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ABSTRACT The continuous development of photovoltaic and energy storage systems has enabled the
emergence of microgrids, which can operate with alternating or direct current (DC), depending on
the components characteristics. Since photovoltaic panels and battery storage systems operate in DC,
connecting them via a DC bus simplifies power conversion, especially for DC loads. A key challenge in
microgrids is defining an effective control strategy, which may be centralized, decentralized, or distributed.
In this sense, the main proposal of this paper consists in the development of a decentralized control strategy
for a stand-alone DC microgrid with photovoltaic generation and battery energy storage, using a controlled
voltage droop, based on virtual impedance. This paper aims to contribute with the description of the
implementation steps of the local controllers, using classical control techniques based on transfer function
modelling. In addition, the assembling steps of a low-cost and small-scale DC microgrid prototype are
presented. The control approach maintains DC bus voltage within an appropriate range without requiring
communication among system components. Moreover, it supports modular expansion by enabling the
seamless integration of new generation or storage units. To validate the strategy, a microgrid prototype
was developed using a 60 W PV panel, a 12 V, 7 Ah lead-acid battery, and the BOOSTXL-3PhGaNInv
evaluation module with a F28379D digital signal controller for converter implementation. Experimental
results, including the battery charging process and variations of solar irradiance and load demand,
demonstrate the effectiveness and robustness of the proposed control system.

KEYWORDS Battery Energy Storage Systems, DC Microgrids, Photovoltaic Systems, Virtual Impedance,
Voltage Droop.

I. INTRODUCTION energy storage has become more attractive, even for large-

In recent decades, the pursuit of energy transition has led to
changes in the electrical system, such as the development of
renewable energy sources and the concept of distributed gen-
eration. Within this new scenario, the concept of microgrids
has emerged [1]. Microgrids can be understood as electrical
networks that include elements such as self-generation and
energy storage systems, and can be stand-alone or connected
to the main grid, in order to serve local loads.

In the past decades, the growing search for renewable
energy sources has driven the development of stand-alone
photovoltaic (PV) systems, which emerges as a viable alter-
native for meeting energy demand in remote areas, not served
by the main grid [2]. Compared to other energy sources,
such as wind and biodiesel generators, photovoltaic energy
has some advantages, such as greater flexibility for small or
large-scale generation, silent operation, and no need for fuel
transportation [3|.

Another central role in microgrids is played by battery
energy storage systems (BESS), which allow for the man-
agement of energy production and consumption, taking into
account load variations and intermittent generation. Recently,

scale power systems, due to recent advances in lithium-ion
batteries [4] and green hydrogen technologies [5].

Regardless of whether the microgrid is connected to the
main grid or not, its structure can be designed using alternate
(AC) or direct current (DC). If the microgrid consists of
DC sources, such as photovoltaic panels and batteries, using
a DC structure, where the elements are connected by a
DC bus, can simplify the conversion stages. Even for AC
generation sources such as wind turbines, the conversion
steps can be simplified, as only one rectifier stage would
be needed. In this sense, greater system efficiency and lower
implementation costs are expected [6].

The development of DC microgrids has several challenges,
related to technical, economical and regulatory aspects. As
the main technical challenges of DC microgrids, is possible
to cite [7]:

o Voltage fluctuations: different of the AC microgrids,
where the frequency and voltage regulation can be
independently achieved by the active and reactive power
control, in DC microgrids are more sensitive to voltage
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fluctuations, especially when different energy sources
are used. To overcome this issue, different control
strategies were proposed in the literature [J];

o FEnergy management: the DC microgrids are often
proposed to integrate intermittent renewable energy
sources, which demands an energy storage system
(ESS) to balance the energy consume and storage in
different conditions of load and generation, as well as
a control strategy to achieve this in an efficient manner
(9

o FEnergy storage balancing: the charging and discharging
of distributed ESS bring to a challenge on balancing
method for their state-of-charge (SoC). For this issue,
two main control approaches are proposed, being the
master-slave and the distributed control [[10];

e Fault detection and clearing mechanisms: DC micro-
grid may face fault currents with high magnitude and
fast variation, due to the high discharge of capacitive
filters and low-impedance DC cables. In addition, the
non-zero crossing makes it necessary more complex
protection mechanisms to interrupt the fault currents.
Furthermore, the bidirectional power flow characterized
by the ESS difficult the fault detection [[11].

