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Abstract—This paper proposes the operation of an islanded
microgrid where solar panels are used as grid-forming units.
In this way, when conditions are favorable, the microgrid can
be entirely operated from solar panels. A battery bank is used
to back up generation from the solar panels and share or take
over the grid-forming task when necessary. A distributed control
approach is used to coordinate the units. Simulation results are
shown to support the proposed operation.
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I. INTRODUCTION

Microgrids will have an essential role in the power grid
of the future, since they provide a way to handle distributed
generation and to increase power quality and reliability – all of
which are key features of the next generation power grid [1].
To date, the majority of microgrids that were built for research
and commercial purposes are AC microgrids, mainly because
the current power grid is also AC. However, advances in
DC/DC conversion and the fact that most renewable sources,
energy storage systems and loads are DC in nature, have con-
tributed for the increasing interest in DC microgrids [2]. DC
microgrids can potentially decrease power losses by avoiding
AC/DC conversion stages, and can also avoid some of the
control issues of AC systems, such as problems with reactive
power flow and frequency stability [3].

A microgrid is kept stable by units that stabilize the bus
voltage by balancing load and generation [4]. This voltage
control varies depending on how the microgrid operates and
whether it is connected to an external grid. In grid-connected
microgrids, voltage at a common point is usually regulated
by the external grid, and units inside the microgrid adjust
their voltages with respect to this point in order to exchange
power. In islanded microgrids, voltage must be regulated by
units inside it. The units responsible for regulating voltage are
denoted as grid-forming units.

Typically, grid-forming are units that are dispatchable, i.e.
their output power can be adjusted. Examples of such units are
generators, energy storage systems and grid-connected con-
verters. Renewable energy sources are usually not employed
as grid-forming units because their output power is influenced
by external conditions, such as the weather. These units are
mostly operated with some maximum power-point tracking
strategy, and are denoted as grid-following units.

If renewable resources are always operated in grid-following
mode, a grid-forming unit still needs to be active to form
and stabilize the bus voltage, even if there is enough power
from the renewables to supply the microgrid. Using batteries,
generators or grid-connected converters in this case can be
inefficient or even have detrimental effects on these units;
for example, a generator or a grid-connected converter would
be running at low-load conditions and the battery would be
constantly charging and discharging. Thus, it can be beneficial
if renewable resources could also be also used as grid-forming
units, a topic being investigated in many recent studies [5]–[7].

The main contribution of this paper is the proposal of a
distributed operation of an islanded microgrid, where solar
panels are primarily responsible for stabilizing and forming
the grid. This approach allows the microgrid to operate mainly
from its solar resources, without requiring a dispatchable
unit to form the grid. To handle short- and medium-time
variations in solar power, a battery bank is used to back
up generation when needed. The battery bank operates in
grid-following mode, supporting generation, or operates in
grid-forming mode, where it shares or takes over the grid-
forming task. Moreover, a supercapacitor bank is used to
provide additional power reserve for the grid to handle power
transients and to handle transitions between grid-forming units.
The units are coordinated through a distributed control scheme,
where neighboring units exchange information to control the
microgrid. The rest of this paper is organized as follows.
Section II presents the case study and assumptions. The
proposed operation and distributed controllers are discussed in
Section III. Section IV shows simulation results for different
operating conditions, and Section V concludes this paper.

II. CASE STUDY AND ASSUMPTIONS

A diagram of the microgrid considered in this study is
shown in Fig. 1, which is based on a lab-scale prototype
being built. The microgrid has a nominal voltage of 750 V
and consists of photovoltaic (PV) units (one rated at 1.2 kWp
and two rated at 0.6 kWp), one supercapacitor bank (500 F,
rated at 1.2 kW), one battery bank (rated at 1.2 kW), one
generator/grid-connected converter (rated at 1.2 kW) and
constant power loads (CPLs). The transmission lines are
shown in per unit (p.u.), with resistance and inductance of
8.5 Ω and 500 µH p.u., respectively. These are approximate
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Fig. 1: Diagram of the microgrid under study, including the
assumed communication links (dashed blue lines).

per kilometer values for a 2.5 mm2 cable. Except for the CPLs,
the units are assumed to be able to communicate with each
other through bidirectional communication links, at a rate of
50 Hz, with a delay of one sample. These links are assumed
to be between neighboring units, and are indicated by dashed
blue lines in Fig. 1.

