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Abstract—Microgrids (MGs) have become a commonly used
way for renewable energy sources (RESs) integration in electrical
distribution systems. These MGs are formed of a mix of RESs and
batteries that can operate either in grid-forming or grid-following
control modes. In these new scenarios, the transition from
islanded to grid-connected mode is a challenging issue, especially
if there are renewable-based grid-forming converters working at
their maximum power point. In this paper, a secondary controller
that enables the seamless operation of grid-forming converters
with batteries is proposed. This controller allows the connection
of loads and synchronisation of the MG with the main grid
without the need for altering the power injected by some selected
grid-forming converters (e.g., those working at their maximum
power point). Meanwhile, any additional power demand is met
by the batteries and shared between them according to their
SoC. The main developments are tested using Simulink and
simPowerSystems simulation environments.

Keywords—Microgrid, Synchronization, Coordination, Grid-
Forming, Droop Control, Batteries.

I. INTRODUCTION

Microgrids (MG) had been introduced to facilitate power
networks reaching remote areas with high penetration of
renewable resources. In these MGs, adequate stability margins,
power quality indices and continuity of energy supply are key
factors that should be guaranteed. In order to address all these
issues, a hierarchical control scheme based on three control
levels is commonly used [1]. In particular, the secondary
control level coordinates the operation of all devices so that
the MG can apply the high-level decisions made at the tertiary
level. Among the coordination tasks, the synchronisation of the
MG with the main grid is a relevant issue. Synchronisation
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becomes challenging when the MG is formed by a variety
of grid-forming (GFM) and grid-following (GFL) converters,
which is a common case when batteries and renewable ener-
gies coexist [2].

MG synchronization consists of making equal the phase
and voltage magnitude at both sides of the point of common
coupling (PCC). The most extended approach to achieve this
goal is to modify the frequency and voltage commands sent
by the secondary controller [3, 4]. The case where all GFM
units are connected to the same bus bar or even to the PCC
has been studied in detail [3]. This is a rather simple case
of a power-park since the output of the secondary controller
is the same as the PCC voltage, in steady state. Controllers
that can synchronize devices regardless the MG topology
have also been proposed in the literature [4]. In this case,
a common approach is to adjust the frequency of the MG to
be as close as possible to the frequency of the grid voltage.
Then, when the angle difference is close to be zero, the
connection is established. This strategy is not suitable for large
MGs since small angle differences may cause large electrical
transients. Some authors propose to change the frequency of
GFM converters until the phase difference is exactly zero.
Consensus algorithms represent the most common approach
with this respect [4, 5]. However, this control strategy does
not allow the use of power constraints and this could result in
an “uneven” power sharing during the synchronisation process.

Changes in the operating point are undesirable for renewable
energy sources working in their optimal power point. To avoid
these changes, the power sharing between converters should
be conveniently modified. Power sharing in droop dominated
MGs has been widely studied in the literature [6]. The selec-
tion of the droop gains may be based on the generator ratings,
economical dispatching or SoC of storage units [7]. When
batteries are involved, droop gains are commonly chosen to
be inversely proportional to the SoC [7]. The commands
sent by the secondary controller in order to synchronize the
MG alter the operating point of GFM units during islanding979-8-3503-4743-2/23/$31.00 ©2023 IEEE
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Fig. 1. Single line diagram of the MG studied in this work, including the
primary controller of GFM devices.

operation [8]. In this case, batteries are an adequate option to
smooth the transition between operating modes [9]. Therefore,
batteries can be used to absorb/inject the necessary energy
while the rest of GFM units maintain their operating points.
Nevertheless, this aspect has not been studied in detail in the
literature [10].

In this paper, a secondary controller for battery and dis-
tributed energy resource (DER) coordination in MGs is pre-
sented. The proposed secondary controller maintains the oper-
ating point of some selected GFM devices constant during the
synchronization process and, also, when load and generation
are modified. The energy needed to achieve these changes is
supplied from batteries interfaced by droop-controlled con-
verters according to their SoC. To avoid undesired changes in
the operating point, additional changes to the droop character-
istic are proposed. The developments are validated by using
Simulink and simPowerSystems.