e DC arc detection and interruption: a DC arc can be
caused by insulation damage, a loosing joint connection
or external influence. As the fault currents, a DC
arc does not have zero-crossing point when compared
to an AC arc. In addition, the DC arc introduces a
resistance, reducing the current, which can mislead the
conventional protection devices [[12]]. Besides that, a DC
arc can cause undesirable control actions, especially if
a communication system is used between the converter
units [13]].

Most of the above cited issues may be mitigated with
an adequate control strategy. In literature, three general
approaches are discussed: centralized, decentralized or dis-
tributed [14].

Figure [T(a)]illustrates the centralized control strategy, also
known as master-slave strategy. In this strategy, a master
converter controls the DC bus voltage and determines how
much power the other converters must inject into the DC
bus, or for batteries, how much power must be consumed or
injected [15]. As an advantage, with a centralized control,
is possible to achieve an optimum operation condition,
optimizing the use of resources. However, failures in com-
munication between the master converter and the others may
compromise the entire operation.

Figure [I(b)] shows a schematic diagram of the decentral-
ized control approach, using a voltage droop. In this strategy,
each converter operates without communication between
them, leaving the DC bus voltage unregulated [[16]]. A widely
used approach is the implementation of virtual impedance at
the DC bus connection point. In this method, an increase in
the current supplied by the converter leads to a reduction, or
a droop, in the output voltage. For each converter, the droop

controller determines the power reference to be injected into
the system based on the measured DC bus voltage.
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FIGURE 1. Schematic diagram of DC microgrids control strategies: (a)
centralized or master-slave and (b) decentralized or voltage droop.

Distributed control is very similar to the centralized strat-
egy, but the microgrid is divided into subsystems, being
each with it own master converter. This approach allows the
optimal operation in each subsystem, however it does not
eliminate the communication between different parts of the
system [[7].

The selection of an appropriate control strategy depends
on the specific characteristics and operational requirements
of the microgrid. If the sources are close to each other,
the centralized control may optimize the system operation.
However, the system expansion is harder with a centralized
control, because the management of the energy sources
changes with the expansion. On the other hand, the de-
centralized control is not affected by the distance between
converters and allows an easy expansion of the system, as
long as the system components are designed for this.

Mostly decentralized strategies use a droop control tech-
nique, which can be implemented using different approaches
[[L7]. For example, in [9] a classical power-to-voltage droop
is implemented in a grid-connected DC nanogrid, using
the concept of net zero energy. The microgrid is modelled
in a hardware-in-the-loop (HIL) real time simulator, using
detailed models of a PV panel, batteries and a electrical
vehicle charger.

In [[18]] is proposed a droop control strategy for DC
micrgrids using the concept of virtual impedance. In this
proposal, the droop is adaptative and aims to balance the
DC voltage stability and the current sharing, which is done
with a communication system between the converters. The
proposal is tested experimentally using two controlled DC
sources in parallel.

Similar to the approach of [18], in [19] is proposed a
robust droop control strategy for DC micrgrids using the
concept of virtual impedance. In this proposal, the droop is
adaptative and aims to balance the DC voltage stability and
the current sharing, which is done with a communication
system between the converters. The proposal is tested experi-
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mentally using controlled AC sources and AC/DC converters
with Neutral Point Clamped (NPC) topology. Also, a similar
approach is proposed in [20], but using fuzzy logic to
improve the DC voltage stability and the current sharing.

In [21] a theoretical study is presented, proving that the
virtual resistance is a loss-free resistor and verify this with
digital simulations. Even though this reference does not
propose a new strategy, this study helps to understand the
virtual resistance behaviour and how to implement a droop
control based on virtual resistance.