All units are assumed to be connected to the microgrid
through controlled DC/DC converters. Each converter and
its inner control loop is modeled as a voltage or current
source, with first order dynamics and limited bandwidth. The
supercapacitor unit consists of a supercapacitor and a voltage-
controlled converter. This unit is modeled as a voltage source
with a state-of-energy (SoE). The SoE indicates the charge
stored in the supercapacitor, and is modeled by relating the
supercapacitor’s total energy to the output power of its DC/DC
converter. The solar panel unit consists of a voltage-controlled
converter with a maximum power that is given by a maximum
power point estimation algorithm. This unit is modeled as a
voltage source. The battery bank unit consists of a voltage-
controlled converter and is modeled as a voltage source. The
battery’s state-of-charge (SoC) is not modeled because energy
management is not considered in this paper, and because the
time scales evaluated are relatively small, it can be assumed
that the battery’s SoC does not change significantly. Moreover,
because the focus is the coordination between the solar panels,
supercapacitor and battery bank, the generator/grid-connected
is considered to be disconnected at all times.

III. PROPOSED OPERATION AND CONTROLLERS

This section proposes the operation of a microgrid, such
that the PV units are mainly responsible for the grid-forming
task. The role of the PV, battery, and supercapacitor units are
discussed, together with their controllers.

Assuming favorable conditions, a microgrid can be operated
entirely from its solar resources, and no additional units need
to be connected to the microgrid. In this case, at least one of
the PV unit has to take over the grid-forming task. The grid-
forming unit stabilizes the bus voltage by matching generation
and demand, a process that requires the unit to have some

power reserve to be able to suddenly increase or decrease its
output power. Because solar panels have a variable maximum
power output that depends on weather conditions, a single
PV unit may not present enough power reserve to handle
transients demanded by the microgrid. However, the power
reserve can be increased if all PV units share the grid-forming
burden. In this study, all PV units are operated to work in
grid-forming mode only, and they share the total microgrid
load proportionally to their maximum available power.

Depending on weather and load conditions, the PV units
may not have enough power to supply all demand, and
voltage stability will be compromised. Moreover, during night
time, there will be no output from the solar panels. In such
cases, back up generation is required to supply the grid,
either by injecting power to support the grid, by sharing the
grid-forming burden or by assuming the grid-forming task
completely. This paper assumes a microgrid with a battery
bank as backup generation, which is operated in grid-following
or in grid-forming mode.

In grid-following mode, the battery injects current in the
grid to reduce the loading of the PV units, thus giving these
units a power reserve. The amount of current to be injected
by the battery can be regulated by the desired power reserve.
If, however, the current required to regulate this loading is
too large, it is an indication that the PV units do not have
enough power, and this information can be used to change
the battery to grid-forming mode. In grid-forming mode, the
battery shares the total microgrid load with the other PV units,
proportionally to its power rating. The battery can transition
back to grid-following mode when its output current gets
below a certain threshold, indicating that there is enough
power from the other units to supply the grid.

Because there will be transitions between units performing
the grid-forming task, it might happen that there will be short
time instants where the grid has no grid-forming unit. This can
introduce large deviations on the bus voltage, or even lead to
instability. This problem can be avoided if there is a grid-
forming unit that is always connected to the microgrid. This
unit, however, does not need to share the grid-forming burden
in steady-state, but only during transients. One candidate for
such task is a supercapacitor unit. Supercapacitors are devices
with high power/low energy density, meaning that they are
able to supply large peaks of power, but for limited amounts
of time. Moreover, the life cycle of supercapacitors is much
larger than that of batteries. These features make them well
suited for balancing generation and demand in a microgrid
for short periods of time, while other units are still picking up
the load [4]. Thus, the supercapacitor unit is operated as grid-
forming mode, but it does not supply any load during steady
state, i.e. it does not share the load with the other grid-forming
units. The supercapacitor units is operated such that it supplies
the load only during transients.

