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Abstract—In this paper, a control strategy is proposed to achieve
decentralized power management of a PV/battery hybrid unit in
a droop-controlled islanded microgrid. In contrast to the common
approach of controlling the PV unit as a current source, in the
proposed strategy, the PV unit is controlled as a voltage source
that follows a multi-segment adaptive power/frequency character-
istic curve. The proposed power/frequency characteristics, of the
hybrid unit and of the whole microgrid, adapt autonomously to
the microgrid operating conditions so that the hybrid unit may
supply the maximum PV power, match the load, and/or charge
the battery, while maintaining the power balance in the microgrid
and respecting the battery state-of-charge limits. These features
are achieved without relying on a central management system and
communications, as most of the existing algorithms do. The control
strategy is implemented using multi-loop controllers, which pro-
vide smooth and autonomous transitions between the operating
scenarios. Small-signal stability of the proposed control loops is in-
vestigated, and the system performance is experimentally validated
on a 3.5 kVA microgrid.

Index Terms—Battery storage, droop control, microgrid, PV.

I. INTRODUCTION

FROM a control point of view, photovoltaic (PV) generation
units can be classified into standalone and grid-connected

configurations. Due to the intermittent nature of PV power, bat-
tery storage is employed as a critical element in PV standalone
applications, to maintain the power balance in the system and
enable regulation of the load voltage [1]–[4]. Islanded micro-
grids share the same issue with standalone systems, since the
battery storage is needed to maintain the generation/load bal-
ance and to regulate the microgrid voltage and frequency. In
both cases, the power management strategy should consider the
state-of-charge (SOC) limits and the power rating of the battery.

However, unlike in standalone PV systems, in microgrids, the
battery storage can be connected to the microgrid bus as a sepa-
rate unit, which might be in a different location than the PV unit.
Furthermore, in microgrids, the PV unit is commonly controlled
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as in grid-connected configurations, where the interfacing volt-
age sourced converter (VSC) is controlled as a current source to
inject the available PV power into the grid/microgrid bus (the
PQ control strategy) [5]. Since this technique was developed
originally for grid-connected configurations, it does not address
the power balance problem in islanded microgrids. Therefore,
the operation of the PV unit, the battery storage, and other units
in the microgrid, such as droop-controlled units, must be co-
ordinated to balance the power in the islanded microgrid while
respecting the battery storage limits. Accordingly, a supervisory
power management strategy, which is usually implemented in a
central energy management system (EMS), is required to coor-
dinate the operation of these units [6]–[12].

The EMS in [6]–[12] requires access to the power measure-
ments at each distributed generation (DG) unit and load node,
through communication, in order to be able to maintain the
power balance in the microgrid. This requires power measure-
ment and communication modules at every generation and load
node, which complicates the system and introduces potential
failure modes. In all of the aforementioned strategies, commu-
nication is a critical part of the strategy. If the communication
with any generation or load node is lost, the EMS may gener-
ate an undesirable control command. Therefore, dependence on
communication for power management may reduce the reliabil-
ity of the control strategy [13], [14]. However, communication
can still be used in the grid-connected mode as a part of the
tertiary control layer [15], to achieve certain objectives such
as ensuring economic dispatch based on the electricity market
and fuel prices. In this case, communications are not crucial to
maintain the power balance in the microgrid, as it is achieved
through the grid.

Moreover, in [8], the power management strategy is designed
so that both the fuel cell and the battery use the droop control
approach to share the peak load, when the power available from
the PV unit and the microturbine is inadequate to match the
load. This might deplete the battery prematurely. Instead, it
is recommended that the battery only be used during transients
[11], and to supply the deficit power only after the load increases
beyond the total capacity of the other generating units. The EMS
in [11] employs communication to ensure that the battery neither
supplies nor absorbs any power at steady state. This is achieved
through coordinating the power dispatched by the controllable
(dispatchable) units in the microgrid.

To avoid utilizing communications, a control strategy is pro-
posed in [16] for a microgrid composed of a PV unit and
a battery storage unit. When the battery voltage exceeds its
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preset limit during charging, the battery inverter reduces the
line frequency below the anti-islanding frequency limit of the
PV inverter. Accordingly, the PV unit responds by disconnecting
from the microgrid. The applicability of this technique is lim-
ited to microgrids where only one DG unit (battery storage) is in
charge of regulating the voltage and the frequency. Hence, the
technique cannot be applied to microgrids with droop-controlled
units.

The PV unit is combined with the battery storage and other
energy sources as a single hybrid unit in [17]–[19]. This ap-
proach is more effective since the PV controller has access to
the battery SOC without any external communications. How-
ever, the strategy proposed in [19] requires a central controller
to coordinate the operation of the hybrid unit with a diesel gen-
erator, in order to maintain the power balance in the islanded
microgrid. On the other hand, the microgrids considered in [17]
and [18] are composed of one hybrid source and loads, which
makes the system more like a standalone power supply, rather
than an islanded microgrid, from a control point of view. There-
fore, these control strategies cannot be applied directly to an
islanded microgrid containing multiple units, such as droop-
controlled units which are widely adopted in the literature [5],
[13], [14], [20]–[23].

A control strategy that employs adaptive droop control for a
PV/battery hybrid unit in an islanded microgrid is investigated
in [24]. This strategy exhibits a few drawbacks. First, when the
PV power is very low or not available, the hybrid unit supplies
power based on the maximum droop slope, which is calculated
based on a predefined reduced power rating. This could deplete
the battery prematurely, if the battery power rating is close or
equal to the reduced power rating. Moreover, considering a
steep droop slope at low PV generation can result in unstable
operation. Second, in the battery charging scenario, the portion
of the PV power available to charge the battery is constrained by
the maximum limit of the droop slope, and the battery can only
be charged by the PV power. Third, PV curtailment starts only
when the battery SOC reaches the maximum limit. However, in
practice, the charging power should be reduced gradually when
the SOC approaches its maximum limit, to avoid battery voltage
excursions.

In this paper, a decentralized power management strat-
egy for a PV/battery hybrid unit in a droop-controlled mi-
crogrid is proposed. In the proposed strategy, the PV unit
is controlled as voltage source that follows a multi-segment
adaptive power/frequency characteristic curve. The proposed
power/frequency characteristics, of the hybrid unit and of the
whole microgrid, adapt autonomously to the operating condi-
tions of the microgrid so that the hybrid unit may supply the
maximum PV power, match the load, and/or charge the battery.
This is accomplished while maintaining the power balance in the
microgrid and respecting the battery SOC limits. In general, the
battery module within the hybrid unit is controlled to offer the
same operational functions that a separate storage unit can pro-
vide in an islanded microgrid, such as maintaining the microgrid
power balance and regulating the voltage and frequency.