In [22]], a decentralized control strategy was proposed for a
series-connected wind farm, using a controlled current droop
based on virtual admittance. Inspired in this concept, the
main proposal of this paper consists in the development
of a decentralized control strategy for a stand-alone DC
microgrid with photovoltaic generation and BESS, using
a controlled voltage droop, based on virtual impedance.
This paper aims to contribute with the description of the
implementation steps of the local controllers, using classical
control techniques based on transfer function modelling. In
addition, the assembling steps of a low-cost and small-scale
DC microgrid prototype are presented.

shows the block diagram of the voltage con-
troller Cy(s) with a virtual impedance feed-back R,. This
controller is used in all sources of the microgrid, as shown
in and generates a reference value for the current to
be injected at the DC bus. If all converters try to control
the DC bus voltage V., it leads to a conflict between the
controller. Therefore, the virtual impedance allows to change
the voltage reference according to the current supplied,
implement a droop characteristic:

Vi =V — Ry, (1)
where V,* is the corrected reference value, V, is the open
circuit voltage and I, is the current to be injected into
the DC bus by the n*® module. Note that, this approach
does not implements a linear droop curve as in the classic
droop strategies, where a power reference value is defined
according to the DC bus voltage. The value of R, can be
chose according to the power source bounds, as will be
discussed later in this work.

Vic [ Ve

—30—30—C«®
-1

Vdc

FIGURE 2. Block diagram of the voltage droop controller based on virtual
impedance.

In order to test the proposed control strategy, a small-scale
microgrid prototype was implemented using a 60 W photo-
voltaic panel, a 12 V/7 Ah lead-acid battery, resistive DC
loads and converters built from a BOOSTXL-3PhGaNInv
three-phase module controlled by a LAUNCHXL-F28379D
digital signal processor (DSP) [23]].

Having in mind the above presented introduction, espe-
cially the brief description of other droop control methods
applied to DC microgrids, the main contributions of this
paper can be listed as follows:

e A detailed implementation of a droop control strategy
based on virtual impedance;

e A design method for the controllers parameters in the
frequency domain;

e An experimental validation using a real PV panel and
a real lead-acid battery, instead of controlled sources.

e A description of the implemented small-scale and low-
cost prototype of a DC microgrid with a PV panel and
a lead-acid battery, which can be expanded using other
sources and also be used to test other control strategies.

The remainder of this paper is organized as follows:
Section [T presents the mathematical modeling of the system
components and the controller design. Section [ITI] details the
prototype implementation, including the components used.
Section [[V] discusses the experimental results from various
tests conducted on the DC microgrid. Finally, Section [V]
provides the concluding remarks.

Il. MODELLING AND CONTROL OF THE DC MICROGRID
COMPONENTS

shows a schematic diagram of the proposed DC
microgrid, with a PV panel and a lead-acid battery connected
to half-bridge converters in boost configuration, feeding two
DC loads connected in parallel with the DC bus.
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FIGURE 3. Schematic diagram of the proposed DC microgrid with the
equivalent circuits of the half-bridge converters.

DC Load 2

In each converter, the inductor current is controlled
through an inner loop. The current reference of each con-
verter is generated by the droop controller, which works as
an outer loop. In addition, the voltage at the battery terminals
is controlled during the final stage of the charging process.
In the following sections, each part of the overall control
strategy will be discussed.
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A. Current Control

Having in mind the currents direction in and
considering initially as constant the DC bus and the PV panel
voltages, the dynamic behaviour of the inductor current can
be described as:

va% + vaiLmv = V;)v -
where L, and R, are the inductance and resistance of the
inductor, respectively, iz, ,, is the inductor current, Vj, is
the PV panel terminal voltage and V. is the voltage of the
lower switch So, given by:

Ve, 2

Ve = DV 3

where D is the duty cycle of the converter and V. is
the DC bus voltage. Replacing () in (2) and applying the
Laplace transform in the result equation, the closed loop
block diagram of can be defined. The -1 gain before
the controller C;(s) is used because the current direction was
modelled from the PV panel to the converter.