To summarize, the operation of microgrid is as follows. The
PV units always work in grid-forming mode, and share the
total load proportionally to their maximum available power.
The supercapacitor unit always work as grid-forming mode,

©2023 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or future
media, including reprinting/republishing this material for advertising or promotional purposes, creating new collective works, for resale or re-
distribution to servers or lists, or reuse of any copyrighted component of this work in other works. DOI 10.1109/eGrid58358.2023.10380844



but only supplies the grid during transients, not actively
sharing the load with the other units. The battery unit can
operate in grid-following or grid-forming mode, depending on
the loading of the PV units.

The grid-forming units have the task to stabilize the voltage.
However, in a DC microgrid, the voltage cannot be controlled
to the same reference everywhere, otherwise there will be no
power transfer between the units. One alternative is to regulate
the average voltage between the grid-forming units. Thus, the
average voltage between the units sharing the grid-forming
task is regulated to a reference value.

Next, distributed average voltage control and load sharing
is discussed, as well as the controllers for each unit.

A. Average voltage control and load sharing

Units participating in average voltage control have a
proportional-integral (PI) controller that works to drive the
average voltage across the microgrid to a reference value.
These local controllers need to estimate the average voltage
between the grid-forming units, and this is achieved through a
dynamic consensus algorithm. The estimated average voltage
vavg,i of the i-th unit is given by [8]

vavg,i(t) = vi(t) +

t∫︂
0

∑︂
j∈Nj

αi,j

(︁
vavg,j(τ)− vavg,i(τ)

)︁
dτ, (1)

where vi is the local voltage measurement of the i-th unit, and
αi,j is a coefficient that is one when there is a communication
link between units i and j, and zero otherwise. Under the
conditions that the graph formed by the communication links
between the units is undirected and connected, it can be
shown that the average voltage vavg,i computed by the i-
th unit converges to the average between all local voltage
measurements [9].

Units sharing the load have another PI controller that works
to drive the difference of the p.u. current between them to zero.
The current error signal ∆ipu,i of the i-th unit is obtained
through [8]:

∆ipu,i(t) =
∑︂
j∈Nj

βi,j

(︁
ipu,j(t)− ipu,i(t)

)︁
, (2)

where βi,j is one when there is a communication link between
units i and j, and zero otherwise.

The average voltage and current sharing controllers are
shown in Fig. 2. The average voltage controller is shown in
Fig. 2a, and processes the difference between the microgrid
reference voltage v∗ and the average voltage across the mi-
crogrid, as estimated by the i-th unit using (1). The result

PI

(a)

PI

(b)

Fig. 2: (a) Average voltage and (b) current sharing controllers.

is the correction term δvavc,i. Similarly, the current sharing
controller, shown in Fig. 2b, processes the current difference
given by (2), and produces the correction term δvcs,i.

B. PV unit controller

The reference voltage signal vpv,k of the k-th PV unit is

vpv,k = δvdr,pv,k + δvavc,pv,k + δvcs,pv,k, (3)

where δvdr,pv,k is a droop term given by

δvdr,pv,k = v∗ − rd,kik, (4)

where v∗ is the microgrid reference voltage, rd,k is the droop
coefficient and ik is the output current of the k-th unit. The
terms δvavc,pv,k and δvcs,pv,k are generated by the average
voltage and load sharing controllers, shown in Fig. 2.

C. Supercapacitor unit controller

The reference voltage vsc of the supercapacitor unit is

vsc = δvdr,sc + δvavc,sc + δvSoE, (5)

where δvdr,sc is a droop term, δvavc,sc,k is the average voltage
control correction term and vSoE is a signal generated by the
SoE controller of the supercapacitor unit. The droop term
follows the structure given by (4), while the average control
correction term is generated by the controllers shown in Fig. 2.