II. OVERVIEW

A. Application Description

Fig. 1 shows a diagram of the MG studied in this paper
while Fig. 2 shows the secondary controller. This case repre-
sents a simplified version of a Cigré low-voltage distribution
benchmark for the integration of DERs [11]. The MG is
connected to the main grid at the PCC, which is located in
node B0. The system consists of a feeder and a transformer
that feeds two loads (L1 and L2). In this MG, several DERs
and batteries are connected. Batteries are connected by using
GFM converters (C2, C3 and C5), while DERs are connected
by using either GFM or GFL converters (C1 is GFM and C4
is GFL). All the converters have an LCL filter.

B. Control Overview

GFL converters are controlled by means of PI controllers
that regulate the current through the inner inductance of the
LCL filter. The converter is synchronized to the MG voltage
by using of a phase-locked loop (PLL).

f1
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ω∆p
n
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dq
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Fig. 2. Secondary controller. Generation of voltage and frequency set-points
and adjustment of droop curves.
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Fig. 3. Example of droop curves for a MG with different GFM units. ωMG

is the MG frequency in steady state.

GFM converters have a current loop that regulates the
current through the inner inductance of the LCL filter and
a voltage loop that regulates the voltage across the filter
capacitor. Quasi-stationary virtual impedances are used to
facilitate their paralleled operation [12]. Also, GFM converters
include conventional P − f and Q− V droop controllers:

ω = ωn −mpP̃ , V = Vn − nqQ̃, (1)

where ωn and Vn are the no-load frequency and voltage
magnitude, and mp and nq are the droop characteristics. The
equivalent block diagram is depicted in Fig. 1. In that diagram,
P̃ and Q̃ are the filtered values of the active and reactive
powers injected by the unit:

P̃ =
1

s/ωc + 1
P, Q̃ =

1

s/ωc + 1
Q, (2)

where ωc is the cut-off frequency of the filter. Power sharing
among GFM units is performed according to the droop coef-
ficients (mpi, where i refers to the specific unit). An example
of power-frequency characteristics is presented in Fig. 3. The
values of mpi and ωni define the power flow among GFM
units and the MG frequency ωMG.

C. Battery Modelling and Control

The converters C2, C3 and C5 have batteries in their dc
sides. Batteries are represented as constant voltage sources
with a voltage level equal to the open circuit voltage of the
battery. This assumption is commonly accepted for litium-ion
batteries when the SoC is between 20% and 80% [13]. The
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Fig. 4. Adjustment of droop curves for power sharing between the units and
for maintaining the same MG frequency. Only three GFM are considered here.

SoC of the batteries is estimated by using the basic Coulomb
counting method [14, 15]:

SoCi = SoC0i −
1

Ci

∫
iDCidt, (3)

where SoCi is the SoC of the battery, SoC0i is its initial value,
Ci is the capacity of the battery and iDCi is the output current
of the battery.

Batteries are operated as GFM converters. The droop co-
efficients (mpi) are updated according to the SOC of each
unit [14, 16]:

mpi =
mp0

SoCn
i

, if Pi ≥ 0, (4)

mpi =mp0SoC
n
i , if Pi < 0, (5)

where mp0 is the initial value of mp.

D. Methodology Overview

Traditionally, the secondary control is performed by adjust-
ing just the values of ωni and Vni (see Fig. 2) [17]. Then, the
additional power required during transients it is taken from all
the GFM units and this may take some of these GFM units
out of their maximum power point. Contrary, the proposed
secondary controller maintains the initial power-sharing ratios
and distributes the additional active power among the batteries,
according to their SoC. To achieve these power sharing objec-
tives, ωni and Vni are modified by the secondary controller.
As mpi is updated according to the SoC of the batteries,
there would be changes in the operating point of the MG if
no countermeasures are taken. The solution explored in this
work is to recalculate ωni and Vni to take this effect into
consideration.