All these features are achieved without relying on a cen-
tral management system and communications, unlike the ap-

proaches commonly proposed in the literature [6]–[12]. The
control strategy is implemented using a multi-loop control, with-
out relying on a state machine or flowcharts, which provides
smoother transitions between the strategy objectives.

The objectives of the proposed control strategy and the prob-
lem statement are discussed in Section II. In Section III, the
description of the islanded microgrid and the PV/battery hy-
brid unit is presented along with the structure of the power
management strategy. The control strategy is divided into two
parts, VSC control and dc–dc converters control. The VSC
control system is discussed in detail in Section IV, while the
dc–dc converters control system is presented in Section V.
Small-signal models of the proposed control loops are devel-
oped, and stability is analyzed in Section VI. Experimental re-
sults that validate the proposed control strategy are presented
and discussed in Section VII, followed by concluding remarks
in Section VIII.

II. PROBLEM STATEMENT

The objective of the proposed control strategy is to coordi-
nate the operation of the PV/battery unit with the other droop-
controlled units, to deliver the available PV power to the mi-
crogrid, while maintaining the power balance in the system and
respecting the SOC limits and power rating of the battery. More
specifically, the proposed control strategy provides the follow-
ing features without relying on communications:

1) The hybrid unit tracks and delivers all the available PV
power to the microgrid after charging the battery to the
desired SOC.

2) The hybrid unit can absorb power from the microgrid to
support charging the battery without disturbing the power
balance in the microgrid. In other words, the power used
to charge the battery will vary autonomously based on the
varying load and the available power from the PV unit to
ensure that the load demand is met and to avoid exceeding
the power ratings of the other units.

3) If the available PV power is more than the load demand,
the hybrid unit will match the varying load while storing
the surplus energy in the battery.

4) If the battery is fully charged, or if the surplus power
is higher than the battery converter rating, the control
strategy will autonomously adjust the PV operating point
to curtail the PV power generation so that it matches the
load.

5) The battery does not supply any power at steady state,
unless the load increases beyond the total generation in
the microgrid. Therefore, the battery within the hybrid unit
can maintain the power balance in the islanded microgrid,
similar to any separate battery storage unit.

The contribution of this paper is reflected in the aforemen-
tioned features, which are achieved by the proposed strategy
autonomously without relying on any central management sys-
tem, nor on communication, as most of the existing techniques
do. This improves the reliability of the system in comparison to
the strategies that employ communication and central manage-
ment algorithms.
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Fig. 1. Schematic diagram of the PV/battery hybrid system and the microgrid
structure.

Only a single PV/battery hybrid unit is considered in this
paper, as in [7]–[10], [12], [16]–[19], to introduce the concept
of the proposed multi-segment adaptive P/f characteristics.
The strategy can be modified to include multiple hybrid units;
however, this is beyond the scope of this paper.

III. SYSTEM DESCRIPTION AND POWER MANAGEMENT

STRUCTURE

A simplified diagram of the considered microgrid structure
is shown in Fig. 1. Unit 1 is the PV/battery hybrid unit under
consideration, whereas Unit 2 to Unit N are the droop-controlled
units. The block primary source represents a controllable (dis-
patchable) energy source with the required inner controllers to
regulate the dc voltage at the VSC input. The PV array is in-
terfaced to the dc-link through a unidirectional boost converter.
Ppvo refers to the PV power injected into the dc-link. PB repre-
sents the power at the battery terminals. The battery is interfaced
with the dc-link using a bidirectional converter to ensure fully
controlled charging and discharging of the battery. Also, utiliz-
ing a dc–dc converter provides flexibility in choosing the dc-link
voltage level and the battery voltage and configuration [25]. In
each unit, a three-phase VSC is used to interface the dc-link to
the microgrid through an LC filter, an interface inductor, and a
transformer. L and R represent the components of the feeders,
including the interface inductor, the leakage inductance of the
transformer, and the cable impedances.

The power management strategy can be subdivided into two
control subsystems. The first part is the VSC control system,
which is in charge of managing the power flow between the
hybrid system and the microgrid. It also indirectly coordinates
the operation of the PV and the battery to maintain the power

Fig. 2. Power/frequency characteristics of the droop-controlled units and the
equivalent characteristic that represents the combined behavior of the units.

balance in the hybrid system. The second is the dc–dc converters
control system. This part manages the power flow among the PV
array, the battery, and the dc-link in order to maintain the power
balance within the hybrid system. This is achieved by controlling
the dc–dc converters and the PV array voltage reference. In
general, the battery dc–dc converter is controlled to regulate the
dc-link voltage, while the PV converter is controlled to inject
the available PV power into the dc-link.

IV. VSC CONTROL STRATEGY

The objective of the VSC control strategy is to coordinate the
operation of the hybrid unit with other droop-controlled units
in the microgrid. The power/frequency (P/f ) characteristics of
these units are illustrated in Fig. 2. The equivalent character-
istic is the P/f characteristic of a single unit that represents
the aggregate behavior of these droop-controlled units, with an
output power of PD = (P2 + · · · + PN ). The power rating of
the equivalent unit (PD-max ) is the sum of the power ratings of
the droop-controlled units.

On the other hand, the VSC in the hybrid unit is controlled as
a voltage source to regulate the unit output power (PH ) by con-
trolling the frequency of the output voltage, as shown in Fig. 3.
The output power (PH ) is indirectly regulated by controlling
the battery power (PB ) using the PI controller PIP . Since the
battery dc–dc converter is maintaining the power balance within
the hybrid unit by controlling the dc-link voltage, the control
error (ep ) at the input of PIP can be given by

ep = PB -ref − PB

= PB -ref + (Ppvo − PH ) (1)

where the power losses are ignored to simplify the discussion
[6]–[12]. Defining Pref as

Pref = PB -ref + Ppvo (2)

the control error ep can be rewritten as

ep = Pref − PH . (3)

Therefore, regulating PB at PB -ref is equivalent to regulate
the output power (PH ) at the reference Pref . Note that the
controller can be implemented to directly regulate PH at the
reference Pref , which can be generated using the measured Ppvo
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Fig. 3. Proposed control strategy.