Vi 1

Ipw's 1) D
Cis) + L,,s+R
- % * PV v
I Vdc va

FIGURE 4. Block diagram of the inductor current control.

Plant

I Lpv

Considering the PV panel voltage V), as a disturbance
in the control diagram and using a proportional-integral (PI)
controller in C;(s), the open loop transfer function is written

as:
kii
L) 7 ( ’ k)

= ) “4)
E(s) sLpy (s + ipv)

where k,; and k;; are the proportional and integral gains of
the PI controller C;(s). Choosing the gains in such a way
that the controller zero cancels the plant pole [24]], the closed
loop transfer function can be written as:

pv

IL(S) 1 1
- - , 5
I (s) 14 Ly, 5 1+7s )
kpi

where 7 is the time constant of the closed loop system, which
can be chosen to design the gains as:

Ry,

and k” = (6)

Ly
by = =2

The current control loop of the battery converter can be
implemented using the same technique presented, however,
the inductance and resistance values of the battery converter,
Lypqt and Ryp.¢, must be used. In addition, the time constant 7
of the PV panel and battery control systems can be different,
according to the ratings of each one.

B. Battery Voltage Control
In the literature, several methods have been proposed for
the battery charging process. Some of the main charging
methods can be cited: constant current, constant voltage,
multi-step constant current, pulse charging and constant
current constant voltage (CCCV) [25]. The CCCV method
is a widely used method for lead-acid and lithium-ion
batteries, since it preserves the battery lifespan and is easy
to implement in a microcontroller. Therefore, the CCCV
method is used in this work.

shows curves of voltage, current and SoC in an
example of CCCV method application. The battery starts at
its nominal voltage of 1 pu and is charged with constant
current. When the voltage reaches its maximum value of
1.2 pu, the battery begins charging with constant voltage
and the current is slowly reduced until the SoC reaches 1 pu.
Therefore, to implement the CCCV method, it is necessary
to control the battery voltage.
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FIGURE 5. CC-CV charging method: curves of voltage, current and state
of charge, all in pu.

Bearing in mind the circuit of the dynamic
behaviour of the battery voltage can be described as:

Cipat (dfj“) = ibat = iLbat, @
14

where C; 34 is the capacitance at the battery terminals, 7y,
is the battery current and iy, pq: is the inductor current.
Applying the Laplace transform in (7), it is possible to
draw the closed-loop block diagram of The voltage
control is an outer loop, which generates a reference value
for the inductor current. The gain -1 is used due to the
direction adopted for the currents in the circuit.

Iy pat _ 1 | Vbar

Current
Control ?4.

I bat

*
I L,bat

Vbat: C (S)
—’.I v

FIGURE 6. Block diagram of the battery voltage control.

S Ci,bat

Considering the current Ip,; as a disturbance and ensuring
a faster response of the current inner loop, this is, with a
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time constant much smaller than the voltage outer loop, the
following closed loop transfer function can be written:

kpv.bat ) ( kiv bat )
) + )
‘/bat(s) o ( Ci,bat 3 Ci,bat

* = ) €]
‘/bat(s) $2 + (%U,bat) s+ (lgv,bat>
i,bat i,bat

where kp, pot and K, pee are the proportional and integral
gains of the PI controller C,(s), respectively. Comparing
the denominator of (8) with the canonical form D(s) = s+
2¢w, s+w?, where wy, is the undamped natural frequency and
¢ is the damping ratio, it is possible to design the controller
gains as:

kpv,bat = 2£wnci,bn,t

Since the canonical form does not have a zero in its
numerator as (8), the step response can present a greater
overshoot than expected for a chosen value of damping
ratio. Furthermore, the presented mathematical modelling
and controller design method can be used for a voltage
controller applied to the PV panel converter.

and kiv,bat = wici,bab (9)

C. Controlled Voltage Droop with Virtual Impedance
The droop controller is implemented as an outer loop to
the current control and is used in the converters of both the
PV panels and the batteries. However, unlike the voltage
controller at the battery terminals, the droop controller does
not use a fixed reference. If all converters attempted to
control the DC bus voltage, they would conflict with each
other, potentially causing system collapse. In this sense, the
DC bus voltage reference is adjusted by a virtual impedance,
according to the current supplied or consumed by each
converter.