The SoE correction signal is given by the controller shown
in Fig. 3. The SoE is estimated by integrating the output
power of the unit (psc) considering an initial SoE (SoE0). The
difference between the reference and estimated SoE values
is processed by a PI controller, which generates the δvSoE
correction term. By regulating the SoE to a constant value,
the supercapacitor unit does not supply any current at steady-
state. The SoE controller is designed to be slower than the
average voltage controller, such that the supercapacitor unit
shares the grid-forming task during transients, but does not
supply any load at steady-state. Moreover, the reference SoE
is chosen as 50%. This gives the unit a margin so that it can
supply power when a load is connected to the grid, and also
absorb excess power when a load is disconnected.

D. Battery unit controller

Fig. 4 shows the battery controllers. As shown in Fig. 4a,
the reference signal vbat for the battery unit is given by

vbat = δvdr,b + (1− γ)δvcc,b + γ(δvavc,b + δvcs,b), (6)

where δvdr,b is a droop term, δvcc,b is the command from the
battery’s current controller, δvavc,b and δvcs,b are commands
from the average voltage and current sharing controllers, and

PI

Fig. 3: SoE controller of the supercapacitor unit.
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Fig. 4: (a) Battery and (b) battery current controllers.

γ is a binary variable that depends on the operation mode of
the battery.

When in grid-following mode (γ = 0), the battery is
operated as a current source, regulated by the current controller
shown in Fig. 4b. The battery current i∗bat is determined by
the superposition of a charging (ich) and discharging (idch)
current. The charging current comes from an external energy
management system that would regulate the SoC of the battery.
The discharging current comes from a controller that regulates
the loading of the PV units. This controller has an enable
signal, idch,en, that is activated when overloading of the PV
units is detected. In this case, the controller regulates the
loading of the PV units to a reference value i∗pv,pu. If the
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Fig. 5: (a) Output current, (b) output voltage and (c) average
voltage of active units with droop control only, and with
average voltage control and load sharing.

discharge current becomes negative, this means that to control
the loading of the PV units, the battery has to sink current. This
indicates that the PV units have enough power to supply the
grid without overloading, and the discharge current controller
can be disabled. If, on the other hand, the discharge current
increases above a certain threshold, this indicates that there
may not be enough power from the other units to supply the
grid, and voltage regulation could be compromised. In this
case, the battery switches to grid-forming mode.

In grid-forming mode (γ = 1), the battery participates in
average voltage control and current sharing. When the current
supplied by the battery is below a certain threshold, the battery
can switch back to grid-following mode, as there is enough
power from the other sources to support voltage control.

IV. SIMULATION RESULTS

This section shows simulation results obtained with the
proposed controllers. The microgrid shown in Fig. 1 was
simulated using the PLECS software. The battery current
controller was set to activate when the p.u. current of the PV
units exceeded 0.825. The battery was set to change to grid-
forming mode when its own p.u. current exceeded a value of
0.5. A dead-band of 0.05 was added to this value, in order
to prevent switching between grid-forming and grid-following
modes when the p.u. current of the battery is around 0.5.

A. Average voltage control and current sharing

Fig. 5 shows current sharing and average voltage control.
Initially, only droop control is active in all units, and there
is no load connected to the grid. At 5 s, CPL 1 is connected
to the grid and consumes 0.5 kW. Fig. 5a shows how the
supercapacitor is quickly discharged to supply the load and
then charges slowly to regulate its SoE. Moreover, from
Figs. 5b and 5c, it is possible to see that the voltage drops
when the load is connected, due to droop control. At 10 s,
current sharing and average voltage control are enabled, and it
is possible to note that the solar panels share their p.u. current,
and all voltages are adjusted such that the average voltage is
driven to the reference value.