Fig. 4. Equivalent power/frequency characteristics of the hybrid unit.

and the reference PB -ref . However, in the case of calculating
the reference using the measured Ppvo , when the VSC output
power is regulated at Pref , the losses of the power converters
will be supplied by the battery. Therefore, the implementation
in Fig. 3 is preferred because it inherently takes into account the
power converter losses.

Even though the operating frequency is used to control the
power, the frequency range available to control the power is
deliberately restricted within the band [fmin , fo ] to produce the
proposed P/f characteristic of the hybrid unit. The equivalent
P/f characteristic of the hybrid unit, as seen by the microgrid, is
illustrated in Fig. 4, where PL is the load demand and PB−max

is the maximum power that can be supplied/absorbed by the
battery (battery power rating). Note that since the microgrid
operating frequency is regulated by the droop-controlled units
based on the delivered power (PD ), the operating frequency is

Fig. 5. Equivalent P/f characteristics of the microgrid, along with the in-
creasing load trajectory.

considered as the independent variable in Fig. 4. Despite the
operating point frequency that changes with PD , the hybrid unit
regulates PH at Pref . This is achieved by using a PI controller
instead of the simple proportional control (droop control) that
is commonly used in grid-connected applications where the
frequency is fixed by the utility grid side [26], [27]. In other
words, the integral control is added to compensate for the change
in frequency that is set by the droop-controlled units. To gain
insight into the coordination of the microgrid units, the P/f
characteristics, from Figs. 2 and 4, can be combined into one
that describes the P/f characteristics of the whole microgrid, as
shown in Fig. 5. The generic axis label P (W) refers to the load
power in the whole microgrid, while PL is the current load power
that indicates the P/f operating point of the whole microgrid at
a given instant. The shape of the P/f characteristic curve and
the microgrid operating point are determined by the proposed
strategy based on the variables PL , Ppvo , and the battery SOC.
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The objective of the VSC controller at any given time is
either to charge the battery or to supply all the available PV
power to the microgrid. The priority controller in Fig. 3 sets the
objective of the control strategy by determining the reference
PB -ref based on the battery SOC and the reference SOCnom .
The reference SOCnom is the nominal SOC that the controller
should always attempt to reach to ensure that the battery can
support the microgrid during peak loads and/or low PV power
periods. The control loops are designed so that the objective of
the control strategy at any time is set based on two levels of
priority as follows:

1) Level 1: At this level, the priority of the control strategy is
either set to charge the battery or to deliver all the avail-
able PV power to the microgrid. The priority controller
decides the objective at this level based on the battery
SOC. The implementation of this controller (compara-
tor) is discussed in Section IV-B.

2) Level 2: This level represents the highest priority of the
control strategy, which is dedicated to maintain the power
balance in the islanded microgrid, and to prevent the bat-
tery SOC and the battery power from exceeding their
maximum limits, regardless of the Level 1 priority.

The reactive power flow is controlled using a PI controller
(PIQ ) to follow the reference Qref [26], [27]. The microgrid
voltage is regulated by the droop-controlled units based on their
V/Q droop characteristics. Therefore, the microgid bus voltage
is determined by these units: the load real/reactive power de-
mand and the feeder impedances. On the other hand, the hybrid
unit regulates the reactive power by adjusting the unit output
voltage so that the voltage difference across the feeder results in
the desired reactive power flow (Qref ). It is worth mentioning
that controlling the hybrid unit as a voltage source provides the
advantage of using V/Q droop control, which is commonly used
in islanded microgrids [28]–[33].

To effectively explain the concept of the proposed control
strategy, the microgrid operation is divided into two operating
scenarios based on the battery SOC and the control strategy
objectives. In both of these scenarios, a maximum power point
tracking (MPPT) scheme is activated to track the maximum PV
power (Ppv-mppt); in other words, Ppvo=Ppv-mppt . The details
of the control action in these operating scenarios are discussed
in the following sections.

A. Nominal Operating Scenario

The control strategy operates in this scenario when SOC ≥
SOCnom . Accordingly, the priority controller sets the ref-
erence PB -ref to zero, and hence, Pref is determined by
Ppvo=Ppv-mppt . Therefore, in the nominal operating scenario,
the objective is to supply all available PV power to the micro-
grid.

It is worth emphasizing that the priority controller has no
direct control (closed-loop control) over the battery power (PB ).
Instead, the battery power is controlled indirectly by regulating
the power supplied to the microgrid at the reference Pref . This
design allows the control strategy to place the highest priority
on maintaining the power balance in the microgrid, as will be

Fig. 6. P/f characteristics of the microgrid in the nominal operating scenario
when the PV power decreases from Ppv -m ppt-I to Ppv -m ppt-I I .

discussed later in this section. More details on direct charging
control will be discussed in Section V.

The system operating point can be on any of the three P/f
characteristic segments, depending on the load demand (PL )
and Ppv-mppt , as in the following three cases:

1) Ppv-mppt ≤ PL ≤ (Ppv-mppt + PD-max): This case
corresponds to the middle segment in Figs. 4 and 5, where the
hybrid unit supplies all the available PV power to the microgrid
(PH = Ppv-mppt). The rest of the load is supplied by the
droop-controlled units, which cooperatively set the operating
frequency according to the equivalent droop characteristics (see
Fig. 2), and the supplied power PD .

Since Ppv-mppt depends on the solar irradiance and the tem-
perature, the P/f characteristic in Fig. 4 may shift up or down
accordingly, which corresponds to shifting the characteristic
curve right or left in Fig. 5. This effect is shown in Fig. 6 where
the PV power drops from Ppv-mppt-I to Ppv-mppt-I I , causing
the output power to drop from PH -I to PH -I I , and the whole
P/f characteristic to shift to the left. Accordingly, the total out-
put power of the droop-controlled units increases from PD-I to
PD-I I to compensate for the reduction in PV generation, with
each unit supplying its share based on its own droop character-
istic (see Fig. 2).

2) PL > (Ppv-mppt + PD-max): The droop-controlled
units reduce the frequency in response to any increase in
delivered power, while the hybrid unit follows the change
in frequency to maintain the output power at Ppv-mppt . The
droop-controlled units reach their rated powers at f = fmin

(see Fig. 2). If the load increases and/or the PV power drops
such that PL is greater than the total of (Ppv-mppt + PD-max),
the droop-controlled units attempt to reduce the frequency
below fmin according to their droop characteristics. However,
according to the proposed P/f characteristic (see Fig. 5), the
hybrid unit starts regulating the frequency at fmin . This results
in regulating the output of the droop-controlled units at their
rating limits and in the hybrid unit supplying the deficit in the
generation/load balance while regulating the frequency at fmin .

