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• A new decentralized adaptive droop control method is proposed.
• Reduction of line losses is achieved in comparison to the conventional droop method.
• The droop coefficients are adjusted by the microgrid impedance sensed by each DER.
• The active and reactive power are decoupled by the adaptive droop coefficients.
• The proposed method can be applied irrespective of the microgrid topology.
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a b s t r a c t

As the integration of Distributed Energy Resources (DERs) in modern grids is increasing, the microgrid
concept has been established. In the case of converter-dominated microgrids without communication
links, the droop control method is mainly adopted in the primary control level. Normally, the economic
operation of the microgrid is incorporated in the secondary control level, requiring communication
among the DERs and a central controller. On the contrary, this paper proposes an adaptive droop control
method based on local measurements, which achieves a power sharing with reduced power losses within
the islanded microgrid. The droop coefficients are adjusted by calculating the microgrid impedance,
sensed by each DER. Therefore, the remote DERs calculate a large impedance and inject lower active
and reactive power, reducing the line losses. The location and the size of the DERs and the loads can
be arbitrary. Another advantage is the absence of the virtual impedance control, as the power decoupling
is implemented inherently by the adaptive droop coefficients. The effectiveness of the proposed control
strategy is verified by extended simulation results in comparison with the accurate sharing method for
different microgrid topologies.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The development of cleaner and more reliable power grids
with distributed power sources has created the microgrid con-
cept [1]. As small-scale power sources are connected to the micro-
grid through DC/AC or AC/DC/AC converters, the proper control of
the converters has drawn considerable attention [2]. According to
IEEE 1547.4, the microgrid systems should combine the capabil-
ity of a dual operation, either in grid-connected or island mode.
The grid-connected mode aims to inject the available power to
the grid, determined by a maximum power point tracking strat-
egy [3]. On the other side, in island mode, the power production
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should fulfill the load demand, while the voltage and the frequency
are maintained within the permissible limits. This operation mode
may modify the injected power to a less efficient operation
point.

During island operation, the DERs are in charge for balancing
the voltage profilewithin themicrogrid and ensure a proper power
sharing [4]. In this primary control level, the conventional droop
control method is mainly adopted [5–7] and is implemented with-
out any communication infrastructure. In case of inductive line
impedances, the frequency of the microgrid is formed by the to-
tal injected active power, while the node voltage by the respec-
tive reactive power [8]. This control law should be inversed in
case of purely resistive microgrids [9,10]. In fact, in most cases the
impedance is complex [10], consequently a proper power sharing
is hard to be achieved by the conventional droop control method.
For this reason, a virtual impedance control is used in order tomod-
ify the voltage input of the droop control and ensure an accurate
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power sharing among the DERs [9,10]. As accurate is defined the
power sharing, where each DER supplies active and reactive power
in proportion to its nominal apparent power. The value of the vir-
tual impedance is calculated for a given microgrid topology, while
it can be updated automatically in case of a topology change by us-
ing communication signals [11,12]. On the other hand, when the
communication is not available, the proper power sharing cannot
be guaranteed.

Concerning the influence of the power sharing on the line
losses, it is demonstrated in [13] that the power sharing modifi-
cation due to the line impedancemismatch can lead to line loss re-
duction. However, only resistivemicrogrids are considered. In [14],
an on-line Optimization Strategy based on local measurements is
adopted, in order to define the optimal reactive power settings of
each DER, so as the power losses along the feeder are minimized.
The drawback concerns the modeling approximations, since the
control can be integrated to only one DER. In [15], the proposed
control strategy consists of an adaptive droop controller, in respect
with the local reactive power. This methodology is implemented
in medium voltage microgrids, where the R/X ratio is low and the
losses can be reduced without considering the active power regu-
lation. Nevertheless, this assumption cannot be adopted for low-
voltage grids. Other decentralized methodologies based on local
measurements focus only on the reactive power dispatch in order
to reduce losses [16–18].

Alternatively, an economic operation of the microgrid can be
achieved by deploying a microgrid central controller (MGCC) with
low-bandwidth communication infrastructure. This control level
is characterized as secondary control [7] and is based on evalu-
ating measurements collected by the power production and con-
sumption. In order to obtain the maximum benefits from the DERs
operation, the power dispatch reaches to the optimal or near
optimal operation point by solving a power flow problem [19]
and updating appropriately each droop characteristics [20,21]. In
[22,23] a MGCC multi-stage optimization algorithm is imple-
mented tominimize the fuel consumption of a droop-controlled is-
landed microgrid, without considering the operational constraints
of the voltage and the frequency. In [24] the presented multi-stage
optimization takes into account the system power losses and the
operational constraints. In [25,26] different algorithms propose the
economic dispatch of the DERs. A method for grid-connected grids
with PVs is presented in [27], where the multi-objective configu-
ration concerns only the reactive power for minimizing the power
losses. In order to provide the highest possible autonomy to the
DERs, decentralized methodologies based on Multi-Agent Systems
(MAS) have also been developed [28–31]. However, the communi-
cation is still considered necessary.