Once again, considering the current directions in
the dynamics of the DC bus voltage can be described as:

dvdc o 1 . .

dt - F(Zz,pv - 1load)a

eq
where Coy = Copv + Copar is the DC bus equivalent
capacitance, %joqd = %loadl + tload2 18 the current demanded
by he loads, i, ,, and i, are the converters output
currents of the PV panel and battery. By employing a pulse-
width modulation (PWM) strategy and assuming a switching
frequency significantly higher than the variations in the
duty cycle (d), the output current of the converters can be
generally expressed as i, (t) = d(t)ir,(t), without specifying
whether it refers to the battery or PV panel converter.

Applying the Laplace transform in (IO}, it is possible to
draw the closed-loop block diagram of the droop controller
with virtual impedance, as shown in Although a
constant voltage reference is provided to the control system,
it is not directly processed by the controller Cy(s). Instead,
the reference is adjusted by the virtual impedance R, based
on the output current 7.

Initially neglecting the virtual impedance and considering
the current control loop as unity gain, since this is much

(10)

Vac, I | I 1’ I 1 14
+ x mm IL" | Current | 'L x 1 |Vac
—( —> Cu(s = —>
A a(s) ‘-T—‘ Control ? +?. 5Ceq |

FIGURE 7. Block diagram of the controlled voltage droop strategy, with a
virtual impedance.

faster than the outer loop, the closed loop transfer function
of the block diagram of can be written as:

kpd kid
(&) (&)

Vdc(s)

= , 11
Vi(s) 5 (Fpa kia

“tl\e, ) T \e,

where k,q and k;q are the proportional and integral gains of
the PI controller Cy(s). These gains can be designed using

the same method presented in being calculated

as:

kpa = 26w Ceq kig = w2Ceq.  (12)

As discussed in the Introduction, one of the main chal-
lenges of the DC micorgrids is the choice between pri-
oritizing current sharing or voltage regulation. The virtual
impedance design is directly related to this choice. To
prioritize the current sharing, an adaptive virtual impedance
could be a better choice, since it can change according to
the operation conditions. However, in this paper, the voltage
regulation is prioritized, defining a minimum voltage at the
DC bus for the worst-case scenario, in which the converter
delivers its maximum current to the DC bus.

Therefore, prioritizing the voltage regulation and consid-
ering the worst scenario to ensure a minimum voltage level
at maximum load conditions, the virtual impedance R, can
be designed as:

and

_ Vd*c - Vdc,min

I T, max .
The voltage reference V. can be interpreted as the open-
circuit voltage of a generator, which may vary during opera-
tion. For instance, it can be adjusted to maintain the rated DC
bus voltage under maximum load conditions, or alternatively,
under medium load conditions, thereby allowing voltage to
deviate below or above the rated value. In this paper, V is
kept constant at its rated value, enabling the observation of
voltage drop as the load increases.

R, 13)

D. Transition between Droop and Voltage Control Modes
in the Battery Converter
Based on the control strategies presented, it can be observed
that the battery converter must switch its control mode once
the battery is fully charged, transitioning to voltage control
mode. |Fig 8| shows a complete block diagram of the
battery control system.

To prevent undesired and repetitive switching between
control modes, a hysteresis block is used to choose the
control mode. The converter enters in voltage control mode
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when vpat > Viat,maa, and only returns to droop control
mode if the battery voltage drops below a smaller value
Vbat,ih, called threshold value in this paper. It is important
to note that the droop controller Cy(s) is not removed from
the system. Instead, when operating in voltage control mode,
an additional term is added to the inductor current reference
7. Conversely, when the converter operates in droop control
mode, a zero reference is applied to the voltage controller
Cy(s), which is also reset.

