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ABSTRACT This work presents a droop-based control strategy for a dc nanogrid designed to operate
under the Net Zero Energy (NZE) concept, enabling seamless transitions between grid-connected and
islanded modes. The nanogrid integrates photovoltaic (PV) generation, a fast electric vehicle charging
station (EVSE), and a battery energy storage system (BESS) into a 700 V dc bus interfacing with the
ac grid via a bidirectional three-phase AC-DC converter. An isolated DC-DC converter establishes a
secondary 48 V dc bus for powering dc loads. An energy management system (EMS) defines an optimal
day-ahead power dispatch for the BESS to meet NZE objectives. At the primary control level, a modified
power-to-voltage droop strategy ensures accurate power tracking and parallel operation with the AC-DC
converter. This approach enables continuous voltage regulation of the main bus under instantaneous power
imbalances caused by schedule deviations or operational mode transitions. Additionally, the proposed
strategy eliminates the need for secondary control or high-bandwidth communication. The system is
validated through hardware-in-the-loop (HIL) simulations using the Typhoon HIL 604 platform, with the
control strategy implemented on a DSP. Real-time simulation results confirm stable performance under
various operating conditions, including transitions between modes.

KEYWORDS DC microgrids, power control, droop control, EMS, hardware-in-the-loop, Net-Zero-Energy.

I. INTRODUCTION
Nanogrids are emerging as appealing solutions for small-
scale dc systems. Similar to microgrids, nanogrids are power
distribution systems capable of operating in both grid-
connected (GC) and islanded (IS) modes while integrating
distributed energy resources (DERs) and local loads. The
particularity of nanogrids lies in their small-scale nature,
typically confined to a single house or small building [1], [2],
and their operation within a single power domain [3], [4]. DC
nanogrids are more common than ac ones due to their higher
efficiency in integrating dc-based DERs, such as photovoltaic
(PV) systems, fuel cells, and battery energy storage systems
(BESS) [5], [6]. However, challenges specific to dc systems
remain, including the lack of standardization in voltage
levels, protection strategies, power quality and grounding
schemes [7]–[10].

A critical aspect of a microgrid is the energy management
system (EMS), which defines DERs operations to achieve a
specific goal, such as the optimal economical operation [11]–
[13]. For nanogrids, the optimization objectives are related
to the Net Zero Energy (NZE) concept [4], [12], [14],
which focuses on designing and controlling the microgrid
to achieve an annual energy consumption equal to or less
than on-site renewable energy generation. Therefore, re-

lated approaches, such as “Nearly Zero-Energy Building”
and “Zero-Emission Building,” have also been introduced
to align energy performance requirements with long-term
climate neutrality goals [15].

A straightforward approach for achieving microgrid op-
timization goals, including NZE, involves power dispatch,
also referred to as day-ahead scheduling, in which an opti-
mization algorithm uses prior information, such as demand
profiles, energy prices, and PV forecasting, to generate
a power schedule for dispatchable resources [14], [16],
[17]. This approach has proven effective in achieving op-
timization objectives at a low cost, making it appealing
for nanogrids [2]. However, since no real-time data are
considered when defining the dispatch, actual power values
deviate from the forecasted ones, resulting in temporary
power imbalances, which can lead to voltage fluctuations [2].
While these instantaneous power imbalances are typically
handled by the grid-forming unit, this issue has not been
extensively studied in the literature [2]. Nevertheless, due to
the limited power ratings of grid-forming units in nanogrids,
this subject must be addressed, particularly for critical sce-
narios where the instantaneous power imbalance exceeds the
power rating of the grid-forming units, as when fast-charging
EVSE operates [18].
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The consideration of real-time data in the EMS, as pre-
sented in [19], [20], can resolve these situations; however,
this requires fast-response controllable sources and high-
bandwidth communication, resulting in a more complex
and expensive control system [18]. Such a system may
be unsuitable for small-scale microgrids. In [2], a power-
balancing optimization process is proposed to compensate
for forecasted demand errors in a nanogrid without requiring
real-time data. This is achieved by integrating a superca-
pacitor as a fast-response energy storage system which is
also incorporated into the EMS dispatch under a power
modulation approach. However, from a practical perspective,
the inclusion of a supercapacitor requires an additional power
converter and communication lines, thereby increasing the
overall cost.

An alternative is to adopt a hierarchical control approach,
where the EMS dispatch acts as the tertiary control layer,
providing power references for specific dispatchable con-
verters (e.g., BESS, AC/DC), while the inner control layers
(secondary and primary) are responsible for ensuring micro-
grid stability [21]. For the proper implementation of day-
ahead dispatch in DC microgrids, the inner control layers
must ensure accurate power reference tracking and voltage
regulation, even in the presence of critical power imbalances.

Droop control is the most common strategy for the primary
control layer in dc microgrids [21], [22]. It is typically used
for power sharing and voltage regulation due to its simplicity,
enabling the parallel operation of voltage sources. However,
the performance of traditional droop strategies is heavily
affected by line impedances and voltage deviations, and it is
not suitable for tracking power references [22], [23]. These
limitations are usually addressed by the secondary control
layer [24].

