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Abstract—In this paper, a decentralized power management
strategy is proposed for multiple PV, battery, and droop units in
an islanded microgrid. The control strategy is developed to handle
any combination of these units without modifying their control
systems. This provides a more comprehensive and generalized ap-
proach to coordinate the three types of units, in comparison to the
techniques in the literature that consider only two types, mainly
PV and battery systems, or consider only a single unit of each
type. The operation of each unit is autonomously coordinated
to maintain the balance between generation and consumption,
while ensuring controlled charging/discharging of the batteries
in the microgrid. To achieve this coordination, the voltage and
the power control loops, within each of the PV and battery units,
are configured to follow the specifically designed multi-segment
power/frequency (P/f ) characteristic curves. These characteristics
are designed to independently adapt to the microgrid operating
conditions, without relying on any external communications and
centralized management systems. Accordingly, the control system
for each unit is able to autonomously and seamlessly switch in
real-time between power control and frequency regulation based
on the available PV power, the SOC of the batteries, and the
total load demand in the microgrid The strategy is designed
and implemented using multi-loop controllers, in contrast to the
commonly adopted approach of using discrete operating modes
and switching logics. The proposed strategy is validated using a
microgrid simulated in PSCAD/EMTDC with detailed switching
models of the power electronic converters.

Index Terms—Microgrid, power management, droop control,
PV, battery storage.

I. INTRODUCTION

THE intermittent nature of photovoltaic (PV) power gener-

ation poses a great challenge to the widespread adoption

of PV systems in islanded microgrids. This necessitates the

deployment of battery systems to complement the intermittent

generation of PV units in order to maintain power balance in

islanded microgrids. In other words, battery systems mimic the

role the utility grid plays in grid-connected microgrids, to sup-

ply/absorb needed/surplus energy. However, battery systems

have limited power ratings, limited capacities, and restricted

charging scenarios that depend on the battery state-of-charge

(SOC). Therefore, the operation of the PV and battery units

must be coordinated to consider both the intermittent PV

generation and the operating constraints of the battery units.

Moreover, PV and battery units must be able to coordinate with
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dispatchable units that are commonly deployed to ensure con-

tinuity of supply. In islanded microgrids, these units typically

employ the droop control strategies to achieve appropriate

power sharing among the units [1]–[6].

Traditionally, this coordination problem is carried out using

centralized control strategies, which commonly require a cen-

tral energy management system (EMS), and communication

links among units [7]–[14]. To be able to coordinate the

operation of the microgrid units, the EMS requires access

to measurements from each unit and send control commands

through communications. Therefore, a communication failure

in even a single unit may disrupt the operation of the entire

microgrid, as this unit can no longer be accessed or influenced

by the EMS. Accordingly, relying on communication channels

for power management can be a key factor affecting the system

reliability [2], [3].

The other approach to this coordination task is through

decentralized, or so-called autonomous, power management.

In this approach, local controllers on different units are co-

operatively responsible for the microgrid power management,

without direct information exchange with other units and/or

an EMS. Decentralized power management of PV and battery

units has attained prominent attention in recent years [15]–

[23]. A simple microgrid with only a single battery unit and a

PV unit is considered in [15], whereas multiple PV units and

a battery unit are considered in [16]. The control strategies

developed in [15], [16] are limited to microgrids with only one

battery unit dedicated to regulate the microgrid frequency. This

also makes the strategies inapplicable to microgrids containing

conventional droop controlled units.

The ability of PV and battery units to coordinate with

conventional droop controlled units is not considered in any of

the control strategies presented in [15]–[17], [22]. However,

dispatchable droop controlled units are widely employed in

the literature to ensure supply continuity in the microgrid, and

also to exploit the decentralized feature of the droop control

concept. Accordingly, to achieve high deployment of PV and

battery units in microgrids, their control strategies must be

able to work with the widely adopted droop controlled units.