III. PROPOSED CONTROL

In this section, the control algorithm presented in Fig. 2 is
explained. First, the coordination of devices in the presence
of load variations is explained. Then, the method to adapt
the value of mpi according to the SoC without modifying the
operating point is depicted. Angle synchronisation is explained
subsequently. Finally, voltage equalisation is presented.

A. Coordination of Batteries for Power Sharing

In order to share load variations among several batteries
the value of ωni in each of these batteries should be adjusted.

The initial total power delivered by the GFM converters (P̃t)
results in a determined MG frequency (ωMG). However, when
the power demand changes, the batteries (GFMb, GFMc

and GFMd) have to shift up or down their droop curves
to compensate the power variation. For simplicity, only the
demand increase case is considered here. The droop curves
describing this situation are depicted in Fig. 4. The shift in
ωni (ω∆p

n ) is the value needed to compensate the frequency
droop that correspond to a power variation of ∆p = P̃ ′

t − P̃t.
Here, ω∆p

n is calculated as the frequency droop that would
appear if a single device with a similar droop injected ∆p.

The equivalent droop obtained when more than one GFM
is connected to MG can be calculated as follows [18]:

1

meq
p

=
∑

i

1

mpi
.

As a consequence, ω∆p
n is calculated as:

ω∆p
n = f1(∆p) =

1∑
i

1
mpi

∆p. (6)

When this criteria is applied, the batteries absorb power
variations without altering the operating point of the remaining
GFM units. This strategy can be applied when changes in load
or generation are scheduled, or when the MG is being synchro-
nized. If a controllable load is connected/disconnected, ω∆p

n is
applied simultaneously to all the battery units. Similarly, when
the MG consumption is constant, but the generation varies
according to a certain command, that command can be used
to calculate ∆p and ω∆p

n , instantaneously. This strategy will
be applied in the following sections to keep the same operating
point while the MG is being synchronized.

B. Adjustment of mpi According to the SoC

When the droop gains are modified the equilibrium point
of the MG will change as well. In this case, it is necessary to
change both mpi and ωni to maintain the frequency and the
power equilibrium. For each battery, the frequency before the
change in mpi can be calculated as in (7). After updating the
value of mpi with m′

pi, the frequency is calculated as in (8),
which includes the additional term ωSoC

n . By manipulating (7)
and (8), the expression for ωSoC

n is obtained, in (10).

ωi = ωni −mpiPi, (7)

ωi = ωni −m′
piPi + ωSoC

ni , (8)

mpiPi = m′
piPi + ωSoC

ni , (9)

ωSoC
ni = f2(∆mpi, Pi) = Pi(m

′
pi −mpi). (10)

The use of these expressions ensures that the load variation is
shared among the batteries according to the new droop values.

C. PCC Voltage Phase Synchronisation

Phase synchronization is achieved when the phases of the
PCC voltage and the grid are the same, in steady state. In
this case, the MG and the grid frequency will also be the
same. Phase synchronization is carried out by accelerating or
decelerating the frequency of GFM converters.
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ωG by changing the droops of (b) only one device (GFMb) and (c) all the
devices.

Fig. 5 (b) and (c) show two different ways to adjust ωni to
make ωMG equal to ωG. In Fig. 5 (b), only ωni of one device
is modified. After the change in ωni, the GFM devices inject
the same total amount of power as before the synchronisation
(P̃t) and the MG frequency has increased up to ωG. Since
only the frequency of one device was modified, the power
sharing among the GFM units change. In contrast, Fig. 5 (c)
shows the droop curves when all the GFM units are adjusted
so that the power sharing among units is kept constant. In this
case, the MG frequency is also ωG. However, there are no
modifications in the power sharing compared to the original
scenario (Fig. 5 (a)).