The concept of adaptive droop [6], [25], [26] involves
a centralized secondary controller that adjusts the droop
gain of the battery converters through low-bandwidth com-
munication. Similarly, studies [27], [28] propose the use
of centralized secondary controllers that measure global
variables to adjust the references for primary controllers.
However, centralized secondary controllers may be affected
by communication delays or single points of failure [23],
[24]. To address these issues, a distributed secondary control
approach has been proposed, as presented in [24], [29],
introducing the concepts of virtual-voltage-droop and virtual-
current-derivative to improve current sharing. Nevertheless,
these droop-based secondary control strategies are not de-
signed for reference tracking, as required for scheduled NZE
dispatch.

An example of a droop-free secondary controller ap-
plied to DC nanogrids is the distributed price-based power
management presented in [4]. In this approach, the power
response of the converters is defined by a price matrix, which
establishes operational modes. Additionally, the method does
not require high-bandwidth communication, as it adopts DC
bus signaling (DBS) to update the operation mode [23].

However, it is not intended to work with schedule dispatch
EMS, and it does not address the issue related to the
forecasted demand error.

On the other hand, for dc nanogrids it is interesting to
reduce the complexity of hierarchical control by dismissing
the utilization of a dedicated secondary control layer. In
this case, the adopted primary control layer should ensure
the system stability in both operation modes and during
transitions.

In this context, this work proposes a power-droop-based
strategy for a dc nanogrid with a single BESS, aiming
to achieve NZE operation via a day-ahead dispatch. The
proposed approach is based on the parallel operation of
converters responsible for dc bus regulation, ensuring contin-
uous voltage control of the main microgrid. Moreover, the
proposed strategy is especially intended for dc nanogrids,
dismissing a dedicated secondary control layer and high-
bandwidth communication. This work builds upon and ex-
tends the research presented in [30]. The key improvements
include a comprehensive analysis of the impact of adopting
EMS methods based on day-ahead dispatch in nanogrids,
particularly addressing critical scenarios where these meth-
ods may challenge the nanogrid stability. To mitigate these
challenges, the paper introduces a straightforward power-to-
voltage droop strategy for the BESS. This strategy ensures
the achievement of EMS objectives while maintaining sys-
tem stability, even during unplanned transitions.

II. SYSTEM DESCRIPTION
The general schematics of the studied dc nanogrid are
presented in Fig. 1, where the power converters are iden-
tified along with the corresponding power variables, and the
bidirectional power flow is highlighted with red arrows. This
diagram corresponds to the initial conception of a micro-
grid called DC Nanogrid within the project Microgrids for
Efficient, Reliable and Greener Energy (MERGE), intended
to demonstrate dc microgrids technologies and management
strategies [31].

The DC Nanogrid has a main dc bus of 700 V to integrate
all the DERs and an LVDC bus of 48 V. The adoption

DC

AC

DC

DC

DC

DC

DC

DC

DC

DC

Main DC bus

700 V

User bus

48 V

pAC

pPV

pB

pEV

pL

AC grid

SAC SDC

FIGURE 1. General schematics of studied DC Nanogrid

.
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of a 700 V dc bus was primarily driven by the need for
compatibility with a three-phase ac 380 V grid and to
comply with the recommendations of IEC Technical Report
63282:2024 [10]. The ac-dc converter acts as an interface
with the ac utility and is responsible for forming the main
dc bus. A bulky line-frequency transformer provides galvanic
isolation between the ac utility and the DC Nanogrid.

The DERs integrate into the main dc bus utilizing three
power converters: the BESS converter, an isolated converter
for EVSE, and a PV converter. An isolated unidirectional
step-down converter forms the secondary 48 V-bus to feed
user loads such as air conditioning, electronic appliances, and
LED lighting [32]. If needed, higher-power loads requiring
a voltage supply above 48 V can be directly connected to
the main dc bus or through additional dedicated converters.
The disconnection devices are SAC for the main ac grid
and SDC for the dc bus. The status of SDC defines the
microgrid operation mode, IS for open and GC for closed.
Table 1 summarizes the main converters that compose the
dc microgrid.

The DC Nanogrid is intended to operate under the NZE
concept; thus, the PV generation and BESS are designed
with the goal that the total energy requirement within a year
is supplied locally. Moreover, the BESS is sized to provide
the total power and energy demand from the EVSE in both
operation modes.

For simplicity, the adopted approach for NZE operation is
based on an optimal day-ahead dispatch, defined based on
PV and load forecast, to minimize the energy consumption
from the grid. The scheduled dispatch defines the power set-
points for the BESS converter; thus, from an EMS point of
view, only the ac-dc and BESS converters are dispatchable.

The impact of instantaneous power deviations on dc
voltage is described in (1), where vDC is the instantaneous
dc bus voltage and Ceq is the equivalent dc bus capacitance.

pAC + pPV = pB + pEV + pL + Ceq
d(vDC)2

dt
(1)

The two dispatchable converters are analyzed in detail in the
following subsections. In contrast, the others are considered
constant power loads (EVSE and dc loads) and sources (PV).
The main parameters of the ac-dc converter, designed accord-
ing to traditional guidelines [33], and the BESS converter are
listed in Table 2.