An elegant control strategy is proposed in [18] for PV and

droop controlled units. However, the power management of

battery units is not considered; which makes it inapplicable to

PV/battery based microgrids. A control strategy that employs

adaptive P/f characteristics is proposed in [19], to ensure

fully decentralized power management of PV and battery units

in a droop controlled microgrid. However, the strategy is

specifically designed to coordinate a single PV unit and a

single battery unit with multiple droop units.



1949-3053 (c) 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TSG.2017.2781468, IEEE
Transactions on Smart Grid

IEEE TRANSACTIONS ON SMART GRID 2

Power management strategies for PV/battery hybrid units

are proposed in [20]–[26]. In a hybrid unit, the PV and battery

systems are integrated and deployed as a single system in the

microgrid. In this configuration, the control strategy has the

advantage of accessing both the PV power measurements and

the battery SOC. Therefore, the strategies in [20]–[26] cannot

be utilized for decentralized power management of separate

PV and battery units in islanded microgrids. In the latter case,

each of the PV and battery units must be able to independently

coordinate their operation with other units, while coopera-

tively maintaining the power balance and providing controlled

battery charging/discharging. Moreover, the strategy presented

in [24] requires a central EMS, under specific conditions, to

coordinate the hybrid unit operation with a diesel generator.

The control strategies proposed in [25], [26] are specifically

designed for a single unit microgrid which, from a control

point of view, acts as a standalone power supply. Therefore,

they cannot be deployed in multiple-unit microgrids. As in

[17], the control strategy proposed in [22] employs discrete

control modes and switching logic, which results in a variable

structure control system. This structure induces a significant

transient and chattering when switching among some control

modes. This strategy is focused on the output power flow of

the unit, with less attention paid to the control interaction of

the unit power converters, and the curtailment controller. For

example, to exit the curtailment mode, a logical condition is

used to compare the available maximum PV power with the

supplied load. However, in practice, the available PV power

is unknown during curtailment. Managing the power flow

inside the PV unit is a critical task, and its control design

must go hand-in-hand with the design of the output stage

control system. As will be shown in this paper, two levels

of controllers, Primary and Secondary, are used in PV units to

manage the power flow, with smooth transients when switching

among control objectives.

Note that, each of the above techniques can only accom-

modate two of the common unit types that are considered

in this paper. In most of the existing work, dispatchable

droop units have not been considered, although these units

are the most common type in islanded microgrids to ensure

the continuity of the supply. Deploying only PV and battery

units in an islanded microgrid is not realistic in practice.

On the other hand, as discussed previously battery units are

commonly deployed together with PV units. Moreover, for a

coordination strategy to be practical, it should be able to handle

multiple units of different types, in a decentralized fashion,

with minimum transients when switching among different

control objectives/modes.

To overcome the limited applicability and transients draw-

backs of the above mentioned techniques, a more comprehen-

sive power management strategy is introduced in this paper

to achieve a fully decentralized power management of any

combination of PV, battery and droop controlled units. The

decentralized coordination is achieved through the proposed

multi-loop voltage and power controllers that are implemented

locally at each unit. These controllers are configured to follow

the proposed multi-segment P/f characteristics, which adapt to

the microgrid operating conditions. Accordingly, the control
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Fig. 1. Composition of the considered islanded microgrid.

system at each unit can independently and seamlessly transfer

between power and frequency regulation to maintain the

power balance in the microgrid, while ensuring controlled

charging/discharging of the batteries. Moreover, the proposed

strategy is compatible with the one described in [23], as both

of them use the concept of multi-segment P/f characteristics.

There, it allows decentralized coordination of PV, battery,

and PV/battery hybrid units under a more generalized power

management strategy.

The proposed P/f characteristics, the multi-loop control sys-

tem architecture, and possible microgrid operating scenarios

are discussed in Section II. The simulation results of the

proposed strategy are presented in Section III, followed by

the concluding remarks.