Viar | T [ Vbat < Vpaten =0 ‘ [ Vbat 2 Viatmax =1 ‘

Hysteresis

Cy(s)

Switching
block

Laroop 4 1’ L I 1 Vae

B AC

Lbat

Current
Control

FIGURE 8. Block diagram of the battery controllers, with the transition
scheme between droop and voltage control modes.

E. Stability Considerations

Due to the modular structure of the microgrid, a comprehen-
sive analysis of the microgrid stability may be an extensive
task using analytical methods. Still, some comments on the
stability of the proposed control system are needed. Even
with one PV panel and one battery, there is no informa-
tion shared between these two control systems. With more
sources, despite an inefficient current sharing can occur,
the microgrid still operates without communication, using
the same control principles presented. Therefore, the control
system operation and stability should not be affected.

Still thinking in a DC microgrid operating with the pro-
posed control strategy, but with more than a PV panel and
a battery, the stability can be compromised by the load
conditions. If no load is connected to the DC bus, the
batteries can charge. Furthermore, if all batteries are fully
charged, the DC bus voltage reaches its maximum value and
the PV panels stop injecting current at the DC bus. If the
control system is designed correctly, the maximum voltage
at the DC bus should be the value V.

On the other hand, if many loads are connected to the DC
bus, the voltage is reduced and more current is injected into
the DC bus by the sources. If the load still increases and the
DC bus voltage becomes equal to or less than the minimum
value, the current supplied by the sources must be limited at
a maximum value, in order to preserve the integrity of the
microgrid components.

Furthermore, a sharp drop in DC bus voltage can be caused
by a fault. In this case, the microgrid control system must be
able to identify the fault and interrupt the power supply, even
if this means cutting off the entire supply. In this article, this
extreme situation is not addressed, as failure analysis requires
a dedicated study.

The proposed microgrid was tested in four scenarios, in
order to test its performance and stability when different
disturbances are applied, such as irradiance variation, suc-
cessive load connections and a full charge condition of the
battery. This will be discussed later, in the results section.
In light of the control strategies presented, the following
section outlines key aspects of the DC microgrid practical
implementation.

lil. DC MICROGRID PROTOTYPE IMPLEMENTATION
Figures [O(a), [0(b)] and [0(b)] show the prototype of the pro-
posed DC microgrid, the PV panel installed on the rooftop
and the resistive voltage sensor board, respectively. The
converters were implemented using a three-phase converter
module BOOSTXL-3PHGANINV. Two half-bridge arms,
each one with two metal-oxide-semiconductor field effect
transistors (MOSFET) composed of gallium-nitride (GaN),
were used as boost converters for the battery and the PV
panel. This module has a voltage sensor at the dc bus and
current sensors at the low-voltage side, where the inductors
are connected. Also, the driver circuits are integrated into
the module and the control strategies were implemented
in a digital signal processor (DSP) LAUNCHXL-F28379D,
directly connected to the converter module.

Input
Capacitors

Converter
Module

FIGURE 9. Prototype of a DC microgrid: (a) workbench with the
converters, battery, sensors, passive filters, DC loads and switching
devices; (b) PV panel on the rooftop; (c) resistive voltage sensor board.

Other components used in the implementation of the DC
microgrid include a 12 V, 7 Ah Unipower UP1270SEG
battery, a 60 W Resun RSMO60P PV panel, resistive voltage
sensors at the battery and PV panel terminals, capacitor and
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inductor filters, protective fuses, resistive loads, and manual
switching devices for load connection and disconnection.
shows the main parameters of the DC microgrid,
including the PV panel, battery, passive filters and DC bus
rated values. Based on the proposed control strategy and the
presented method to design the controllers, shows
the controllers gains and the parameters used to design them.

TABLE 1. Main parameters of the DC microgrid, considering the standard
test conditions for the PV panel.