This scenario corresponds to the flat segment of the P/f char-
acteristic at fmin in Fig. 5, where the operating point transition
into this segment is illustrated by the increasing load trajec-
tory. The battery dc–dc converter will supply this extra power
(deficit power) from the battery to maintain the dc-link volt-
age regulated at its nominal value. When the load decreases
below (Ppv-mppt + PD-max), the droop control units increase
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Fig. 7. P/f operating point trajectory when the load changes from PL -I to
PL -I I , where PL -I I < Ppv -m ppt .

the frequency above fmin . Accordingly, the hybrid unit starts
regulating the supplied power PH at Ppv-mppt again. It is worth
mentioning that if the extra power (deficit power) increases be-
yond the battery power rating or the battery is fully discharged,
some loads must be shed to keep the microgrid operating [5]. In
this case, load shedding is inevitable, regardless of what power
management strategy is used. Load shedding is considered be-
yond the scope of this paper.

3) PL < Ppv-mppt: According to the earlier discussion, the
hybrid unit always attempts to supply all available PV power
Ppv-mppt to the microgrid, while the droop-controlled units
match the rest of the load. Therefore, as the load demand de-
creases, PD decreases until the point when PD reaches to zero.
At this point, the entire load is being supplied by the hybrid
unit (PH = Ppv-mppt = PL ) at f=fo . If the load decreases
beyond this point, i.e., (PL < Ppv-mppt), the droop-controlled
units try to increase the frequency above fo to avoid reverse
power flow [34]. On the other hand, the hybrid unit still tries to
supply Ppv-mppt to the microgrid by increasing the frequency
too. However, the upper limit of the frequency reference is set
to fo as shown in Fig. 3, and illustrated by the flat segment of
the P/f characteristic at fo in Fig. 7. This results in the hybrid
unit regulating the frequency at fo while matching the varying
load demand (PH = PL ) autonomously. The surplus power de-
termined by (Ppv-mppt − PL ) tends to raise the dc-link voltage;
however, since the battery dc–dc converter regulates the dc-link
voltage, it will direct the surplus power to the battery. This main-
tains the power balance in the hybrid unit and also in the whole
microgrid. This scenario is illustrated in Fig. 7 when the load
drops from PL-I to PL-I I .

In conclusion, even though the objective is set to supply all
available PV power to the microgrid, maintaining the power
balance is given the highest priority, which is achieved by au-
tonomously matching the load and storing the surplus power.

B. Battery Charging Scenario

The control strategy operates in this scenario when SOC <
SOCnom . Therefore, the reference PB -ref is set to −PB -max ,
and accordingly, the power reference Pref is set to (Ppvo −
PB -max ). The maximum charging power is assumed to be
PB -max in this paper; however, a different value can be used
based on the battery specifications and the design preference.

Fig. 8. SOC /PB -r ef characteristic curve of the priority controller.

Fig. 9. P/f characteristic illustrating the battery charging scenario when
Ppv -m ppt≥PB -m ax , and when the load increases.

Using a hard comparator to implement the priority controller
can result in a chattering problem in the reference PB -ref . In-
stead, a fixed SOC/PB -ref charging curve is used as shown in
Fig. 8 [35]. The SOC/PB -ref curve is defined by

PB -ref = −PB -max + PB -max(1 − e
− SOC−SOCnom+ δ SOC

δ SOC/ k δ ) (4)

where the constant kδ dictates how fast the PB -ref curve ap-
proaches zero when the SOC approaches SOCnom . Note that
by choosing δSOC << SOCnom , e.g., δSOC= 0.1% versus
SOCnom =65%, the curve in Fig. 8 operates as a comparator
with a soft transition in the reference PB -ref . The behavior
of the proposed control strategy in this scenario is discussed
through the following two cases:

1) Ppv-mppt ≥ PB -max : In this case, the PV available power
is sufficient to charge the battery at PB -max , while the remaining
power is supplied to the microgrid. The power supplied to the
microgrid (PH ) is determined by the reference Pref , i.e., by
the difference (Ppv-mppt − PB -max ). When the VSC supplies
this power to the microgrid, the battery dc–dc converter injects
the remaining PV power (PB -max ) into the battery, to regulate
the dc-link voltage. Therefore, charging the battery is indirectly
achieved by controlling the power supplied to the microgrid.

Even though the objective of the control strategy during this
operating scenario is to charge the battery, maintaining the
power balance in the microgrid is still given the highest priority.
The transition in the operating point and the P/f characteristics
to maintain the power balance in the microgrid while charging
the battery is illustrated in Fig. 9 and described in the following
steps:
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Fig. 10. P/f characteristic during the battery charging scenario when
Ppv -m ppt <PB -m ax .

1) Initially, the battery is being charged solely by the PV
power with PB -I = PB -max , whereas the remaining PV
power is supplied to the microgrid to cover a part of the
load demand PL-I . The rest of the load is supplied by the
droop-controlled units according to the equivalent droop
characteristic, which determines the operating point A.

2) The droop-controlled units continue to supply any in-
crease in the load demand until they reach their ratings
at fmin (point B).

3) If the load increases beyond point B, e.g., to PL-I I (point
C), the droop-controlled units will attempt to decrease the
operating frequency below fmin . However, as explained
earlier, the hybrid unit starts regulating the frequency at
fmin . This results in regulating the output of the droop-
controlled units at their ratings, while the increase in the
load is supplied by the hybrid unit. The increase in the
hybrid unit output from PH -I to PH -I I is equivalent to
shifting the P/f characteristic curve to the right as shown
in Fig. 9. Accordingly, the charging power is reduced by
the battery dc–dc converter to PB -I I in order to regulate
the dc-link voltage.

4) The hybrid unit continues to supply any increase in the
load from the PV, until it supplies all the available PV
power, i.e., PH =Ppv-mppt . In this case, the charging
power is reduced to zero. Any further increase in the load
demand will be met by the battery to maintain the power
balance in the microgrid as in the nominal operating sce-
nario (see Fig. 5).

In conclusion, even though the objective in this scenario is to
charge the battery, the control strategy still places higher priority
on maintaining the power balance in the microgrid by meeting
the increasing load demand.