II. PROPOSED CONTROL STRATEGY

The microgrid considered in this paper can be composed

of any possible combination of PV units, battery units, and

conventional droop controlled units. A general structure is

shown in Fig. 1 for a three-phase microgrid with N PV units,

M battery units, and K droop units. Each of these units is

connected to the microgrid bus using a three-phase voltage

sourced converter (VSC). More details on the system structure

of each type of these units will be presented later in this

section.
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Fig. 2. P/f characteristics of the PV, the battery, and the equivalent single droop unit. (a) PV unit. (b) Droop unit. (c) Battery unit

The proposed multi-loop controllers configure the output

P/f characteristics into the multi-segment curves shown in

Fig. 2. The microgrid operating frequency range [fo, fmin]
is divided into three segments, PV Segment (Δfpv), Droop
Segment (ΔfD), and Battery Segment (ΔfB), as indicated in

Fig. 2. These segments relate, respectively, to the units that

are responsible for regulating the microgrid frequency at any

time, i.e. PV, droop controlled, or battery units.

All the droop controlled units are aggregated and then

represented in Fig. 2b by a single equivalent unit with the

maximum power rating being PD-max = PD1-max+ · · ·+PDK-max

[19], [21]. Accordingly, the frequency droop coefficient for

this unit (mD) can be represented as

mD =
ΔfD

PD1-max + · · ·+ PDK-max
=

ΔfD

PD-max
(1)

A. Control Objectives

The P/f characteristics are structured to assign each type of

units the following control objectives:

1) PV Units: The main objective of the PV units is to

supply all the available PV power, in order to meet the load

demand and the charging power required by the battery units.

However, these PV units must also maintain the power balance

in the islanded microgrid, by considering the load demand

at any time, and the different charging characteristics and

the SOC at each of the battery units without having direct

communication with them. Accordingly, the PV units must be

able to curtail any surplus power production, and at the same

time autonomously follow load variations, and also follow

the charging characteristics for each battery unit to maintain

the power balance in the whole microgrid, without any direct

communication or central power management.

2) Droop Units: The droop units share the load demand

and the charging power, only after the PV units reach their

maximum available power. This objective is to ensure a full

utilization of all available PV power before drawing power

from the dispatchable units.

3) Battery Units: The main control objective of the battery

units is to coordinate with other units in the microgrid in order

to charge the batteries according to their different charging

characteristics and SOC levels. The units attempt to achieve

this task autonomously whenever there is surplus generation

left after the whole load demand in the microgrid has been

met. On the other hand, battery units supply power to the

microgrid, only when needed, i.e. after all PV and droop units

reach their generation limits. This objective is set to save the

stored energy to meet the load demand at nights and during

low PV production periods.

To achieve the above challenging objective autonomously,

the multi-segment adaptive P/f characteristics have been pro-

posed. These characteristics are implemented locally in each

unit and can adapt to various operating conditions while

seamlessly transitioning between voltage regulation and power

control objectives, autonomously without any supervisory con-

trol to initiate these transitions.

Since the main focus of this paper is on real power manage-

ment as in [7]–[10], [12], [15], [20]–[24], [27], conventional

reactive power/voltage (Q/V) droop controllers are adopted

herein for reactive power management. More comprehensive

reactive power control strategies can be found in [28].

B. Basic Operation and Control Actions

The transition of the P/f operating points along the P/f
characteristic curves is determined by the total load in the mi-

crogrid, the available PV power, and the total charging power

required by the battery units. A detailed illustrative diagram

for these three types of units is shown in Fig. 3. The P/f
characteristic curves, along with the local controller actions

in each segment are discussed in the following subsections.

1) PV Segment: The microgrid operates in this segment

when the total PV power available in the microgrid is higher

than the total load demand, including the charging power for

the battery units. The P/f characteristic curve of a single

PV unit is shown in Fig. 2a for two operating conditions:

Ppv < Ppv-max, and Ppv = Ppv-max, where Ppv is the PV power

available at a given time, and Ppv-max is the PV array power

rating.