TABLE 1. Converters of the DC Nanogrid

Stage Topology Power Voltage
Main dc bus unipolar NA 700 V ±35 V

AC-DC converter 3-ϕ VSI + LCL filter 22 kW 380V @ 60Hz
PV converter Boost 21.2 kW 330 V

DC Loads Full Bridge 5 kW 48 V
EVSE Dual Active Bridge 50 kW 200 to 400 V
BESS Bidirectional dc-dc 70 kW 400 V

TABLE 2. Main parameters of the dispatchable converters

Converter Parameter Value

AC-DC

VSI side inductance (L1) 400 µH
Grid side inductance (L2) 80 µH
AC filter capacitance (C2) 15 µF

AC filter damping (Rd) 0.73 Ω

BESS

Battery voltage (V b) 400 V
Battery side inductance (LB) 400 µH

Bus side capacitance (CB) 4 mF
Filter inductance (LfB) 50 µH

Filter damping (LdB-rdB) 10 µH, 2 Ω

Both Switching frequency (fs) 20 kHz

A. AC-DC converter
This converter is the interface with the electrical distribution
grid and is intended to operate as the dc grid former when
the system is connected to the grid. Due to its control
simplicity, the adopted topology is the well-known Voltage
Source Inverter (VSI) with a passive damped LCL filter, as
depicted in Fig. 2 [34]. The ac power, expressed in the dq
frame, is defined in (2). For simplicity, the consumed ac
power is approximated to the dc power.

pAC =
3

2
(vG

d i
AC
d + vG

q i
AC
q ) ≈ pDC = vDCiDC (2)

As the power demand for EV charging is supplied by
the BESS, the ac-dc converter is rated considering the peak
power exportation from local PV generation, which is 22 kW.

B. BESS
The BESS is the component that allows the DC Nanogrid to
operate in IS and to achieve the NZE goals. It is designed to
supply all the required power by the loads, ensuring at least
one daily EV recharge (around 52 kWh); thus, the BESS is
sized as 70 kW, 75 kWh.

For simplicity, a non isolated bidirectional dc-dc configu-
ration is adopted as a Power Conversion System (PCS), as
depicted in Fig. 3. The corresponding power injected into
the main dc bus is defined by (3).

pB = vBiB (3)
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FIGURE 2. Schematics of ac-dc converter.
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III. EMS FOR NZE
The EMS in the DC Nanogrid is tasked with optimizing the
day-ahead dispatch of DERs to achieve NZE consumption
throughout the day (24-hour horizon). This involves effec-
tively coordinating BESS and EV converters’ charging and
discharging cycles, managing PV generation, and adjusting
loads, particularly during islanded conditions.

While short horizons, such as 24 hours, may result in
dispatch strategies that exclude grid exchanges and rely
solely on local resources, longer horizons, such as a year,
necessitate incorporating the accumulated energy balance up
to day n when planning for the day n+ 1. This adjustment
ensures that the overall energy balance achieves NZE by the
end of the defined period.

A. Mathematical Formulation Model
The EMS problem can be modeled as a mixed-integer linear
programming (MILP) model, given by (4)-(23). Appendix A
describes all the sets, indexes, parameters, and variables. The
objective function (4) minimizes total grid energy consump-
tion and power injection into the power grid.

min
{
∆t Γc

∑
t∈T

∑
o∈O

PAC+
t,o + PAC-

t,o

}
(4)

Constraint (5) represents the power balance in the system,
considering the power consumption and injection into the
grid, the power from PV generation, the charge or discharge
power of the BESS, the charging power of the EV, and loads.

Constraint (6) limits the capacity to inject or withdraw
power from the main grid, and constraint (7) divides the
active power PAC

t,o into two positive variables, where (PAC+
t,o )

represents the power demanded from the grid and (PAC-
t,o )

represents the power injected into the grid, originating from
the BESS or PV generation.

PAC
t,o + P PV

t

(
1− xPV

t,o

)
+ PB-

t − PB+
t − P EV

t,o

= P L
t

(
1− xL

t,o

)
∀ t, o (5)

PAC
t,o ≤ P

AC ∀ t, o (6)

PAC
t,o = PAC+

t,o − PAC-
t,o ∀ t, o (7)

Unexpected disruptions in the main power grid can occur
at any moment within the microgrid’s operational timeframe.
To address this, a set of contingencies (C) is defined, cov-
ering all potential periods when a disruption could happen,
C = {1, ..., T}.

rdB

CfB
vbLfB

LB
LdB

vB
ibiBFrom 

DC 
bus pB

FIGURE 3. Schematics of BESS converter.

The security constraint in (8) ensures that the DC
Nanogrid disconnects from the main grid during such events.
Additionally, constraint (9) guarantees that there will not be
PV generation curtailment during grid-connected operation.