2) Ppv-mppt < PB -max : In this case, Pref is negative and
the hybrid unit absorbs the power difference (Ppv-mppt −
PB -max ) to support charging the battery at PB -max . This is
equivalent to shifting the P/f characteristic to the left resulting
in the characteristic of Fig. 10. Under this condition, the hybrid
unit is seen as a part of the load demand by the droop-controlled
units.

The droop-controlled units continue to support the battery
charging and supply any increase in the load until they reach
their ratings. Any increase in the load beyond this point will
cause the P/f characteristic to shift to the right similar to the
previous case illustrated in Fig. 9.

V. DC–DC CONVERTERS CONTROL SYSTEM

In both operating scenarios discussed earlier in Section IV,
the PV converter extracts and injects all the available PV power
(Ppv-mppt) into the dc-link, whereas the dc-link voltage is regu-
lated by the battery dc–dc converter. In those scenarios, the PV
voltage reference (vpv-ref ) is determined solely by the MPPT
algorithm.

Two operational cases have not been considered yet in the
aforementioned scenarios. These cases are discussed below:

1) Case 1: The SOC may increase beyond the maximum
preset SOC limit of the battery (SOCmax ), while the
hybrid unit is attempting to store the surplus PV power in
the battery, in order to maintain the power balance in the
microgrid. This may occur during the nominal operating
scenario when PL < Ppv-mppt .

2) Case 2: This case occurs when the surplus PV power is
larger than the battery power rating PB -max . This can only
happen if the battery and its converter ratings are chosen
to be less than the PV power rating. Moreover, in practice,
the charging power is commonly reduced when the SOC
approaches its maximum limit SOCmax to avoid battery
voltage excursions [35], [36].

Accordingly, a dedicated controller is required to ensure con-
trolled charging. One option is to use a simple two-stage charg-
ing control, a constant current/power stage followed by a con-
stant voltage stage. Since the main focus of this paper is on the
coordination of the hybrid unit in the microgrid, the two-stage
charging is considered adequate for validating the proposed
power management strategy. Moreover, the control strategy is
able to incorporate different charging curves that may use the
battery SOC or voltage to set the charging power reference
[36]–[40].

However, since the power available to charge the battery
varies based on the varying PV power and the load, the pro-
posed controller is used here only to set the charging power
limit (Pch-limit) based on the battery voltage, as can be seen in
Fig. 3. The inner PB control loop, shown in Fig. 3, is introduced
to limit the charging power from exceeding Pch-limit at any
time.

When the voltage is lower than the set voltage limit VB -limit ,
the output of the controller PIv is saturated at zero, and hence,
Pch-limit is set to −PB -max . The controller continues operating
in this constant power stage, until the battery voltage goes be-
yond VB -limit . At this point, the controller PIv starts reducing
the charging power reference Pch-limit to regulate the battery
voltage while charging the battery at a reduced rate.

If the charging power is less than the reference |Pch-limit |,
the output of the controller PIB remains zero, and therefore, the
battery continues charging at the same rate. If the load decreases
and/or VB increases such that |PB | is higher than the reference
|Pch-limit |, the controller PIB starts adjusting the PV voltage
so that the charging power follows the reference Pch-limit . In
other words, the charging reference sets the upper limit for the
charging power.

The charging controller moves the PV operating point away
from the maximum power point (MPP) (see Fig. 11), into the
voltage source region of the PV characteristic curve to curtail
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Fig. 11. PV power characteristics (Irradiance = 1000 W/m2 , T = 25 ◦C)
showing the MPP and the PIB control region.

the PV power until PB settles at PB -ref . During this control
action, the MPPT algorithm is disabled and the voltage vmppt

is held at the most recent MPP voltage. The output of PIB is
used here to disable the MPPT scheme using the logic shown in
Fig. 3.

The PIB control loop continues adjusting the PV operating
point so that the PV power autonomously matches the varying
load demand and the charging power combined, as explained in
the following:

1) Initially, the controller PIB can only curtail the PV power
by adjusting the PV operating point in one direction as
shown in Fig. 11, which is achieved using the chosen
saturation limits. Once the controller starts operating such
that PB =Pch-limit , the PIB output settles at a positive
value due to the integral action. Accordingly, this gives the
controller the freedom to adjust the operating point in both
directions, reducing the PV power and, also, increasing the
PV power up to the Ppv-mppt limit.

2) If |PB | drops below |Pch-limit |, due to an increase
in demand for example, PIB starts decreasing the PV
voltage reference. This results in moving the operating
point toward the MPP (increasing the PV power) until
PB = Pch-limit and the increase in the PV power matches
the increase in the load demand. Similarly, if |PB | in-
creases above |Pch-limit |, the controller increases the PV
voltage which moves the operating point further from the
MPP. In both cases, the hybrid unit matches the change in
the load demand using the PV power.

During the above control action, the hybrid unit continues
operating in the same operating scenario (nominal or battery
charging scenario), however with reduced PV power output.

When the load demand increases and/or the PV power drops,
the controller moves the PV operating point toward the MPP un-
til the PIB output is reduced to zero. Consequently, the MPPT
scheme is activated again, and hence, Ppvo=Ppv-mppt . Any in-
crease in the load demand beyond this point will be supplied by
the droop-controlled units as explained in Section IV.

VI. SMALL-SIGNAL MODEL OF THE PROPOSED

CONTROL LOOPS

Modeling and control designs of the voltage controllers for the
dc–dc converters and VSCs are well established in the literature.

The voltage controllers for the dc–dc converter are designed in
this paper as in [4], while the voltage control loops for the VSCs
are designed as in [41].

Therefore, the focus of this section is only on the real/reactive
control loops and the battery charging loop (PB control loop)
to gain insight into the dynamics and the control design of these
loops.