Within this segment, PV units are responsible for regulating

the microgrid frequency while sharing the total microgrid load

using droop control. In other words, the VSC at each unit

regulates the frequency using the PV Droop Controller shown

in Fig. 3, where the frequency droop coefficient is defined

as mpv = Δfpv/Ppv-max. The PV unit continues to meet any

increase in the load until it exhausts all the available PV
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Fig. 3. Detailed control systems for three different types of units.

power to support the load, as illustrated in Fig. 2a by the P/f
trajectory segment AA′. While operating along this segment,

the Primary DC-Link Controller shown in Fig. 3, is in charge

of regulating the DC-link voltage, by curtailing the surplus PV

power. The controller PI1 curtails the PV power by increasing

the PV array terminal voltage away from the maximum power

point (MPP). At the same time, the output of the controller

PI1 is used to generate two signals. The first one is used to

disable the maximum power point tracking (MPPT) algorithm,

by holding its output reference vmppt constant, to prevent it

from drifting away from the MPP region. The second signal

is used to disable the Secondary DC-link Controller since this

controller is designed to operate only on the available PV

power, not during the curtailment process, as will be discussed

in detail in this subsection.

The PI1 control loop keeps regulating the DC-link voltage

by adjusting the PV array operating point in response to any

changes in the load or PV power production. This controller

reduces the PV voltage to compensate for any increase in the

load and/or decrease in the PV power until it reaches its limit

at zero, and hence the MPPT algorithm is enabled. At the

same time, the P/f trajectory reaches point A′ where the unit

supplies all the available PV power to the microgrid. At this

point, the Secondary DC-Link Controller is also enabled.

Any further increase in the load will cause the DC-link

voltage to drop until it reaches the new reference Vdc-ref −
ΔVdc. At this stage, the Secondary DC-Link Controller takes

charge of regulating the DC-link voltage by regulating the

power delivered to the microgrid (Ppvo), through controlling

the VSC frequency. Note that, from a control point of view, the

measured PV power production Ppv employed at the output of

the controller PI2 can be seen as a feed-forward control input

to the Secondary DC-Link Controller. Also, from a different

perspective, the PI3 control loop can be considered as the main

loop with a control error input of (Ppv − Ppvo), while the PI2
loop is used to compensate for the power losses by maintaining

the DC-link voltage regulated at Vdc-ref −ΔVdc.

Meanwhile, the other PV units continue to supply the

increased load until they reach their limits. When all PV

units reach their production limits, they regulate their output

power, by reducing the frequency, until the microgrid enters

the Droop Segment at point B in Fig. 2a. In summary, the

P/f characteristic curve of the PV unit is divided into two

segments. In the first segment (AA′), the VSC is responsible

for regulating the frequency, while the DC-DC converter is

in charge of regulating the DC-link. In the second segment

(A′D), the VSC is in charge of regulating the output power

and the DC-link voltage, while the DC-DC converter injects

all available power into the DC-link. When the available PV

power increases/decreases, the P/f segment A′D moves to the

right/left accordingly, as indicated in Fig. 2a.

In the PV segment, droop units are controlled to neither

supply to nor import power from the microgrid. This control

action is represented by the segment AB in Fig. 2b. This is

achieved through shifting the frequency droop characteristic

curve down by Δfpv, and using the Reverse Power Controller,

shown in Fig. 3, to prevent reverse power flow into the unit.

Note that, this control system is similar to the conventional

droop system [29], except that the droop operating range is

limited between fD and fB instead of fo and fmin, respectively.

The Reverse Power Controller continues to oppose any reverse

power flow until point B, where it reaches its limit at zero. The

microgrid starts operating in the Droop Segment in response

to any further increase in the load.

On the other hand, the battery units operate as power con-

trolled sources in this segment, to import the power required

to charge the batteries. This is achieved using the Charge
Controller shown in Fig. 3. The charging power reference

Pch is generated as a function of the battery SOC [19], [30]–

[33]. The shape of the charging power curve used in this

paper is shown in Fig. 4 [19], [32]. The control action in this

segment is presented in Fig. 2c for two cases: Pch = −Pch-max

and Pch = 0, using the P/f trajectory segments AB and

A′B′, respectively. Therefore, the battery P/f characteristic

curve shifts from left to right in Fig. 2c as the charging

power Pch decreases from Pch-max to 0, and the SOC increases

from (SOCref − δSOC) to SOCref. As the load increases, the

battery units follow the decreasing microgrid frequency to

keep importing the required power until the P/f trajectory

enters the Droop Segment as illustrated in Fig. 2c.