Description Variable | Value | Unit
PV panel rated power Ppo 60 | W
PV panel open circuit voltage Voe,pv 2271V
PV panel short-circuit current Isc,pv 38 A
Capacitance at PV panel terminals Cipuv 1000 | uF
Inductance of the PV panel converter Lypy 5.4 | mH
Resistance of the PV panel converter Rpy 1.5]Q
Battery open circuit voltage Voe,bat 13.7|V
Capacitance at battery terminals Ci bat 1000 | uF
Inductance of the battery converter Lpat 52 | mH
Resistance of the battery converter Rypat 1.3|Q
Battery’s maximum charging current | Ipa¢ max 11A
Battery’s maximum charging voltage | Vpat,maz | 14.5|V
DC bus equivalent capacitance Ceq 1220 | uF
DC bus rated voltage Vie 24 |V
DC bus maximum voltage Vie,maz 26|V
DC bus minimum voltage Vie,min 22|V
Converter’s switching frequency fsw 20 | kHz

TABLE 2. Gains and design parameters of the controller.

Description ‘ Variable ‘ Value ‘ Unit
PV panel current controller

Time constant Tpv 1.8 | ms
Proportional gain kpi,pv 30| V/A
Integral gain Eii,pv 861 | V/(As)
Battery current controller

Time constant That 1.5 | ms
Proportional gain kpibat 35| V/A
Integral gain Eii bat 867 | V/(As)
Battery voltage controller

Damping ratio 3 1.0
Undamped natural freq. | wy, per | 168.4 | rad/s
Proportional gain Epubat | 034 |A/V
Integral gain kiv,bat | 28.36 | A/(Vs)
Droop controller for both converters

Damping ratio 13 1.0
Undamped natural freq. | wpqg,p, | 266.7 | rad/s
Proportional gain kpd, pv 0.65|A/V
Integral gain kidpv | 86.76 | A/(Vs)
Virtual impedance Ry 0.01 | Q

IV. EXPERIMENTAL RESULTS

In order to test the performance of the proposed control
strategy, based on a controlled voltage droop with virtual
impedance, it was implemented in the presented DC mi-
crogrid. For this, three tests were performed in the DC
microgrid:

1) Battery charging by CC-CV method;
2) Successive load connections;
3) Solar irradiance variation.

Following, the results of these three tests will be presented
and discussed.

A. Test 1: battery charging by CC-CV method

In this first test, the microgrid operates with a constant DC
load of 50 Q and the sun conditions allow the PV panel
to feed the load and charge the battery with maximum
current. shows the results of the battery charging
process by the CC-CV method, including curves of the
DC bus voltage, PV panel voltage and battery voltage and
current. Initially, the battery charges with a constant current
of 1 A and its voltage increases until it reaches the maximum
value 14.5 V. From this moment, with the converter in the
voltage control mode, the battery voltage remains constant
and its current decreases slowly to complete the charging
process. During this process, the DC bus voltage remains
almost constant, close to 23 V. Furthermore, the voltage
of the photovoltaic panel increases slightly to reduce the
power supplied, since the current consumed by the battery
decreases.
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FIGURE 10. Battery charging by CC-CV method: curves of DC bus
voltage, PV panel voltage, battery voltage and current.
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shows the same curves of for the

charging process with CC-CV method. However, shortly
after the control mode switches to constant voltage, the
PV panel experiences shading caused by clouds. During
the shaded period, the PV panel cannot supply maximum
current to the battery. In this case, the battery continues
charging, but with a different current than expected, until
the clouds disappear. Furthermore, the DC bus voltage is
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almost unaffected by shading, showing the stability of the
control system in such a situation.
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FIGURE 11. Battery charging by CC-CV method with a shading event:
curves of DC bus voltage, PV panel voltage, battery voltage and current.

B. Test 2: successive load connections

In the second test, the system starts operating without any
load connected to the DC bus and the battery charging with
constant current. During this test, two loads of 43 ) and
31 Q are connected to the DC bus in different moments.
shows the DC bus voltage, the PV panel current
and the battery voltage and current. The instants ¢; and to
indicate the load connections.