A. Real/Reactive Control Loops

The real and reactive power flows at the output of the hybrid
unit are described as follows [42]:

PH =
(RV 2 − RV Vpcc cos δ + XV Vpcc sin δ)

R2 + X2 (5)

QH =
(XV 2 − XV Vpcc cos δ − RV Vpcc sin δ)

R2 + X2 (6)

where R and X are the resistive and inductive components of
the feeder impedance, δ is the power angle, V is the unit output
voltage, and Vpcc is the microgrid bus voltage. The real and
reactive power controllers equations, taking into account the
low-pass filters in the measurement channels, are given by

ω = ωo +
Kp-ps + Ki-p

s
(PB -ref − 1

Ts + 1
(Ppvo − PH ))(7)

V = Vo +
Kp-q s + Ki-q

s
(Qref − 1

Ts + 1
QH ) (8)

where V and ω are the output voltage and angular frequency, Vo

and ωo are the nominal voltage and angular frequency, Kp-p and
Ki-p are the proportional and integral gains of the real power
controller (PIP ), and Kp-q and Ki-q are the proportional and in-
tegral gains of the reactive power controller (PIQ ), respectively.
Linearizing (5)–(8) around an operating point

ΔPH =
(

∂PH

∂V

)
ΔV +

(
∂PH

∂δ

)
Δδ

= KpvΔV + KpδΔδ (9)

ΔQH =
(

∂QH

∂V

)
ΔV +

(
∂QH

∂δ

)
Δδ

= KqvΔV + KqδΔδ (10)

Δω = −Kp-ps + Ki-p
s(Ts + 1)

ΔPH (11)

ΔV = −Kp-q s + Ki-q
s(Ts + 1)

ΔQH = Gv (s)ΔQH (12)

where Kpv , Kpδ , Kqv , and Kqδ are evaluated at the consid-
ered operating point. Considering that Δω = sΔδ, (11) can be
rewritten as

Δδ = −Kp-ps + Ki-p
s2(Ts + 1)

ΔPH = GδΔPH . (13)
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TABLE I
SYSTEM PARAMETERS

Description Parameter Value

Nominal frequency fo 60 Hz
Nominal voltage (line–line) Vo 208 Vl l

Hybrid unit (Unit 1) power rating PH -m a x 2500 W
Droop-controlled unit rating PD -m a x 1000 W
Frequency droop limit Δfm a x 0.25 Hz
Nominal dc-link voltage Vdc-r e f 400 V
Nominal battery voltage VB 156 V
Battery capacity Cb a t 32 Ah
Battery converter rating PB -m a x 1000 W
PV open-circuit voltage Vo c 287 V
PV short-circuit current Is c 7.25 A
PV array power rating Pp v -m a x 1.5 kW
Feeder inductance L 4 mH
Feeder resistance R 1.1 Ω
PIP controller gains Kp -p 0.0005 Hz/W

Ki -p 0.005 Hz/(W·s)
PIQ controller gains Kp -q 0.01 V/var

Ki -q 0.5 V/(var·s)
PIB controller gains Kp -B 0 V/W

Ki -B 0.6022 V/(W·s)

Substituting for ΔPH from (13) into (9), Δδ is given by

Δδ =
Gδ (s)Kpv

1 − KpδGδ (s)
ΔV = Gδv (s)ΔV. (14)

Substituting for ΔQH from (12) into (10), ΔV can be given
by

ΔV =
Gv (s)Kqδ

1 − KqvGv (s)
Δδ = Gvδ (s)Δδ. (15)

Using (14) and (15), the characteristic equation can be written
as

1 − Gδv (s)Gvδ (s) = 0. (16)

Substituting for Gδv (s) and Gvδ (s) from (14) and (15), the
characteristic equation can be written as follows:

a5s
5 + a4s

4 + a3s
3 + a2s

2 + a1s + ao = 0 (17)

where

a5 = T 2 (18)

a4 = 2T + TKqvKp-q (19)

a3 = 1 + TKqvKi-q + KqvKp-q + TKpδKp-p (20)

a2 = KqvKi-q + KpδKp-p + KpδKp-pKqvKp-q

+TKpδKi-p − KpvKp-pKqδKp-q (21)

a1 = KpδKp-pKqvKi-q + KpδKi-p + KpδKi-pKqvKp-q

−KpvKp-pKqδKi-q − KpvKi-pKqδKp-q (22)

a0 = KpδKi-pKqvKi-q − KpvKi-pKqδKi-q . (23)

Root trajectories considering the system parameters in Table I
are shown in Fig. 12(a), when the gain Ki-p is varied from 0.01 to
0.07 with a step of 0.005 rad/(W·s 2), and Kp-p = 2π × 0.0005
rad/(W·s). The zoomed-in view of the encircled root trajectory
is shown Fig. 12(b), which shows that the effect of the gain Ki-p

Fig. 12. Root trajectories of the real/reactive control loops when the gain
Ki-p changes from 0.01 to 0.07 with a step of 0.005 rad/(W·s2 ). (a) All the
roots trajectories. (b) Zoomed-in view of the least sensitive trajectory.

on the position of this pole is insignificant. The position of this
pole is mainly determined by the integral gain of PIQ.

B. Charging Control Loop

The dynamics of the battery SOC and, hence, voltage are
considerably slower in comparison to those of the control loops
of the dc–dc converters and the VSC. Therefore, the set point
Pch-limit can be considered as an independent reference.

On the other hand, the PB control loop can be designed to
have slower dynamics than those of the dc–dc converters to
avoid interaction with the inner voltage control loops of these
converters, which is a common practice in designing multi-loop
control systems. In other words, the closed loop of the dc–dc
converters can be represented as unity gains in the considered
bandwidth range of the outer PB control loop, as will be dis-
cussed next.

Accordingly, the approximated model of the PB control loop
is developed as shown in Fig. 13(a). The transfer functions Gpv

and GB represent the dynamics of the PV and the battery control
loops, while f(vpv ) represents the Ppv/vpv characteristic curve
(see Fig. 11), which is a nonlinear function. This function can be
approximated by a straight line in the PV characteristic region
under consideration as illustrated in Fig. 11, where −γpv indi-
cates the slope of the line. Considering the linearized PV char-
acteristic curve and that Gpv and GB are approximated by unity
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Fig. 13. Approximated model of the PB Control Loop. (a) Nonlinear model.
(b) Linearized model.

Fig. 14. Approximated model of the charging control loop.

gains in the loop bandwidth under consideration, the linearized
model of the charging loop is illustrated in Fig. 13(b). Ppv and
PH o represent the PV power and the load power, supplied by
the hybrid unit, at the considered operating point. Accordingly,
the open-loop transfer function can be given by

GB -ol =
Kp-B s + Ki-B

s
γpv (24)

where Kp-B and Ki-B are the proportional and integral gains of
the controller PIB . By setting Kp-B = 0, the closed-loop results
in a first-order transfer function as follows:

GB -cl =
1

Tchs + 1
(25)

where

Tch =
1

Ki-B γpv
. (26)

In conclusion, a simple integral controller can be used in the
charging control loop. The gain Ki-B is chosen so that the PB

control loop is 10–15 times slower than the inner control loops.
The voltage control loops (inner loops) are designed as in [4],
which results in closed loop crossover frequencies of 271 and
471 rad/s for the battery and the PV controllers, respectively.
Considering the nominal PV characteristics in Fig. 11, γpv ≈ 40
W/V around Ppv = 1000 W. Accordingly, choosing Ki-B as
0.6775 results in 1/Tch = 27.1 rad/s, which is one-tenth of the
bandwidth of the slowest inner loop (271 rad/s).