2) Droop Segment: In this segment, PV units and battery

units continue operating as power controlled sources to regu-

late their output power at their Ppv and Pch references, respec-

tively. On the other hand, the droop units start sharing any

increase in the load while regulating the frequency according

to their frequency droop curves. In other words, the droop units
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become responsible for regulating the microgrid frequency, in

this segment. Note that, the Reverse Power Controllers in the

droop units reach their limit at zero at point B, and hence these

controllers cease contributing to the frequency references (fref)

in these units. The droop units reach their power rating limits

at the frequency fB , as indicated by the P/f operating point

C in Fig. 2b.
3) Battery Segment: The PV units continue regulating their

output power at their limits depending on the available PV

production at each unit. Similarly, droop units start regulating

their output power at their power rating limits using the Power
Limiter control loop shown in Fig. 3. In other words, both the

PV and battery units have reached their limits and can no

longer supply any increase in the load demand. On the other

hand, the battery units are no longer able to regulate their

output power in this segment due to the chosen saturation

limits of the Charge Controller PIB1. Therefore, the battery

units start picking up the increased load in this segment, while

regulating the microgrid frequency using the Battery Droop
Controller. The frequency droop coefficient mB is set as

mB =
ΔfB

Pch-max + PB-max
(2)

where Pch-max, and PB-max are the maximum charging power,

and the power rating of the considered battery unit, respec-

tively. The operation of the battery units in this segment is

illustrated in Fig. 2c using two cases with different charging

power references (under different SOC levels). In the first

case, represented by the P/f trajectory CDE, the battery is

being charged at Pch-max. At point C, any increase in the load

demand results in a reduction in the charging power to meet

the load, while following the trajectory segment CD. Note

that, the reduction in the charging power will be shared among

battery units based on their respective droop slopes. At point

D, the battery is neither charging nor discharging. For any

further increase in the load, the battery unit starts discharging

to support the load, following the segment DE. At this point,

the unit reaches its output power limit, and therefore starts

limiting its output power using the Power Limiter loop shown

in Fig. 3.

In the second case, a unit with a fully charged battery is

considered. This unit will follow the P/f trajectory C ′D′E,

shown in Fig. 2c. In this case, the battery starts discharging to

supply the increased load, once it enters this segment at point

C ′. In summary, fully charged units, and units with higher

SOC start discharging first before other units, which gives

higher priority to charging batteries with lower SOC. If all

the battery units reach their limits, the microgrid frequency

will be reduced below fmin, through the action of the Power
Limiter control loops. At this point, a load shedding procedure

must be activated [1], which is beyond the scope of this paper.

C. Response Changes in PV Power Production

The operating scenarios discussed so far have considered

only the response to changes in the load demand, to explain

the basic operation of the control loops. The response of the

developed strategy to changes in the PV power production is

discussed next.

SOC
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During the curtailment process, the Primary DC-Link Con-
troller in the PV unit keeps adjusting the PV array voltage

to regulate the DC-link voltage at Vdc-ref. More specifically,

when the PV power increases, the DC-link voltage tends to

increase and accordingly the controller PI1 increases the PV

array voltage further away from the MPP. At the same time,

the segment AD′ is shifted further to the right in Fig. 2a.

On the other hand, when PV power decreases, the controller

PI1 lowers the PV array voltage to move closer to the MPP,

in order to match the supplied load. This continues with any

decrease in the PV power until the output of the controller PI1
reaches zero, and the MPPT algorithm is activated. For any

further decrease in the PV power, the DC-link voltage starts

dropping until the Secondary DC-Link Controller takes control

of regulating it at Vdc-ref −ΔVdc, as explained previously.

To illustrate the basic control actions in response to PV

power variations, an operating scenario is shown in Fig. 5.