PAC
t,o = 0 ∀ t, o|t≥o and t<o+∆t◦ (8)

xPV
t,o = 0 ∀ t, o|t<o or t≥o+∆t◦ (9)

The constraints (10)–(15) describe the behavior and op-
eration of the BESS. The BESS operates independently of
the set of contingencies, as it must be capable of operat-
ing optimally under any circumstances. Therefore, external
disruptions do not influence its behavior, ensuring reliable
performance regardless of the conditions.

Constraints (10) and (11) govern the BESS’s state of
charge (SoC), with (10) depending on its initial energy and
(11) relying on the energy level from the previous time step.
The total power exchanged by the BESS is managed through
constraint (12), which accounts for the respective efficien-
cies. Additionally, constraints (13)–(15) define the limits for
both energy and charging/discharging power, ensuring these
values remain within the designated minimum and maximum
capacities.

EB
t = EB,ini + PB

t ∆t ∀t|t=1 (10)

EB
t = EB

t−1 + PB
t ∆t ∀t|t>1 (11)

PB
t = PB+

t ηB − PB-
t

1

ηB ∀t (12)

EB ≤ EB
t ≤ E

B ∀t (13)

PB+ b+
t ≤ PB+

t ≤ P
B+

b+
t ∀t (14)

PB- b-
t ≤ PB-

t ≤ P
B-
b-
t ∀t (15)

The constraints (16)–(21) represent the operation of the
EV chargers. The SoC of the EVs is defined by (16) and
(17). In addition, (18) and (19) establish limits on energy
and charging power, ensuring that these values remain within
the EVs’ minimum and maximum capacities.

Constraint (20) provides that each EV is fully charged
when it departs from the charging station. In contrast,
constraint (21) prevents any charging activity outside the
specified arrival (ta) and departure (td) times.

EEV
t,o = EEV,ini + P EV

t,o ηEV ∆t ∀ t, o|t=ta (16)

EEV
t,o = EEV

t−1,o + P EV
t,o η

EV∆t ∀t, o|t>ta and t≤td (17)

EEV ≤ EEV
t,o ≤ E

EV ∀t, o|t>ta and t≤td (18)

0 ≤ P EV
t,o ≤ P

EV ∀t|t>ta and t≤td (19)

EEV
t,o = E

EV ∀t|t=td (20)

P EV
t,o = 0 ∀t, o|t<ta and t≥td (21)
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Finally, the binary characteristics of the decision variables
are shown in (22) and (23).

xPV
t,o, x

L
t,o ∈ {0, 1} ∀t, o (22)

b+t , b
−
t ∈ {0, 1} ∀t (23)

B. Optimal Day-ahead Dispatch
The proposed MILP model was applied to define the optimal
dispatch of the DERs in the DC Nanogrid. The formulation
was implemented in the PuLP Python programming language
[35] and solved with the commercial solver Gurobi [36].
The EMS strategy is validated considering grid-connected,
islanded, and transition modes, with three cases: I) without
contingencies; II) with a contingency at 00 to 10 hours and
III) without contingencies and with energy export to the grid.

Figure 4 shows the optimal day-ahead dispatch for three
study cases. In Case I (Fig. 4a), the EV’s availability at the
charging station is from 16 to 17 hours, with the EV’s initial
SoC at 40% and the BESS’s initial SoC at 28%. To minimize
energy consumption and power injection into the grid, PV
generation and the BESS supply local demands.

The BESS recharges with excess PV generation and
discharges to provide a fast charge for the EV. During the
remaining periods of the day, the grid and BESS supply the
load to reduce the net energy consumption.

The initial parameters in Case II are: the EV’s availability
at the charging station is from 12:30 to 17:30 hours, the EV’s
initial SoC is 0.4%, and the BESS was fully charged.

Figure 4b shows the optimal day-ahead dispatch consider-
ing a contingency at 00 to 10 hours. In this case, to guarantee
the balance of the system, it was necessary to cut the PV
generation; the BESS and the PV generation were able to
supply all the load and the demand of the EV.

Case III considers a scenario where the BESS starts the
day with a high SoC (60%). Fig. 4c illustrates the optimal
dispatch defined by the EMS. As can be observed, based
on a forecast of PV generation, the EMS decides to supply
the demand during the early hours using energy from the
grid. Once PV generation exceeds the demand, the surplus
energy is injected into the grid for a certain period. From 11
hours onwards, the BESS uses the excess PV generation to
complete its recharge and then discharges to supply the EV
demand and the load during the night.

IV. CONTROL STRATEGY
To effectively manage the control tasks, a power-droop-based
control strategy is proposed to enable the parallel operation
of the ac-dc and BESS converters.

Each converter regulates its corresponding voltage at the
connection point with the dc bus following the reference
according to (24), where the uppercase letters are used for
references from EMS. In contrast, lower cases are used for
primary and inner control loop variables. The parameter Kx

d

is the corresponding power-to-voltage droop gain, and logic
variable Ex

d enables the droop control loop. A logic value of

FIGURE 4. Optimal day-ahead dispatch for the grid-connected, islanded,
and transition modes.