Consequently, the outer voltage control loop can be modeled
as in Fig. 14. The transfer function GBv is used to describe the
behavior of the battery voltage around the maximum voltage
limit (VB -limit) operating region. To gain insight into the be-
havior of the battery in this operating region, the experimental
results in Fig. 15 show the battery voltage excursions beyond
the maximum limit VB -limit of 185 V, when the battery is being
charged at a constant rate (PBo ) of 780 W at high SOC levels
(SOC > 90%).

The battery voltage behavior can be approximated by two
lines in the considered operating region as shown in Fig. 15.

Fig. 15. Experimental results illustrating the battery voltage excursion beyond
VB -l im it during unconstrained constant power charging.

Fig. 16. Dominant root trajectories of the charging control loop when the gain
Ki−ch is varied from 2 to 100 with a step of 0.25.

Fig. 17. Experimental microgrid prototype.

Accordingly, the transfer function GBv can be approximated by
an integrator as below

GBv =
KBv

s
(27)

where the constant KBv has two different values which cor-
respond to the different operating segments represented by
the slopes S1 and S2 . Considering the battery voltage be-
havior in Fig. 15, KBv can be approximated by two val-
ues, KBv1 = 5.38 × 10−5 V/(W·s) and KBv2 = 1.129 × 10−3

V/(W·s), corresponding to S1/PBo and S2/PBo .
Note that when the charging power changes, the slopes S1

and S2 will change, since they represent the change in voltage
versus time (V/s) at a certain charging power. However, the gains
KBv1 and KBv2 can still approximate the battery behavior since
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Fig. 18. Experimental performance of the proposed strategy during the nominal operating scenario: (a) In response to load changes, and (b) in response to PV
power changes.

they represent the change in voltage versus charging power and
time V/(W·s). For a more accurate approximation, a specific set
of charging curves can be used to calculate the gains KBv1 and
KBv2 for a specific set of charging rates.

From Fig. 14, the characteristic equation of the closed-loop
system is given by

Tchs3 + s2 + Kp-chKBvs + Ki-chKBv = 0. (28)

Considering that KBv = KBv2 and Kp-ch = 100, while
varying Ki-ch from 2 to 100 with a step of 0.25, the dominant
root trajectories are shown in Fig. 16.

VII. EXPERIMENTAL VALIDATION

A. Experimental Setup

The power management strategy is validated experimentally
on a two-unit prototype microgrid that is shown in Fig. 17. Unit
1 is the hybrid unit, while Unit 2 represents the equivalent of the
droop-controlled units with a combined output power of PD .
The droop-controlled unit is powered by a Chroma 62050H dc
power supply. The PV array is emulated using a commercial PV
simulator from Chroma. Both units are connected to a three-
phase microgrid bus, which is connected to a programmable
load bank. The key parameters of the experimental system are
shown in Table I. The hybrid unit is configured as in Fig. 1
with MOSFET-based boost and synchronous boost topologies
used for the unidirectional and bidirectional converters, respec-

tively. The inverters are based on six-switch IGBT modules. The
control strategy is programmed to run on the Texas Instruments
TMS320F28335 floating-point microcontrollers that control the
power electronic converters. The experimental data collection
programs are written in Python and run on a Ubuntu Linux plat-
form, which is connected to the microcontrollers using Texas
Instruments Ethernet-to-serial converters.

B. Experimental Results

The performance of the proposed strategy is validated through
experiments under the nominal scenario with changes in both
load and generation, and under the charging scenario. Additional
experiments show the transition between the scenarios and the
action of the charging control loop.

1) Nominal Scenario: Performance of the proposed strat-
egy during the nominal operating scenario in response to load
changes is illustrated in Fig. 18(a). During this scenario, the
SOC is higher than SOCnom , which is set to 65%. To effec-
tively illustrate the performance, the system behavior is divided
into four regions.

Between t = 0 and t = t1 , the hybrid unit delivers all avail-
able PV power to the microgrid by regulating the battery power
at PB = 0 W. Therefore, the hybrid unit appears in the microgrid
as a power-controlled source. On the other hand, the increasing
load demand is met by the droop-controlled unit. This results in
dropping the frequency in response to the increasing load. The
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droop-controlled unit continues to supply the increasing load
demand until it reaches its maximum power rating of 1000 W at
t = t1 . At this point, the frequency reaches its minimum limit
of fmin , i.e., 59.75 Hz.

From t = t1 to t = t2 , the load increases beyond the power
available from the PV and the droop-controlled unit, combined
(PL > Ppv-mppt + PD-max ). As discussed in Section IV-A and
illustrated by the microgrid P/f characteristics (see Fig. 5), the
hybrid unit starts regulating the operating frequency at fmin ,
which results in limiting the PD at PD-max . Consequently, the
hybrid unit operates as a voltage source and, therefore, matches
the varying load by supplying the deficit power from the battery,
resulting in a drop in the SOC.

At t = t2 , the load demand drops below the total of
(Ppv-mppt + PD-max ), and therefore, the hybrid unit returns
to operating as a power-controlled source, while the droop-
controlled unit supplies the rest of the load.

The load demand continues to drop until PD = 0 W at t = t3 .
For t ≥ t3 , the load decreases below the available PV power,
i.e., PL < Ppv-mppt . Consequently, as discussed in Section IV-
A (see Fig. 7), the hybrid unit autonomously starts acting as a
voltage source, while regulating the frequency at f = fo and
matching the available load demand in the microgrid. As can be
seen in Fig. 18(a), the surplus power from the PV is absorbed
by the battery to maintain the power balance in the hybrid unit
and, also, in the microgrid.

Performance of the strategy in response to PV power changes
is illustrated in Fig. 18(b). In this experiment, the load is kept
constant around 1000 W, and the PV power is varied by changing
the irradiance setting in the PV simulator from 200 to 1000
W/m2 .