The scenario starts with PV Unit 1 and PV Unit 2 operating

in the Droop Segment, while regulating their output powers at

Ppvo1 and Ppvo2, respectively. At the same time, the droop units

are regulating the microgrid frequency and supplying the rest

of the load (PD). As the PV power increases, the Secondary
DC-Link Controller in each unit starts to increase the output

power, in order to maintain the DC-link voltage regulated at

Vdc-ref − ΔVdc. The droop units sense the reduction in their

supplied power, and hence increase the frequency according

to their frequency droop characteristics. This control action

is illustrated by the P/f trajectories AB in Fig. 5. At points

B, the PV units supply all the microgrid load demand. For
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any further increase in the PV power, the Secondary DC-Link
Controller in both PV units attempts to increase the output

power by raising the frequency as illustrated by the trajectories

BC. At points C, the output of the controller PI3 in PV Unit
2 saturates at zero and the output frequency reference is solely

determined by the PV Droop Controller in this unit. This can

be explained visually by the P/f operating point being on the

droop line of PV Unit 2.

If the PV power increases further, PV Unit 2 starts operating

as a droop unit while the Primary DC-Link Controller regu-

lates the DC-link voltage by curtailing the PV power. On the

other hand, the Secondary DC-Link Controller in PV Unit 1
increases the supplied power share in response to the increased

PV production. Since PV Unit 2 is operating as a droop unit,

it senses a reduction in its supplied load share, and hence

increases the frequency accordingly. This process continues

until the P/f trajectories reach points D. Any further increase

in the PV production will be curtailed using the Secondary
DC-Link Controllers, with no change in the P/f operating

point, as it is determined by the load at this point. The behavior

of the system in response to other possible scenarios can be

explained similarly using the P/f characteristics, and the multi-

loop controllers in Fig. 3.

D. Response to SOC Variations

To further explain the way that multiple battery units interact

in response to SOC and load variations, two case studies are

considered herein. They focus on the autonomous reaction of

a battery unit to the SOC variations of the same unit, and also

to the SOC variations at other battery units.

1) Case Study 1: Two battery units are considered in this

case: Battery Unit 1 and Battery Unit 2. Initially, the system

operates with charging references of Pch1 = −Pch1-max and

Pch2 = −Pch2-max, and SOC2 > SOC1. The SOC at each

unit is lower than the threshold SOCref − δSOC (see Fig. 4).

Initially, both units are charging their batteries at reduced rates

with respect to their charging references, as shown in Fig. 6a at

points A. This grants a higher priority to supplying the load

by the droop units, which supply a portion of the charging

power and the load power.

The batteries are being charged at the same rate until SOC2

becomes equal to SOCref − δSOC. Beyond this point, the

charging reference Pch-2 at Battery Unit 2 starts decreasing

according to the charging curve in Fig. 4. This is equivalent

to shifting the P/f characteristics of Battery Unit 2 to the right

as the charging power reference decreases from −Pch2-max to

−|Pch|, as indicated in Fig. 6a. This process results in reducing

the charging power share of Battery Unit 2, while increasing

that of Battery Unit 1, which autonomously favors the unit

with a lower SOC. This action is represented by the P/f
trajectories AB. Note that, batteries in both units are being

charged at reduced rates until points B, where both units

start following their charging references, i.e. PB2 = Pch2 and

PB1 = Pch1 = −Pch1-max, as illustrated in Fig. 6a. At points

B both units enter the Droop Segment and start operating as

power controlled sources. Therefore, both battery units start

following their charging references along the trajectories BC.

TABLE I
SYSTEM PARAMETERS

Description Parameter Value
Nominal Frequency fo 60 Hz
Minimum Frequency fmin 59.7 Hz
PV Segment Δfpv 0.1 Hz
Droop Segment ΔfD 0.1 Hz
Battery Segment ΔfB 0.1 Hz
Battery Capacity Cbat 10 Ah
Battery Converter Rating PB-max 1000 W
PV Units:

Unit 1 Power Rating Ppv1-max 1000 W
Unit 2 Power Rating Ppv2-max 2000 W
Controller PI1 Kp,Ki 60, 40 (1/s)
Controller PI2 Kp,Ki 20W/V, 40W/(V·s)
Controller PI3 Kp,Ki 0.001Hz/W, 0.005Hz/(W·s)