0 disables the droop control; then, the converter operates as
a grid former and tightly regulates the corresponding output
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voltage. Meanwhile, a logic value of 1 enables the droop
control loop.

vx
ref = V x − Ex

dK
x
d(P

x
t − px) (24)

With this approach, any instantaneous power imbalances
that may produce voltage deviations according to (1) are ad-
dressed by the grid-forming converter. For normal operation,
only one converter operates as a grid former without droop
gain. So, in this approach, droop control is not intended for
power sharing.

The droop gains are defined according to (25), where ∆V x

is the maximum allowable voltage deviation from nominal
voltage and P x is the maximum power.

Kx
d =

∆V x

P x
(25)

For GC operation, the ac-dc converter operates as the grid
former (EAC

d = 0) while the BESS converter operates with
droop control. For IS operation, the BESS converter operates
as a grid former. The droop control on ac-dc converter is only
enabled for planned transitions.

A. Control of the BESS converter
Traditional droop approaches, with proportional gain, fail to
zero-error tracking reference in practical dc scenarios. This is
due to the inherent resistive behavior of the droop gain with
no integrative function in the plant. Thus, a modified power-
droop strategy is adopted to regulate the BESS effectively.

A conventional two-loop strategy is adopted for the BESS,
as depicted in Fig. 5, with fast inner current control and
slower voltage control, typically one decade lower than
the current control. Simple proportional plus integral (PI)
controllers are adopted for both loops, with transfer functions
GB

PIi and GB
PIv, while the droop transfer function is GB

d . The
reference signals provided the EMS are highlighted in red.

In GC operation, the output voltage is defined by the ac-
dc voltage controller. Thus, the actual voltage value can be
considered an external input, as presented in the equivalent
control block diagram in Fig. 6, where ideal efficiency
has been considered. Moreover, the difference between the
output voltage and the BESS external reference can be
considered as a disturbance (∆vB = V B − vB). Then, the
corresponding Laplace expression for the supplied power is

P-V 

DroopLPF

vB

-pB +

-

+-

B

refV
BMS

+

+

vb

ib

dB
+

-

BESS Output voltage control

BV

b

refi

B

dG

B

dE

B

PIvG

B

PIiG

-iB

B

tP

FIGURE 5. Block diagram of the BESS controller.

defined in (26) to (28), where D is the steady-state value of
the duty cycle.

pB(s) = PB
t (s)G

B
p(s)−∆vBGB

pv(s) (26)

GB
p(s) =

GB
d(s)G

B
PIv(s)DV B

1 +GB
d(s)G

B
PIv(s)DV B (27)

GB
pv(s) =

GB
PIv(s)DV B

1 +GB
d(s)G

B
PIv(s)DV B (28)

For steady-state conditions and a well-designed PI volt-
age controller, the power is defined by (29). Under tra-
ditional power-droop control, with only proportional gain
(GB

d(s→0) = KB
d ), any voltage deviation at the BESS out-

put will have a significant influence in the output power.
Typically, this is solved by a secondary controller adjusting
the power or voltage reference.

pB
(s→0) ≈ PB

t −∆vB 1

GB
d(s→0)

(29)

Aiming to achieve accurate power reference tracking
without increasing the control complexity nor requiring a
secondary controller, an integral term is included in the droop
controller (30). Thus, in steady-state conditions, the transfer
function GB

pv tends to zero.
The integrator’s effect can be considered compensation

for the voltage deviation to achieve accurate power tracking
within a certain voltage range. The integral gain is defined
as equal to the droop gain. However, since the integral
component only compensates for the voltage deviation at
BESS output, the integrator output is limited to ±9 V. Thus,
the steady-state output power for voltage deviation higher
than the integrator range is defined in (31), where vB

int is the
integrator output limit value.

GB
d(s) = KB

d +KB
Id
1

s
(30)

pB
(s→0) ≈ PB

t − (V B − vB + vB
int)

KB
d

(31)

The BESS control parameters are listed in Table 3. The
PI gains have been computed for bandwidths of 2 kHz at the
current controller and 200 Hz at the voltage controller.

In case the vDC is not tightly regulated, as during planned
transitions, it is not possible to track the power reference,
and the corresponding tracking error will produce a voltage
deviation. To keep this deviation within the operational limits
of Table 1, a saturation block is used at the droop controller
output with limits ∆V B.

B

PIvG
B

dG
B BD V

b

refi -pB
VB

vB

+
+

-

B

tP

FIGURE 6. Equivalent Block diagram of BESS power control in GC mode.
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The preceding analysis has not considered the influence
of the propagation delay of the reference signal from the
EMS to the primary control. This subject is relevant for
coordination between secondary and primary control layers,
as presented in [29]. However, while propagation delay
contributes to discrepancies between forecasted and actual
values, its effect is limited to a millisecond timescale,
whereas critical power imbalances occur over much longer
timescales. In this context, explicitly including propagation
delay does not provide significant analytical advantages for
studying the critical scenarios for voltage regulation.