Furthermore, various other methods have been proposed for
loss minimization by means of distributed generation integra-
tion [32,33]. The most important are concentrated on capacitor
placement, cooperation with Flexible AC Transmission Systems
(FACTs), energy storage allocation, feeder reconfiguration and DG
allocation. However, thesemethodologies use complexmathemat-
ical tools, while they assume a known topology for the DG place-
ment. Furthermore, in many cases, the communication is regarded
necessary.

This paper proposes a new power sharing methodology for
converter-dominated islanded microgrids for achieving reduced
line losses in comparison to the conventional droop method. The
proposed control strategy adapts the droop coefficients, according
to amicrogrid impedance sensed by each DER. Therefore, the DERs
closer to the loads are forced to supply them in priority, leading to
power flows through smaller line impedance routes. The proposed
method can be adopted in any arbitrary microgrid topology, while
no communication is needed. Furthermore, the implementation
of virtual impedance control is no longer necessary, as the
different impedances of the power lines are taken into account
indirectly in the adaptive droop coefficients. Since the proposed
control strategy relies only on local measurements, the function
of loss reduction is implemented in the primary control level,
instead of the secondary control level. The proposed method is
compared with the accurate power sharing methodology, proving
its effectiveness in line loss reduction.

The accurate power sharing with virtual impedance control
strategy is explained in Section 2, while Section 3 presents the
proposed adaptive droop control strategy. In Section 4, both looped
and radial topologies are examined. Finally, Section 5 contains the
conclusions.

2. Power sharing with conventional droop control

The conventional wireless droop method functions by emulat-
ing a traditional power system with parallel synchronous genera-
tors. In this method, the microgrid frequency and voltage serve as
communication parameters for all DERs. Therefore, the active and
reactive power of the loads are shared among the connected DERs
without using physical communications among them [5,6]. Con-
sidering inductive line impedances, the control law imposes the
determination of the microgrid frequency f from the active power
P , while the node voltage Vn is determined by the reactive power
Q ,

f = f0 − m · P − md
dP
dt

(1)

Vn = V0 − n · Q − nd
dQ
dt

(2)

where f0, V0 correspond to the frequency and voltage magnitude
at no-load operation, m, n are the droop control coefficients and
md, nd are the derivative droop coefficients.

The active and reactive power are calculated by transforming in
the rotating dq frame the voltage and the current at the LC output
filter of each DER:

P =
3
2
(VdId + VqIq) (3)

Q =
3
2
(VdIq − VqId) (4)

where Vd, Id are the direct axis components of the voltage and the
current and Vq, Iq are the respective quantities in the quadrature
axis.

The slope parameters of the conventional droop control m and
n are set proportional to the maximum power of the DER [5–13],
in respect to the permissible frequency and voltage variation. The
purpose is to achieve a power sharing in proportion to the nominal
power of each DER.

However, the line impedance in low-voltage microgrids rarely
is purely inductive. In most cases consists of both resistive and
inductive part [10]. With complex impedances, an efficient power
sharing cannot be achieved, due to the coupled active and reactive
power characteristic of the system. As a result, reactive currents
are circulating among the DERs, increasing significantly the power
losses on the connection lines. In order to overcome this problem,
the output voltage is adjusted according to the virtual impedance
control [5–12]. The advantages of using a virtual instead of a
physical impedance is attributed to the increased cost, weight and
power losses.

Additionally, the virtual impedance control aims at sharing the
power accurately among the connected DER. For this reason, the
value of the virtual impedance is adjusted differently for each
DER, taking into consideration the relative distance of each DER
to the common ac bus of the microgrid. This value is usually
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Fig. 1. Droop control with inductive virtual impedance.

larger than the physical line impedances. In order to enhance
the effectiveness of the virtual impedance, a communication
infrastructure is considered necessary.

Fig. 1 presents the conventional droop controlwith an inductive
virtual impedance. By selecting a large virtual induction (Lv), the
inductive behavior of the droop control law is also ensured [8]. The
currents Iod and Ioq are the output currents of eachDER. The content
of the voltage and current control are analyzed in a following
figure.