Battery Units:
Unit 1 Power Ratings PB1-max, Pch1-max 2000 W
Unit 2 Power Ratings PB2-max, Pch2-max 1000 W
Controller PIB1 Kp,Ki 0.001Hz/W, 0.005Hz/(W·s)
Controller PIB2 Kp,Ki 0.0005Hz/W, 0.005Hz/(W·s)

Droop Units:
Unit 1 Power Rating PD1-max 1000 W
Unit 2 Power Rating PD2-max 2000 W
Controller PID1 Kp,Ki 0.001Hz/W, 0.005Hz/(W·s)
Controller PID2 Kp,Ki 0.0005Hz/W, 0.005Hz/(W·s)

Note that, at points C, the charging power is negligible accord-

ing to the charging curve in Fig. 4. The system stays at points

C until SOC1 reaches the threshold SOCref − δSOC, and

therefore the charging reference for this unit starts decreasing

until SOC1 reaches SOCref at point D.

2) Case Study 2: This case illustrates the response of the

battery units to load changes while operating in the Battery
Segment. The difference in this scenario is that a step down in

the load happens when the system is at points A′ in Fig. 6b.

Since, both units operate as droop units in this segment,

the charging power increases at both units while following

the trajectories along droop segments A′B′. At points B′,
both units starts operating as power controlled sources, while

following the change in frequency. This frequency change

results from the reduction in the load delivered by the droop

units due to the load decrease. The rest of the scenario along

the trajectories BCD is similar to the situation explained in

Case Study 1.

III. VALIDATION

A microgrid of six DG units has been simulated in the

PSCAD/EMTDC environment, using detailed switching mod-

els of the power converters. The microgrid main parameters

are listed in Table I.

A. Basic Operation

The performance of the microgrid in response to load

variations is validated using the scenario shown in Fig. 7.

The considered battery capacities are 20Ah and 10Ah for

Battery Unit 1 and 2, respectively, while the charging profile

parameters are set to SOCref = 90%, and δSOC = 20%.

The initial SOC values are set at 60% and 80% for Bat-
tery Unit 1 and 2, respectively. Therefore, according to the

charging profile, the battery in Unit 2 is being charged at
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Fig. 6. P/f trajectory in response SOC variations (a) Case Study 1; (b) Case Study 2.
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Fig. 7. Coordination of the microgrid units in response to variations in the
load demand.

Pch2-max =1,000W, while the battery in Unit 1 is being charged

at power level of approximately 500W. Initially, at no load, the

PV units operate in the PV Segment, while providing all the

charging power according to their PV droop characteristics in

this segment. In both PV units, the surplus PV generation

is curtailed using the Primary DC-Link Controllers, which

regulate the DC-link voltages, vdc1 and vdc2, at Vdc-ref = 410V .

The PV units continue to supply any increase in the load

demand, while adjusting their PV array voltages using the

Primary DC-Link Controllers. At t = 15s, PV Unit 1 reaches

its maximum available generation at vpv1 = VMPP1 = 230V .

Extra supplied power causes the DC-link voltage at this unit

to drop until it reaches Vdc-ref −ΔVdc = 400V . At this point,

the Secondary DC-Link Controller starts regulating the DC-

link voltage, while limiting the output power at this unit.

Similarly, PV Unit 2 reaches its maximum power at t = 20
and vpv2 = VMPP2 = 180V .

At this point, the microgrid starts operating in the Droop
Segment, as can be seen from the microgrid frequency

(fB < f < fD) in Fig. 7. The droop controlled units start shar-

ing the load demand according to their droop characteristics

until they reach their maximum rating powers at t = 40s. At

this point, the Power Limiter control loops start regulating the

output power of these units.

The microgrid enters the Battery Segment at this point.