B. Control of the AC-DC converter
To operate this converter as the grid former in GC operation,
a traditional two-loop control strategy is adopted, with an
inner fast ac current loop in the dq-frame (iAC

d and iAC
q ) and

a slower dc voltage (vDC) control loop. Simple proportional
plus integral (PI) controllers are adopted for both loops. The
dc voltage controller is tuned for 20 Hz while the inner
current controller is tuned for 2 kHz bandwidth. Feedforward
decoupling terms are included in the current controller [33]
to achieve a fast response.

The outer power-voltage droop loop is based on measuring
the dc power and considers only proportional gain since it is
intended only for planned transitions. The controller gains of
the ac-dc converter are listed in Table 3. The corresponding
block diagram of the ac-dc controller is presented in Fig. 7.

C. Bus voltage control
1) Grid connected operation
In GC mode, the AC-DC converter tightly regulates the
bus voltage by compensating for power imbalances. At the
same time, the BESS operates with a power-voltage droop
to track the day-ahead dispatch reference. However, critical
conditions may arise due to forecasted demand errors during
EVSE turn-on and turn-off since EV converter’s power rating
exceeds the AC-DC converter’s capacity.

TABLE 3. Controllers parameters

Stage Parameter Value

AC-DC

Current proportional gain (KAC
Pi ) 4.1

Current integral gain (KAC
Ii ) 3085

Voltage proportional gain (KAC
Pv ) 0.84

Voltage integral gain (KAC
Iv ) 10.72

Droop gain (KAC
d ) 1.6 mV/W

BESS

Current proportional gain (KB
Pi) 8 m

Current integral gain (KB
Ii) 10

Voltage proportional gain (KB
Pv) 8.5

Voltage integral gain (KB
Pv) 1000

Droop gain (KB
d ) 0.5 mV/W

Droop integral gain (KB
Id) 0.5 mV/Ws

Droop limits (∆V B) ±35 V

The management of these conditions is outlined below,
with the corresponding waveforms illustrated in Fig. 8. For
simplicity, it is assumed that the BESS output voltage equals
the main dc bus voltage, and losses are dismissed. The dc
loads and PV generation remain constant.

Before the EVSE turn-on, the BESS operate with refer-
ence PB

n−1 and pAC is almost zero. At tEV
on , the EVSE starts,

increasing power demand. Initially, the AC-DC converter
addresses the mismatch, but at t1, it reaches its maximum
power (P

AC
). From t1 to t2, the EVSE’s increasing demand

lowers the bus voltage according to (1), causing the BESS
droop controller to respond by increasing its power output
per (26). At t2, the EVSE stabilizes at maximum power,
reaching a new equilibrium defined by (31) and (32). The bus
voltage returns to its nominal value once the BESS reference
updates at tn.

V DC
on = V DC +KB

d (P
B
EVon − PB

n−1)− vB
int (32)

Similarly, during EVSE turn-off, at toff , power demand
from the grid decreases. Between tEV

off and t3, the ac-
dc converter manages the imbalance, eventually exporting
power to the grid up to reaching the maximum power at t3.
Beyond that, excess power increases the bus voltage per (1),
prompting the BESS droop controller to reduce the injected
power according to (26). At t4, a new equilibrium is reached
per (33). When the BESS reference updates at tn+1, the bus
voltage is restored to nominal.

V DC
off = V DC +KB

d (P
B
EVoff − PB

n ) + vB
int (33)

2) Islanded operation
In IS operation, the switch SDC remains open and the BESS
converter regulates the dc bus voltage (EB

d = 0). The main
challenge arises when PV generation exceeds the allowable
power for BESS charging due to high SOC. In this condition,
the EMS commands the curtailment of the PV generation.
An example of this condition is presented in Fig. 4(b).
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FIGURE 7. Block diagram of the ac-dc controller.
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D. Transitions
A major feature of droop-based control strategies is the
continuous regulation of the dc bus voltage. This feature
allows seamless transitions between operating modes.

1) Unplanned islanding
Following the approach of Fig. 8, the unplanned transition
can be considered as the sudden variation of pAC from the
current value to zero, which is seen as load step by the BESS
converter. This load variation produces a power tracking
error and a voltage deviation on vB. Once the EMS has
detected the islanding condition, SDC is opened, and the
signal EB

d is disabled to operate the BESS as a grid former.

2) Grid reconnection
During IS operation (SDC open) the AC-DC converter is turn-
on with droop enable (EAC

d = 1) and zero power reference.
Then the SDC is closed. Then, states of enable signals are
inverted to operate the BESS converter in droop and the AC-
DC converter as the grid former.

V. HIL SIMULATION RESULTS
The DC Nanogrid is modeled and simulated in the HIL
platform Typhoon HIL 604 to validate the proposed control
strategy. Detailed switched models are considered for all the
power converters. For simplicity, isolated power converters
(48 Vdc Loads and EVSE) are represented for equivalent
buck converters. The local PV generation is represented by
a detailed model, considering the dynamic behavior of the
PV modules and the realization of the Maximum Power
Point Tracking (MPPT) routine. The switching and sampling
frequency were set at 20 kHz. With this configuration the
model occupies five Standard Processing Cores (SPCs) from
a total of eight. The achieved simulation step was 0.5 µs,
the lowest possible with the selected HIL platform.