Initially, no loads are connected to the microgrid and the
battery charges with maximum current of 1 A. After instant
t1, when the first load is connected, the PV panel current
increases and the battery keeps charging, but with a lower
current. After instant ¢o, when the second load is connected,
the PV panel current does not increase, because it is in the
maximum value for the sun conditions. In this last period,
the battery begins to supply current to the DC bus, in order
to feed the load properly. It is important to note the DC bus
voltage, which remains close to 24 V and decreases slightly
after ¢5, under heavy load conditions.
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FIGURE 12. Successive load connections at the DC bus: curves of DC
bus voltage, PV panel voltage, battery voltage and current.
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C. Test 3: solar irradiance variation

In this last test, the DC microgrid operates with constant
load of 58 2 and two artificial shadings are caused on
the PV panel. shows the DC bus voltage, the
battery current and the PV panel voltage and current. At
the beginning, the battery charges with maximum current of
1 A. Between instants ¢; and to, the PV panel is shaded and
its voltage and current decrease. During this first interval,
the battery current becomes positive and the battery begins
to supply power to the DC bus.

After t,, the shading stops and the system returns to the
previous condition. Between instants ¢3 and t4, the PV panel
is shaded again and this time, the battery supplies a higher
current, due to the lower irradiance at the PV panel. It is
important to highlight the DC bus voltage behaviour during
the entire test, which remains close to 24 V, with small
oscillations during the shading periods.
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FIGURE 13. Solar irradiance variation: curves of DC bus voltage, PV
panel voltage, battery voltage and current.
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V. CONCLUSIONS

This paper presented a decentralized control strategy for a
DC microgrid, based on a controlled voltage droop with
virtual impedance. The proposed approach allowed the
management of the energy sources without communication
between them and, at the same time, ensuring the DC
bus voltage remained between defined bounds. Furthermore,
the presented control strategy has shown that a modular
expansion of the microgrid, with more sources connected
to the DC bus, is possible.

To evaluate the performance of the proposed control
strategy, a small-scale prototype of a DC microgrid with a
PV panel, a battery and DC loads was implemented. With
the experimental tests performed, it was possible to observe
the robustness of the control strategy, which was capable of
keeping the DC bus voltage between the defined bounds in
different operating conditions.

The first test showed the complete charging process of
the battery using the CC-CV method. It was possible to
observe that the control strategy allows the system to charge
the battery while feeding the load, as long as the panel
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generates enough power for this. The second test showed
how the system behaves in different load scenarios, with
the battery charging or supplying power to the DC bus.
Finally, in the last test it was possible to observe variations
in irradiance, which leads the system to different conditions,
with the battery supplementing the energy supplied or using
the remaining energy to charge.

It is important to note that the DC bus voltage was
kept close to the rated value of 24 V, with small transient
oscillations. In the approach used in this paper, the reference
value for the droop control was 24 V, therefore, during the
operation the DC bus voltage was always below this value.
However, it is possible to set this reference above 24 V,
allowing the system to operate with rated voltage at full load.

The proposed DC microgrid was implemented using only
one PV panel and one battery, However, tests with more
PV panels and batteries, as well as other sources, may
improve the analysis of the proposed control strategy, since
the current sharing can be strongly affected by the droop
strategy. In addition, only resistive loads were considered.
Despite the instantaneous load connections makes possible
to observe the fast response of the microgrid controllers,
a further analysis using more complex loads, such as DC
motors and linear loads, could be interesting to test the
system performance.

A voltage regulation could be added to this control strat-
egy, however, it requires a master converter to regulate the
DC bus voltage through its droop reference value. Another
option is a management system to set the reference value of
the droop control in all converters, which may lead to com-
munication between microgrid components. In this sense,
this paper chose to keep the system with zero communication
between sources and without a master converter, ensuring the
independent operation of the system components.
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