Therefore, any further increase in the load demand results in

reducing the charging power at each unit. Because Battery
Unit 2 has a higher SOC of 80%, its P/f characteristic

curve is shifted more to the right, as illustrated previously in

Fig. 2c, and Section II-B3. Accordingly, Battery Unit 2 starts

discharging at t = 45s to meet the load demand, while Battery
Unit 1 continues charging its battery but at a reduced power

level. Similarly, the coordination of the DG units in response

to a decreasing load demand is shown in Fig. 7 for the period

between t = 60s and t = 100s.

B. Battery Charging Performance

To validate the performance of the battery charging control

systems, an accelerated scenario has been simulated and

presented in Fig. 8. In this scenario the charging parameter

δSOC is reduced to 1%, and the battery capacities are reduced

to half of their original capacities, in order to illustrate the

charging performance in a relatively short simulation time.

Initially, the SOC values are 88.4% and 88.3% for Battery
Unit 1 and 2, respectively. In this scenario, the microgrid

operates in the Battery Segment, with both battery units are

being charged at reduced power levels in order to meet the

load demand in the microgrid. At t = 22s, the SOC in Unit 1
exceeds SOCref−δSOC = 89%, which results in a decreased

charging power at Battery Unit 1, and an increased charging

power at Battery Unit 2, as illustrated previously using the P/f
trajectory of AB in Fig. 6a, or AA′ in Fig. 6b. At t = 40s, a

step down in the load occurs, which causes both units to reach

their charging power references, as illustrated using the P/f
trajectory A′B′ in Fig. 6b. Also, the output power delivered

by the droop units decreases to follow the load demand. At

this point, the microgrid operates in the Droop Segment, where

the battery units operate as power controlled units to follow

their own charging references. As the total charging power

reduces with time in response to the increasing SOC levels,

the power delivered by the droop units reduces accordingly.

Also, as can be seen in Fig. 8, the battery units keep following

their charging references regardless of the load changes at

t = 60s and 80s. At t = 80s, the PV units start curtailing

their generation to follow the decreasing load, as the battery
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Fig. 8. Coordination of the battery units in response to SOC variations.

units operate at their charging limit and cannot absorb any

more energy.

C. PV Generation Curtailment

The response of the control strategy to solar irradiance

variations is illustrated in Fig. 9. Initially, both PV units

are curtailing their surplus PV generation to match the load

demand. Between t = 10s and 20s, the irradiance drops from

1000 W/m2 to 400 W/m2. In this case, PV units decrease their

PV operating voltages towards their MPPs, to keep supplying

the load demand. At t = 20s, both units start operating at

their maximum available power, and the droop units start

supplying any additional load demand. Similarly, when the

irradiance starts increasing at t = 25s, PV units increase their

PV operating voltages to curtail the surplus PV generation.

At t = 60s, the load starts increasing, hence, PV units start

increasing the output power to meet the load until they reach

their maximum available power again at t = 65s. At this point,

the droop units start to pick up any further increase in the

load. This scenario shows the ability of the strategy to react to

irradiance changes while the PV generation is being curtailed.

In this case, the control systems autonomously follow changes

in the irradiance to maintain the desired level of generation

required by the load. On the other hand, the behavior of the

microgrid units in response to changes in the PV generation

due to solar irradiance variations is shown in Fig. 10. This

figure illustrates the autonomous coordination among the units

to meet the load demand and to maintain the power balance

in the islanded microgrid.

IV. CONCLUSION

A decentralized power management strategy is developed in

this paper to coordinate PV, battery, and droop controlled units

in islanded microgrids. In this strategy, the local voltage and

power control loops, at each of the PV and battery units, are

configured to follow multi-segment P/f characteristic curves.

These characteristic curves can be adjusted autonomously at
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each unit according to the microgrid operating conditions.

It is shown that by using these adaptive P/f characteristic

curves, a fully autonomous coordination can be achieved,

without relying on any external communications and central

management schemes. Also, it is shown that the multi-loop

control implementation of the strategy results in smooth tran-

sitions among different control objectives. The performance of

the proposed strategy has been successfully validated using a

detailed switching model implemented in the PSCAD/EMTDC

environment.
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