ACP

ACp

EVp

Bp

B

tP

DCv

ACP

on

EVt nt off

EVt 1nt 

v

p

t

1t 2t 3t 4t

on

DCV

off

DCV

-1

B
nP

B
nP

B

EVoffP

B

EVonP

FIGURE 8. Expected voltage and power waveforms for EV turn-on and
turn-off.

The proposed control strategy for the ac-dc converter and
BESS are implemented in a DSP Texas TMS320F28335. The
control strategies of the other converters are implemented
in the HIL model. The results presented in this section
correspond GC operation, unplanned islanding transition and
grid re-connection.

A. Voltage and power control
The power control strategy is validated for power and voltage
regulation in GC mode during the two critical conditions: EV
turn-on and EV turn-off. The test conditions correspond to
the dispatch of Fig. 4(a). The EVSE is turned on around the
63th time interval while it is turned off around the 66th. The
scheduled and predicted values for these scenarios are listed
in Table 4. The main waveforms are the BESS converter
output voltage and power (green), the dc bus voltage and
power at ac-dc converter (blue), and the power supplied to
the EV converter (red). For simplicity, it is assumed that the
BESS power reference is updated a few seconds after the
equilibrium point is achieved.

1) EV turn-on
Figure 9 presents the main results for the EV turn-on
scenario. Initially, the ac power is near zero, with PV
generation around 6.4 kW supplying the dc loads (4.36 kW)
and charging the BESS (2 kW). Due to the low output power,
the BESS voltage is close to the main dc voltage (vB ≈ vDC).

In t = 2 s the EVSE is turned on, causing a gradual
increase in power demand while the voltage remains nearly
constant. Around t = 7.5 s, the ac-dc converter reaches
its power limit, decreasing bus voltage. At this point, the
BESS supplies the additional power the EVSE requires. This
condition persists until the EV power reaches its rated value
at approximately t = 15 s. The voltage slope changes around
t = 11 s when the voltage deviation at the BESS output
reaches approximately −9 V, highlighting the constrained
action of the integrator within the droop power controller.
After t = 15 s, a new equilibrium point is established,
defined by (32) and (34). The maximum voltage deviation
in the main bus is −30 V, within the limits of Table 1.

pB
x ≈ 2 kW − (700 V − 674 V − 9 V)

0.5 mV/W
= −32 kW (34)

The BESS power reference is updated in t = 19 s,
restoring the nominal voltage at the main dc bus. As the
BESS supplies 50 kW, voltage deviation is evident at the

TABLE 4. Scheduled and predicted values around EV turn-on and turn-off

Interval: 63 64 66 67
PB
t (kW) 2.03 -49.71 -51.79 -2.39

P EV
t (kW) 0 50 50 0

P PV
t (kW) 6.4 4.65 2.56 1.96

PDC
t (kW) 4.36 4.36 4.35 4.34
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corresponding output. The results confirm the prediction
presented in Fig. 8.

2) EV turn-off
For the turn-off procedure, the main waveforms are presented
in Fig. 10. The results are similar; after t = 2 s, EVSE power
begins to decrease until it reaches zero, while the excess
power from the BESS is injected into the ac grid. Around
t = 6 s, pAC reaches its limit, causing the dc voltage to rise
and producing a deviation that the BESS controller attempts
to compensate by reducing the supplied power.

This condition persists until approximately t = 9 s, when
pAC reaches zero. Following (33), the new equilibrium point
corresponds to a 24 kW supplied by the BESS (35) and a
maximum deviation of 18 V at the main bus. As predicted,
when the BESS power reference is updated (around t =
14 s), bus voltage returns to its nominal value.

pB
x ≈ −50 kW− (700 V − 722 V + 9 V)

0.5 mV/W
= −24 kW (35)

B. Transitions
1) Unplanned islanding
To evaluate the control response during unplanned islanding
under critical conditions, the initial scenario considers peak
PV generation (21.8 kW), a local load of 4.3 kW, BESS
recharging with 1.5 kW and 16 kW exported to ac grid.

The main results for the islanding event are presented
in Fig. 11. Upon the disconnection of SDC, the BESS
converter enters into grid-former mode by disabling the
droop controller. A transient voltage deviation reaches a peak
of 8.02 V, around 1.15 %. PV generation remains constant
at 21.2 kW and is fully absorbed by the BESS within 10 ms.

FIGURE 9. Main waveforms for voltage and power control during EVSE
turn-on.

FIGURE 10. Main waveforms for voltage and power control during EVSE
turn-off.

FIGURE 11. Main waveforms for Islanding with peak PV generation.

These results confirm that the proposed control strategy
enables a smooth islanding transition, ensuring uninterrupted
operation of both local loads and generation.