Between t = 0 and t = t1 , it is shown in Fig. 18(b) that the
hybrid unit tracks and supplies all the available PV power to
the microgrid while regulating the battery power at PB -ref = 0
W, as explained in Section IV-A. Since the load demand is kept
constant, the output power from the droop-controlled unit is
reduced in response to the increasing power from the hybrid
unit, which operates as a power controlled source in this period.
The output power PH continues to increase with increasing PV
power until it supplies all the load, and PD reduces to zero.

The increase in the PV power beyond this limit (for t ≥ t1)
results in the controller PIP (see Fig. 3) saturating at f = fo .
This causes the hybrid unit to behave as a voltage source and,
therefore, matches the load demand. This shows how the high-
est priority of maintaining the power balance in the microgrid is
achieved by the control strategy autonomously. Consequently,
the surplus PV power is absorbed by the battery, which is respon-
sible for regulating the dc-link voltage and, hence, maintaining
the power balance within the hybrid unit. The battery continues
to store the surplus energy until the PV power drops below the
load demand.

Moreover, the performance of the control strategy in response
to both load and PV power changes is illustrated in Fig. 19. As in
the previous experiments, Fig. 19 shows the effective response
of the strategy to variations in load and PV power. The hybrid
unit successfully maintains the power balance in the microgrid,
by supplying the deficit power in the microgrid for t ≤ t1 and

Fig. 19. Experimental performance during the nominal operating scenario in
response to both PV and load demand variations.

t ≥ t4 , and absorbing the surplus power between t = t2 and
t = t3 .

2) Charging Scenario: The performance of the proposed
strategy during the charging operating scenario is illustrated
in Fig. 20. In this scenario, the objective is to charge the battery
at PB -max (−1000 W). Since the available PV power is less
than PB -max , the rest of the charging power and the losses are
imported from the microgrid. In this case, the hybrid unit ap-
pears as a load in the microgrid, which is equivalent to shifting
the P/f characteristic to the left as explained in Section IV-B
(see Fig. 10).

When the load starts increasing at t = t1 , the droop-controlled
unit starts supplying the increased load demand, while the
battery is still being charged at its maximum rating until PD

reaches PD-max at t = t2 . As the load increases beyond this
point, the hybrid unit starts regulating the frequency at fmin ,
due to the chosen limit of the controller PIP output. This results
in limiting the output of the droop-controlled units at their rated
powers while reducing the power flow into the hybrid unit until
PH = 0 W. This happens because the hybrid unit operates as a
voltage-controlled source that regulates the frequency. On the
other hand, the output powers of the droop-controlled units are
regulated at their ratings, i.e., they start operating as power-
controlled sources.

Any increase in the load demand beyond this point will be
supplied by the hybrid unit as the P/f characteristic continues
to shift to the right until all the PV power is being delivered
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Fig. 20. Experimental results of the proposed strategy during the charging
operating scenario.

to the load, which happens at t = t3 . At this moment, the P/f
characteristic curve will resemble the one in Fig. 5. Any further
increase in the load will be supplied by the battery as discussed
in Section IV-A.

The control strategy resumes charging the battery after the
load demand drops below the total generation as shown in Fig. 20
for t > t4 .

3) Transition Between Operating Scenarios: The perfor-
mance of the proposed strategy during a transition from the
charging scenario to the nominal operating scenario is illus-
trated in Fig. 21. In this experiment, δSOC is set to 0.1%, while
SOCnom is set to 65%.

Initially, the system is operating in the charging scenario
while the battery is being charged at its maximum rating.
The SOC continues increasing until it reaches the limit of
(SOCnom − δSOC), i.e., 64.9% at t = t1 . At this moment, the
charging priority controller starts reducing the reference PB -ref

exponentially as a function of the rising SOC (see Fig. 8). As
can be seen in Fig. 21, the charging power is reduced and,
consequently, the hybrid unit output PH increases until all the
available PV power is delivered to the microgrid.

Moreover, the load PL is stepped up and down several times
to examine the performance of the power control loop during
the transition phase, in response to load disturbances. As shown
in Fig. 21, the hybrid unit continues to operate as a power-
controlled source until t = t2 . At this point, the load demand is
dropped below the supplied PV power, and therefore, the hybrid

Fig. 21. Experimental results of the proposed strategy during transition from
the charging scenario to the nominal operating scenario.

unit autonomously starts to operate as a voltage source to match
the available load demand while regulating the frequency at fo .

4) Performance of the Charging Control Loop: The perfor-
mance of the battery voltage and charging control loops is val-
idated through experiments. The results are shown in Fig. 22.
Initially, the load is less than 200 W, while the available PV
power is 1000 W, which forces the hybrid unit to operate as
a voltage source to match the available load demand. In this
case, the battery is used to store the surplus PV power in order
to maintain the power balance in the microgrid. The battery is
being charged continuously until a voltage excursion occurs at
t = t1 , when the voltage starts to exceed the maximum voltage
limit of the battery VB -limit . This indicates that the battery can
no longer be charged at the current rate.

Accordingly, the controller PIV (see Fig. 3) starts reducing
the charging limit reference Pch-limit at t = t1 . Once the charg-
ing limit reference becomes less than charging power PB , the
controller PIB starts reducing the PV power output so that PB

matches Pch-limit . As shown in Fig. 22, the control loop dis-
ables the MPPT algorithm and starts increasing the PV voltage
to move the PV operating point to the right of the MPP on the
PV curve.

To examine the performance of the proposed strategy in the
event of load changes, the load is stepped up and down several
times starting at t = t2 . The results show that the control strategy
can successfully adjust the PV operating point autonomously so
that the PV power matches the varying load while regulating the
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Fig. 22. Experimental results showing the action of the proposed charging
controller.

battery voltage at its limit. At t = t3 , the load demand increase
forces the PV operating point to move back to the MPP while
enabling the MPPT algorithm again.

VIII. CONCLUSION

In this paper, a power management strategy that enables con-
trolling a PV/battery unit as a voltage source in an islanded
microgrid is proposed. In contrast to the common approach of
controlling the PV unit as a current source in the literature, it
is shown that controlling the hybrid unit as a voltage source
that follows the proposed adaptive power/frequency character-
istics can achieve decentralized control of the hybrid unit in
the islanded microgrid without relying on a central EMS and
communications. It is demonstrated experimentally that the pro-
posed power/frequency characteristics can adapt autonomously
to the microgrid operating conditions so that the hybrid unit may
supply the maximum PV power, match the load, and/or charge
the battery, while maintaining the power balance in the micro-
grid and respecting the battery SOC limits. Also, small-signal
stability of the proposed control loops is investigated to gain
insight into the dynamics of these loops.
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