B. Battery in grid-following mode

Fig. 6 shows the battery operating in grid-following mode.
Initially, CPL 1 is consuming 1 kW. At this moment, the p.u.
current of the solar panels are around 0.4, and the battery
does not inject any current into the grid. At 20 s, CPL 2 starts
consuming 1 kW. Since the p.u. current of the PV units gets
above 0.8 p.u., the battery starts injecting current into the grid
in order to regulate the PV units’ p.u. current to 0.8. At 30 s,
CPL 2 is disconnected, and the battery stops discharging since
the p.u. current of the PV units is below 0.8.

Fig. 7 shows a case where the battery is charging, and then
its charging current is adjusted to not overload the PV units.
Initially, CPL 1 and CPL 2 are consuming 0.4 kW each. At
10 s, the battery starts charging. At this point, the solar panels
have enough power to supply the loads and charge the battery.
At 15 s, CPL 3 starts consuming 0.65 kW. At this point, the
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Fig. 6: (a) Output voltage, (b) output current and (c) output
power of active units when the battery operates in grid-
following mode.
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Fig. 7: Output current of the units when the battery is charging.

p.u. current of the PV units goes above 0.8. Then, the discharge
current controller regulates the battery’s current in order to
regulate the p.u. current of the PV units to 0.8. However, the
battery still charges, although at a lower current.

C. Battery in grid-forming mode

Fig. 8 shows a case where the battery switches between grid-
supporting and grid-forming modes. Initially, the solar panels
are supplying CPLs 1 and 2, each consuming 0.4 kW. At
15 s, the solar panels lose 75% of their generation. Since their
p.u. current exceeds 0.8, the battery starts injecting current to
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Fig. 8: (a) Output voltage, (b) output current and (c) output
power of active units when the battery switches between grid-
following and grid-forming modes.

stabilize the panels’ loading at 0.8. At this moment, the battery
still operates in grid-following mode. At 20 s, CPL 3 starts
consuming 0.8 kW. This load causes the output current of the
battery to increase above 0.5 p.u., which triggers the grid-
forming mode. At this moment, the battery starts participating
in average voltage control and load sharing. At 25 s, CPL 3 is
disconnected, and the battery changes back to grid-following
mode, since its current is below the 0.5 p.u. threshold.

D. Operation under disconnection of PV units

Fig. 9 shows a case where one of the PV units is dis-
connected from the microgrid. Initially, all three PV units
are connected, and supplying CPLs 1 and 2, each consuming
0.4 kW. At 15 s, PV unit 3 is disconnected from the grid, and
the remaining PV units share their p.u. current and regulate
the average voltage. At 25 s, PV 3 is connected back, and
load sharing and voltage control is achieved by all three units
again.

Fig. 10 shows a case where all the PV units are disconnected
from the grid. Initially, all PV units are connected, and supply
CPLs 1 and 2, each consuming 0.2 kW. At 20 s, the solar
panels are disconnected, and the battery enters grid-forming
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Fig. 9: (a) Output voltage and (b) output current of active
units, when PV unit 3 is disconnected from the microgrid.

mode and, together with the supercapacitor unit, regulates the
average voltage across the microgrid. At 30 s, CPL 3 starts
consuming 0.6 kW. As Fig. 10 shows, the battery is able to
stabilize the microgrid voltage; however, voltage deviations
are larger when the battery and the supercapacitor are the only
units forming the grid.

V. CONCLUSIONS

This paper discussed a distributed control approach, along
with local controllers, that allows a DC microgrid to be
operated mainly from solar panels. These units share the grid-
forming task with a supercapacitor bank, while a battery bank
is used to back up generation from the solar panels, and
to share or take over the grid-forming task. The approach
discussed is able to provide a power margin when the grid is
operated through solar panels, an important feature for grid-
forming units.

The next expansion of the method presented in this paper is
to include the SoC of the battery. In this case, the microgrid
needs a generator, or a grid-connected converter, that is able
to supply the grid when there is no power from the PV units,
and the battery is empty. The coordination between these
units takes place at two different levels. At a low level, the
battery and generator/grid-connected converter communicate
to stabilize the grid voltage. At a higher level, an energy
management system is required, in order to regulate the SoC
of the battery.
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