The values of ωni are sent via communications from the
secondary controller. For that purpose, a PI was applied over
the angle difference between the PCC and the grid voltage, as
shown in Fig. 2. The angles can be calculated as follows:

θG = arctan
vGq
vGd

, θPCC = arctan
vPCC
q

vPCC
d

. (11)

The angle difference is defined as:

δ = f3(v
G
dq, v

PCC
dq ) = θG − θPCC . (12)

Park transformations are done by using the angle of one of the
reference frames. This angle can be chosen arbitrarily since the
angle difference between the voltage space vectors does not
depend on the reference frame selected.

The approach presented here for synchronizing the MG
with the grid does not change the operating point signifi-
cantly. However, slight changes may appear as some loads

may change their consumption according to the frequency.
However, these changes are usually small.

D. PCC Voltage Equalisation

In order to synchronize the voltage magnitude of the MG
and the grid while keeping constant the voltage profile, all the
values of vni should be modified. First, the voltage magnitude
difference is calculated as:

∆U = f4(v
G
dq, v

PCC
dq ) = UG − UPCC , (13)

where

UG =

√
vGd

2
+ vGq

2
, UPCC =

√
vPCC
d

2
+ vPCC

q
2
. (14)

A PI controller is applied at the secondary level over ∆U .
The output of this PI controller is the voltage setting of the
GFM converters (vni). There might be more advanced criteria
to change the setting points for the droops such as improving
the reactive power sharing during the transient. This is not
studied here, but it is of interest for future research.

The change in MG voltage varies the power that the loads
absorb. If this is not compensated, the load will be shared
among all GFM units according to their droop constants. To
guarantee that all the batteries inject or absorb that specific
value of the power, it should be taken into consideration for
calculating ωni. This is addressed in the following section.

1) Estimation of Power Variation: The variation in the
power consumed by the MG is mainly caused by the variation
in the MG voltage. In order to calculate and compensate that
term, an expression that links the voltage variation with the
power consumption is derived here. For that purpose, it is
assumed that the voltage magnitude and its variation is equal in
all the nodes. Under this consideration, a linearised expression
that links the power absorbed by the loads and the MG voltage
can be obtained:

pi =
v2i
ri
, ∆pi ≈

dpi
dvi

∆vi. (15)

By manipulating (15), then

∆pi =
2vio
rio

∆vi, and ∆pi =
2pio
vio

∆vi, (16)

where subscript o refers to “operating point”. The total power
variation of the MG is then the total additional power con-
sumed by the loads:

∆p =
∑

i

∆pi =
∑

i

(
2pio
vio

∆vi

)
. (17)

Finally, (17) can be simplified as follows:

∆p ≈ 2
∑

i pio
vPCC
o

∆vPCC . (18)

Since the internal voltage controllers of the converters are
much faster than secondary controller, it is assumed that vni
is applied directly to the MG. Then:

∆p ≈ 2
∑

i pio
vPCC
o

vmag
n . (19)
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The power estimation presented in (19) is combined with the
expression in (6) in order to update the battery droops. Then,
the extra power need would be compensated:

ωmag
n = f5(v

mag
n ) =

1∑
i

1
mpi

2
∑

i pio
vPCC
o

vmag
n . (20)

E. Controller Implementation

The implementation diagram of the proposed controller
is presented in Fig. 2. PI controllers are used during syn-
chronization to reduce magnitude and phase differences. In
the coordination process, droop parameters are calculated
according to (23) and (10). The voltage droop is adjusted in
all GFM devices by using the following expression:

vBESSi
n = vgenin = vmag

n . (21)

However, for the case of the frequency, ωni takes different
values depending on the type of GFM device. In generator
units, ωni only depends on the angle synchronization loop.
Meanwhile, in battery units ωni depends on the coordination
controller, the controller that updates mpi according to SoC,
the angle and voltage synchronization loops:

ωgeni
n = ωang

n , (22)

ωBESSi
n = ω∆p

n + ωnSoC + ωang
n + ωmag

n . (23)

F. Adjusting the Synchronisation Speed

Synchronization speed can be modified by adjusting the
proportional and integral gains of the corresponding PI con-
trollers. For synchronising the angle, the PI − f controller
can be designed to have similar bandwidth to that of the
primary controllers since they are decoupled. In contrast, fast
voltage controllers result in low accuracy of power estimations.
Therefore, it is recommended to limit their speed. Additional
studies should be carried out to address this aspect in more
detail.

