 +Kd2Vbus

vo1Rl1 +Kd1Vbus

(14)

in which, Kd1 e Kd2 are the droop constants, calculated by
(7), of converter 1 and 2, respectively; and Vbus is the DC
bus voltage.

The zero-level control and the droop control design force
the definitions of (9) and (15).{

Kd1 = Kd

Kd2 = Kd ·∆Kd
(15)

Therefore, using the considerations in (9) and (15), the
power imbalance, given in (13), can be rewritten as (16).

∆Po = 1− δ2σ (16)

In which,


δ =

Rl +Kd

Rl∆Rl +Kd∆Kd

σ =
Rl∆Rlvo +Kd∆KdVbus

Rlvo +KdVbus

(17)

If Vbus = vo, since the voltage variation is limited by the
droop control design, ∆Po becomes:

∆Po = 1− Rl +Kd

Rl∆Rl +Kd∆Kd
. (18)

As a result, the power imbalance in (18) remains unaf-
fected by the measured bus voltage. With real-time mea-
surements of ∆Po, the droop coefficient adjustment ∆Kd

can be derived based on the steady-state power imbalance,
as given in (19).

∆Kd =
Rl +Kd

Kd(1−∆Po)
− Rl∆Rl

Kd
(19)

To address the power discrepancies between the con-
verters, ∆Po is adjusted to zero. As a result, the droop
adjustment ∆Kd can be expressed by (20).

∆Kd = 1 +

(
Rl

Kd

)
(1−∆Rl) (20)

The detailed representation of the proposed adaptive droop
control is illustrated in B4 of Fig. 1. The measured output
powers of each converter, Po1 and Po2 , are processed within
a low-pass filter to damp power oscillations and achieve
stable steady-state value. Moreover, (20) is utilized to cal-
culate the variation in the droop control constant, ∆Kd,
aiming to eliminate the power imbalance. Subsequently, the
output current is multiplied by the droop coefficient, which
is dynamically adjusted online through the droop parameter
∆Kd.

IV. PARAMETRIC EVALUATION
In this section, the goal is to investigate the response of the
DCMG to parametric variations in droop adjustment, ∆Kd,
for different line impedance values, as well as the approxi-
mation used to obtain the power imbalance, ∆Po, as given
in (13). For the parametric evaluations, simulations in PSIM
are performed, which includes both converter controllers and
the load. In this analysis, Kd = 4 Ω (variation of 10% to
voltage bus) and Rl = 4.275 Ω , assuming real operation
on a transmission line of 1 km. Additionally, the values of
∆Kd and ∆Rl are varied.

During the variation of the droop coefficient adjustment,
the line resistance variation (∆Rl) is imposed for different
∆Kd values. The resulting power variation, given in (10),
as a percentage, is illustrated in Fig. 3(a). When Kd = 0 Ω,
droop control is absent, and only the inner controls of the
converters are active. For ∆Kd = 1, the droop control is
active, and both control systems have equal droop constants
(Kd1 = Kd2 = Kd), where Kd can be defined as in
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(a)

(b)

(c)

FIGURE 3. Parametric evaluation. a) ∆Kd adjustment; b) comparison for
∆Kd = 1.25 ; c) comparison for ∆Kd = 1.75.

(7). When ∆Kd < 1 or ∆Kd > 1, the system operates
adaptively, as given in (20).

The analyses shown in Fig. 3(b) and Fig. 3(c) compare
both forms of calculation of ∆Po and the results from PSIM
simulations. The power imbalance is calculated using (16),
while its proposed approximation, representing the simplified

FIGURE 4. C-HIL setup.

expression, is given by (18). In Fig. 3(b), the results for
∆Kd = 1.25 are shown. It is observed that there is no signif-
icant difference between the simulations and the calculated
equations. Specifically, for ∆Rl < 0.8, the approximated
power imbalances calculation deviates less than 10% from
the simulation. However, as the droop adjustment increases,
e.g. ∆Kd = 1.75, Fig. 3(c), differences arise for values of
∆Rl < 1.

A detailed parametric analysis of the method can be found
in the conference paper [21]. Based on this investigation,
one can conclude that the approximations used to derive the
droop coefficient adjustment are effective for a wide range
of line impedance variations. Nonetheless, significant voltage
drops may occur in the DC bus when ∆Kd increases, which
suggests that the method design should take into account
limited line resistance disparities in DCMGs.