2) Grid re-connection
The grid reconnection test follows the scenario from the
previous section, with the BESS converter operating as a
grid-forming unit, a local load of 4.3 kW, and peak PV
generation (21.2 kW). The main results are divided into two
stages, as shown in Figs. 12 and 13.
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In Fig. 12, the grid is assumed to be reestablished, with
the ac-dc converter regulating the dc voltage under droop
control. At t = 0.1 s, the SDC switch closes, transitioning
the system to GC mode while the BESS converter remains in
grid-forming mode. A minor voltage deviation with a peak
value of −2 V occurs, along with a transient power deviation
from the BESS peaking at approximately −6 kW before
settling at −700 W, now supplied by the ac grid. Throughout
the process, PV generation remains constant.

Figure 13 illustrates the second stage of the grid-
reconnection process, where control loops for regular GC
operation are restored. In t = 0.1 s, the BESS droop
controller is activated with its corresponding reference PB

t .
After 120 ms, the ac-dc converter transitions to grid-forming
mode by disabling its droop controller.

During t = 0.1 s to t = 0.23 s, the converters operate in
power-sharing mode, with part of the PV generation exported
to the grid. However, as the BESS power cannot be directly
controlled, the bus voltage rises to a new equilibrium point,
causing a transient power deviation in the BESS with a peak
of approximately −13 kW. Once the ac-dc converter takes
over as the grid-forming unit, the bus voltage returns to its
nominal value, and the BESS power stabilizes according to
the reference. These results confirm a smooth and controlled
transition from IS to GC mode.

VI. CONCLUSION
This work presents a droop-based control strategy for oper-
ating a dc microgrid under the NZE concept, assuming NZE
is achieved through an optimal day-ahead dispatch. Using
historical and forecast data, the EMS defines a 15-minute
dispatch schedule for the BESS to minimize energy con-
sumption and grid export. However, as the dispatch does not
consider real-time data, power imbalances are anticipated.

FIGURE 12. Main waveforms for grid re-connection with PV peak
generation: Transition.

FIGURE 13. Main waveforms for grid re-connection with PV peak
generation: Restoring the droop control on the BESS converter.

The proposed control strategy enables parallel operation of
the ac-dc and BESS converters. In GC mode, the ac-dc
converter acts as the main grid-forming unit without droop
control, while the BESS converter uses a modified PI-based
power-voltage droop. This ensures accurate BESS power
tracking of EMS references and continuous voltage regu-
lation, even during power imbalances caused by forecasted
demand errors or critical conditions like EV recharging.
The additional constrained integrator in the droop controller
compensates voltage deviations, ensuring accurate power
regulation while preserving droop control benefits, allowing
seamless transitions between operating modes. Furthermore,
the proposed control strategy is implemented at the primary
control level, requiring no additional high-bandwidth com-
munication apart from the reference from the EMS.

The proposed approach was validated through real-time
simulation using the Typhoon HIL 604 Hardware-in-the-
Loop platform, which incorporates switched models for all
power converters and the connection impedance to the micro-
grid bus. Additionally, the control strategy was implemented
on a DSP.

Simulation results demonstrate that the system performs as
expected, ensuring accurate control of BESS power to follow
the dispatch schedule and maintain stable operation under
critical conditions, such as instantaneous power imbalances
caused by schedule mismatches or during transitions.

These results confirm the effectiveness of the proposed
control strategy and demonstrate the utility of the HIL mi-
crogrid model for analyzing system dynamics under various
management strategies, serving as a critical step before
practical deployment. As a continuation of this research,
a reduced-scale experimental setup is being developed to
validate the strategy and compare its performance with
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alternative approaches, particularly those using secondary
controllers to mitigate voltage deviations.

APPENDIX A - Nomenclature

Sets and Indexes
O, o Set of outages, o ∈ O

T, t Set of time intervals, t ∈ T

Parameters
∆t Duration of each time step [min]
∆to Duration of each time contingency [min]
ηB Efficiency of the BESS [%]
ηEV Efficiency of the EV [%]

E
B

Maximum energy capacity of the BESS [kWh]

E
EV

Maximum energy capacity of the EV [kWh]

P
B-
, P

B+
Maximum dis/charging power of the BESS [kW]

P
EV

Maximum charging power of the EV charger [kW]

P
S

Maximum capacity of the main grid [kW]
EB Minimum energy capacity of the BESS [kWh]
EEV Minimum energy capacity of the EV [kWh]
PB-, PB+ Minimum dis/charging power of the BESS [kW]
Γc Probability of each contingency [-]
EB,ini Initial energy of the BESS [kWh]
EEV,ini

s Initial energy of the EV [kWh]
P L
t Active power demand [kW]

P PV
t Active PV generation [kW]

ta EV time arrival of the charger station [h]
td EV time departure of the charger station [h]

Variables
b+
t , b

-
t BESS charging and discharging operation [-]

EB
t Energy of the BESS [kWh]

EEV
t,o Energy of the EV [kWh]

PAC
t,o Active power at the grid [kW]

PB-
t , PB+

t BESS discharging and charging power[kW]
P EV
t,o Charging power of the EV charger [kW]

xPV
t,o Decision binary variable for PV generation reduction [-]

xL
s,t,o Decision binary variable for load curtailment [-]
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