IV. CONTROLLER VALIDATION

A. Case Study

The proposed controller was applied to the MG presented
in Fig. 1. The controller was implemented in a simulator
that was developed in Matlab/Simulink and simPowerSystens.
It included averaged models of the converters and several
implementation details. The MG data can be found in [11].

B. MG Coordination

Fig. 6 shows transient response of the active and reac-
tive powers injected by each device for different conditions.
Fig. 6 (a) and (b) present the transients of the power when
a change in the load of 3 kW is applied at t = 5 s and
the proposed controller is applied. It can be seen that the
inertial response of the converters does not change. This means
that all the GFM converters are injecting power at the same
time. However, after few seconds the batteries (C2, C3 and
C5) inject all the power demanded by the load while C1
(GFM) returns to its original operating point. The generation
change is modelled as a ramp in Fig. 6 (c) and (d). In this
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Fig. 6. (a) Active and (b) reactive power variations when a 3 kW load is
connected. (c) Active and (d) reactive power variations when a GFL unit
decreases 3 kW its power output, following a ramp.

case, the command sent to the GFL unit is used by the
secondary controller to adapt the battery droops. In this way,
batteries inject the additional energy needed by the MG and
the remaining GFM units retain their operating point. Since
the change in the generation conditions is gradual, the inertial
response of the GFM negligible.

C. Microgrid Syncronization

Fig. 7 shows the synchronization process of the PCC voltage
(both magnitude and angle) with the grid voltage. It can
be seen that both the magnitude and angle are synchro-
nized simultaneously (Fig. 7 (a) and (b)). PI controllers have
been designed to achieve the synchronisation in less than
ten seconds. Additionally, the resistive part of the virtual
impedance has been reduced to the lowest possible value that
enables a stable operation of the MG. This allows to limit the
power injected/absorbed by GFM 1 during the synchronization
process. Fig. 7 (c) shows that the power estimation method
only accounts for the steady state power variation. Therefore,
as the speed of the synchronization process increases, some
dynamics are not captured by the estimation and GFM units
may exchange some additional (undesired) power with the
MG.

When the PCC and the grid voltage are synchronized (at
t = 7 s, approximately) the MG is connected to the grid by
closing the main switch. Fig. 7 (d) shows the transient of the
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current through the line that interconnects the MG with the
grid. The exchange of energy at the connection point and the
transient response depend on both the strength of the main
grid and the primary controllers. However, as the MG is well
synchronized, the power exchange is almost negligible.

V. CONCLUSION

In this paper, a controller that enables seamless operation
of GFM units in a MG during transitions and transients has
been presented. Both synchronization to an external grid and
coordination during the connection/disconnection of loads and
generation have been addressed. It has been explained how the
proposed controller modifies the set points of the GFM units to
achieve its objectives. In the presented scenarios, the objective
of the controller is to coordinate the GFM units so that the
batteries absorb/inject the necessary energy while other GFM
units keep their operating points constant.

Theoretical and simulation results have shown the controller
successfully maintained the active power operating points of
the selected GFM converters during load variations and when
the MG was synchronized with the main grid. Only small
deviations of the active power were observed, that occurred
because of the system losses. Reactive power sharing has
not been addressed in this work. However, optimization of
the reactive power flow during the aforementioned conditions
might be of interest for further research. It is worth noting
that reactive power sharing is a more complex issue, especially
when Q-V droops are used because the voltage is not a global
variable as it is the frequency.

VI. APPENDIX

The corresponding data files are available at [19].
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