V. DESIGN OF SECONDARY LEVEL CONTROL
The main purpose of the secondary level is to maintain
the DC bus voltage within the nominal value of 400 V.
This is achieved by an external PI controller outer to the
previously designed controls, as illustrated in B5 of Fig.
1. The considered value of crossover frequency is chosen
such that it does not interfere with the previously developed
loops. Therefore, the second level is considered a slower
loop than the others. The same DSP is used to implement
the control of the DCMG due to limitations of the C-HIL
available for testing. The controller equation, presented in
(21), was designed based on the plant described in (22).

Cvbus
(s) =

Kpbuss+Kibus

s
(21)

Gvbus
(s) =

1

Cbuss
(22)

in which, Kpbus is the proportional gain, Kibus is integral
gain to secondary loop control, and Cbus is the DC bus
capacitance (see Table 1)

VI. CONTROLLER HARDWARE-IN-THE-LOOP RESULTS
The configuration of the DCMG depicted in A of Fig. 1 was
replicated using a Typhoon HIL 404 for system modeling.
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Simultaneously, the control system was implemented on
a TI Digital Signal Processor (DSP) TMS LAUNCHXL-
F28379D. Integration of both devices was facilitated through
a HIL TI Launchpad interface, constituting the C-HIL
platform showcased in Fig. 4. The results were derived
from oscilloscopes (with adjusted values) and HIL SCADA.
The system’s performance was evaluated across four unique
scenarios, outlined as follows:

• Test 1: conventional droop control is applied to the
DCMG, in which parameters such as power flow,
DC-bus voltage, and the state-of-charge (SOC) of the
battery banks are examined.

• Test 2: The proposed adaptive droop control is incorpo-
rated into the system. The performance evaluation was
done using the same parameters as those in Test 1.

• Test 3: During the test, the proposed adaptive droop
control is deliberately deactivated, simulating a scenario
of communication loss within the DCMG. As a result,
the system is compelled to revert to operating under
conventional droop control, thus evaluating the control
robustness.

• Test 4: The secondary control is applied to the system
to regulate the bus voltage. In this case, the control is
designed to maintain the nominal voltage at any control
level, thus verifying the hierarchical approach.

In the subsequent simulation tests, Po1 and Po2 denote the
output power of the ESS bidirectional DC-DC converters,
referred to as converters 1 and 2. Similarly, Pos and Pl

represent the power of the distributed generator and load,
respectively. The DC-bus voltage is denoted by Vbus. The
state-of-charge of each ESS is specified as SOC1 (starting
at 80%) and SOC2 (starting at 85%), respectively.

In Test 1, droop control is implemented in the system
starting from t2 in Fig. 5. In Fig. 5(a), initially, only converter
1 (Po1) supplies the load (Pl) at t1. Converter 2 (Po2) is
connected to the bus and both converters begin to share
power but in an unbalanced manner, with the units operating
in discharge mode. In this case, converter 1 supplies more
power to the load than converter 2 due to the inherent line
resistance difference in the system, considering a variation
∆Rl = 2. When droop control is applied to the system,
(in this case, Kd = 2 Ω for both grid-forming converters,
as previously calculated) there is an improvement in power
sharing. However, the power-sharing is still not done equally,
reducing the power difference (∆Po) from approximately
58%, when only inner loops operates on the DCMG, to 33%,
when the droop control is activated. With the load variation,
from t3 to t4, the difference in power-sharing still prevails.
The distributed generation (DG) supplies the DCMG, starting
from t5, causing Po1 and Po2 to have a negative value as
the units now begin to charge.

The bus voltage, shown in Fig. 5(b), in the zero-level
control (from t0 to t2,) always operates close to the 400 V
level, experiencing a greater transient at t1, when converter

(a)

(b)

(c)

FIGURE 5. Test 1 - Conventional droop control. a) Power flow; b) DC-bus
voltage; c) Battery banks state-of-charges.

2 is connected to the system. In droop control, the bus
voltage operates within the range of 375-425 V, as detailed in
subsection III. A. As power increases, the voltage decreases,
reaching a minimum value of 380 V when the load power
is augmented. A higher-level overshoot is found at t5 due
to the connection of DG to the DCMG. There is also an
overshoot incidence at t4 of approximately 4.4%.

The state-of-charge value of each battery bank is illus-
trated in Fig. 5(c). As the units act as grid formers, they
initially start to discharge, resulting in a slope in the state-of-
charge. SOC2 remains at the initial value until its connection
to the system. Therefore, the droop control input only
impacts SOC curves in load variations, when DG operates in
the system (t3, t4, and t5) and when energy storage systems
start to charge. In this case, DG supplies the load and charges
the ESS.

In Test 2, presented in Fig. 6, the proposed adaptive droop
control is activated. In this case, ∆Kd varies according
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(a)

(b)

(c)

FIGURE 6. Test 2 - Adaptive droop control. a) Power flow; b) DC-bus
voltage; c) Battery banks state-of-charge.

to (20). As this equation depends on the variation in line
resistance, it can be calculated online from (11), because the
equation depends solely on ∆Po. The proposed control is
implemented at t3. One can observe from Fig. 6(a) that the
ESS power imbalance, ∆Po, is fully mitigated. Even with
a load variation, the sharing between units is accurate, as
the incompatibility is determined by the variation in line
resistance.

Under the proposed control, the bus voltage from t4 to t5
is 381.2 V, as illustrated in Fig. 6(b), indicating an increase
in voltage with a deviation of 4.7%, instead of 5% shown in
Fig. 5(b) (from t3 to t4). The state-of-charges, presented in
Fig. 6(c), exhibit the same behavior as explained in Test 1,
but with a smaller variation in the same period. In Fig. 5(c),
at t5, the variation among the SOCs is 15.8%, while at t6,
in Fig. 6(c), this variation is reduced to 12.7%.

In Test 3, depicted in Fig. 7, a communication failure is
introduced into the system from t5 to t8. Even with power

(a)

(b)

(c)

FIGURE 7. Test 3 - Adaptive droop control with lost communication. a)
Power flow; b) DC-bus voltage; c) Battery banks state-of-charge.

load variations (Pl) and the connection of the DG to the
system, the control achieves its objective of power-sharing
(unbalanced). During this period, the system operates under
conventional droop control. The DC bus voltage during the
communication loss period stays within the calculated limits,
as shown in Fig. 7(b). Therefore, the robustness of the control
can be observed, as it can be recovered. This is due to the
fact that once ∆Rl is calculated in the inner control, its value
is stored, meaning that once the necessary information has
been saved, thus the droop adjustment (∆Kd) can be reused
when the communication line is restored.

In Test 4, given in Fig. 8, the system experiences load
variations (t4 to t5) and the connection of the DG at t6.
The secondary control is implemented starting from t7. It is
noticeable that precise power sharing is achieved in instants
t3 to t7 and again from t10 to t14, in Fig. 8(a). The voltage
regulation is illustrated in Fig. 8(b), in which its value
is fixed at 400 V with a ripple of less than 1%, staying
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(a)

(b)

(c)

FIGURE 8. Test 4 - DC bus voltage regulation. a) Power flow; b) DC-bus
voltage; c) Battery banks state-of-charge.

within acceptable limits. The SOCs values, in Fig. 8(c),
are illustrated from t8 onward since the system’s behavior
remains the same.

VII. CONCLUSION
This article presented an adaptive droop control technique
that aims to correct the steady-state power imbalances be-
tween the grid-forming units of a DCMG. The proposed
control utilizes real-time calculated power values to estimate
the difference between line resistances, employing this in-
formation for adaptive calculations. The proposed method
is precise, simple to implement in a digital controller, and
robust to communication failure. Additionally, a hierarchical
voltage level was implemented to regulate the DC bus
voltage. The DCMG was implemented using a Typhoon
HIL 404 for system modeling. Simultaneously, the control
system was implemented on a TI Digital Signal Processor
TMS LAUNCHXL-F28379D. Integration of both devices

was facilitated through a HIL TI Launchpad interface, con-
stituting the C-HIL platform. The system’s performance was
evaluated across four unique scenarios. The presented results
confirm the effectiveness of the proposed adaptive droop
control technique. This method also reduces the deviation
between the state of charges of energy storage systems. In
the future perspectives, there is an intention to conduct a
stability analysis to establish the limits of the application
of this control and expand the methodology to more grid-
forming units to verify extended plug-and-play capability.
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