3. Proposed adaptive droop control methodology

According to the previous section, the virtual impedance cannot
be regarded as a global parameter, but it depends on the distance
of each DER from the common ac bus. The situation is even
more complicated in case of looped or meshed microgrids, where
the common ac bus is absent. Furthermore, a static calculation
of the virtual impedance provokes problems when extending an
existing microgrid by adding new DERs. In such a case, new virtual
impedance calculations are necessary, which implies new settings
for all the DERs.

Another important issue concerns the power losses. An accurate
power sharing cannot guarantee an optimal power distribution.
Considering the virtual impedance setting, the distance from the
DERs to the loads should also be taken into account. However,
the load profiles usually include many fluctuations, which raises
concerns about the proper adjustment of the magnitude of the
virtual impedance.

In this paper, a new power sharing methodology is developed.
The power sharing is performed through the droop control
law, with adaptive droop coefficients. The droop coefficients are
adjusted in accordance with the microgrid impedance sensed by
the ac terminals of each DER. Since the distance to the loads is not
the same, the microgrid impedance is different for each DER. The
proposed control strategy can be used regardless of the microgrid
topology (radial, looped or meshed). As the droop coefficients
depend on the microgrid impedance, the electrical parameter of
the connection lines are taken into consideration. Therefore, the
coupling among the active and reactive power is achieved, which
makes the virtual impedance unnecessary.

3.1. Microgrid impedance calculation

Firstly, the microgrid impedance, as sensed by each DER,
should be calculated. Since no communication is available, a
distortion signal is added to the output current of each DER,
while its feedback is measured in the voltage at the respective
point of connection with the microgrid by implementing a Phase-
Locked Loop (PLL). The proposed distortion signal is inserted
in the control strategy by intentionally disturbing the control
angle θ of the conventional droop control of each DER by
a parameter proportional to the sinusoid of the angle. This
particular distortion is selected, because it does not affect the
Fig. 2. Equivalent Thevenin impedance at the terminals of one DER.

zero-crossing of the voltage [34]. The initial angle is calculated by
the frequency of the P–f droop curve:

θ =


2π fdt. (5)

The new control angle θc contains the disturbance signal sin θ
and can be described by the following equation:

θc = θ + k sin θ. (6)

The value of k is selected so as not to exceed the harmonic
limitations of the voltage. For this reason, it takes a quite small
value. Considering the angle distortion, the phase current Iph of a
DER can be expressed as:

Iph =
√
2 · Irms sin(θ + k sin θ). (7)

Since k sin θ is very small, cos(k sin θ) ≈ 1 and sin(k sin θ) ≈

k sin θ . Thus, (7) is transformed to:

Iph =
√
2Irms


sin θ +

k
2
sin 2θ


. (8)

The current is analyzed into two components; the first is the
same to the conventional droop control, while the second assigns
to the disturbance. The disturbance creates a kind of second har-
monic voltage equal to k

2

√
2IrmsZth, where Zth is a sort of Thevenin

impedance sensed by the terminal of each DER. The impedance
takes into account all the line and load impedances within the
microgrid, as shown schematically in Fig. 2. According to EN
50160 Standard [35] for weak islanded grids, the magnitude of the
second harmonic voltage should not exceed 2% of the respec-
tive voltage magnitude in the fundamental frequency (

√
2IrmsZth).

Therefore, the gain k should be smaller than 0.04.
The feedback of the disturbance can be calculated through

the Park Transformation of the phase voltages of each DER by
implementing a d–q PLL, as it is presented in the control strategy
of the converter in Fig. 3.

Vmgd
Vmgq
Vmg0


=


2
3


cos θPLL cos


θPLL −

2π
3


cos


θPLL +

2π
3


sin θPLL sin


θPLL −

2π
3


sin


θPLL +
2π
3


√
2
2

√
2
2

√
2
2


·

Va
Vb
Vc


(9)

Va
Vb
Vc


=



√
2Vrms sin θc

√
2Vrms sin


θc −

2π
3


√
2Vrms sin


θc +

2π
3


 . (10)
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Fig. 3. DER control strategy: (1) control angle distortion, (2) microgrid impedance calculation.
Using (9) and (10), the three-phase voltages Va,b,c are trans-
formed in the d–q reference frame, where Vmgq corresponds to the
magnitude of the phase voltage and Vmgd takes the following form:

Vmgd =
√
3Vrms sin(θc − θPLL). (11)

Considering that θc −θPLL ≈ 0, then sin(θc −θPLL) ≈ θc −θPLL. As
presented in Fig. 3, the angle θPLL results from the error of the d-axis
component of the voltage Vmgd. By combining these assumptions,
the following transfer function in Laplace domain can be obtained:

Vmgd(s) =
√
3Vrms


s2

s2 + Kp
√
3Vrmss + Ki

√
3Vrms



·


ω

s2
+

k · ω

s2 + ω2


(12)

where ω = 2π f , while Kp and Ki are the proportional and
integral terms of the PI controller, used in the d–q PLL. Since Vrms
is proportional to the equivalent Zth, then according to (12), the
rms value of Vmgd is also proportional to Zth. In the time domain,
(12) is a sinusoidal signal with frequency equal to the fundamental
andmagnitude proportional to the impedance. As the control angle
θc is different for each DER, the measured Vmgdrms concerns the
feedback of the distortion of this particular DER, without being
affected by the distorted signals of the other DERs.

The equivalent microgrid impedance can be calculated by the
magnitude of the disturbance currentwith the respective feedback
on the voltage:

Zth =
Vmgdrms
k
2 Irms

. (13)

3.2. Modified droop control coefficients

According to the proposed control strategy, each DER takes
advantage of the calculatedmicrogrid impedance in order to adjust
the injected current properly and reduce the power losses on the
connection lines. Regarding a microgrid with N branches, the total
power losses are calculated by:

Ploss =

N
j=1

I2j · Rline,j (14)

where Ij is the current of jth branch and Rline,j is the respective
resistance. The power losses can be reduced by decreasing the
current in branches of high resistance. Since themicrogrid operates
in island mode, the line currents are regulated by the DERs.
Therefore, the distance of each DER to the loads should be taken
into account, forcing the remote DERs to contribute with smaller
currents compared to the DERs closer to the loads. Considering
that both loads and DERs are distributed within the microgrid
and the communication among them is absent, the distance can
be indirectly assumed through the proposed microgrid impedance
calculation.

In order to incorporate the effect of the equivalent microgrid
impedance in the droop control methodology, the droop coeffi-
cients of each DER are adapted according to the following law:

ma = m ·
Zth
Znom

(15)

na = n ·
Zth
Znom

(16)

where Znom is defined as the Thevenin impedance for the nominal
power and voltage of the corresponding DER:

Znom =
V 2
nom

Snom
. (17)

The nominal three-phase voltage Vnom for low-voltage micro-
grids is 400 V and Snom is the nominal apparent power of each DER.
The nominal apparent power is considered 1.25 times the nomi-
nal active power of the primary source [36]. The proposed control
scheme of the converter is presented in Fig. 3. In case secondary
control can be implemented through a communication system, the
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Fig. 4. Radial microgrid with 2 DERs.

proposed control strategy can be overridden, so as the droop coef-
ficients are directly set by theMGCC. In this case, the power output
of each DER is determined by the secondary control strategy. This
overriding option is shown in Fig. 3 with the MGCC and Secondary
Control boxes. However, since this paper is concentrated only on
implementing control strategies based on local measurements, the
secondary control is not analyzed.

A remote DER senses a relatively larger Zth compared to a DER
closer to the loads, therefore the respective droop coefficients
take larger values. As the frequency is a global parameter, the
injected active power of the remote DER is reduced compared
to the conventional droop methodology. To demonstrate the
implementation of the proposed strategy, the simple case of two
DERs of the same apparent power feeding a common load with
different connection lines (Fig. 4) is used. Initially, both DERs have
the same droop settings (m1 = m2, n1 = n2) and inject the same
active and reactive power, as shown in Fig. 5. In this stage, the
power losses in per phase base are calculated by:

Ploss = I21 · R1 + I22 · R2. (18)

Under accurate power sharing, the two currents have approxi-
mately the same magnitude (I1 ≈ I2), regardless of the difference
in the line resistances. However, in the case under study, R2 is con-
sidered λ times the resistance R1, where λ > 1. The total power
losses are described by:

Ploss = I22 · R1 · (1 + λ). (19)

The load current Iload equals the aggregation of the DERs
currents, which can be expressed by I2 as:

Iload = 2 · I2. (20)

By implementing the proposed adaptive droop control, the
droop curves are adjusted according to Fig. 5. As the currents
become proportional to the impedance, the voltage drop from
each DER to the load becomes also the same. For this reason, the
voltage Vn (described in (2)) becomes a global parameter. Due to
the absence of the virtual impedance control, the direct voltage
component Vd is equal to Vn, while the respective quadrature
componentVq is equal to zero. The injected current can be analyzed
in the respective active and reactive component:

I ′i = I ′d,i + jI ′q,i (21)
I ′d,i =
2P ′

3V ′

d
(22)

I ′q,i =
2Q ′

3V ′

d
(23)

for i = 1, 2.
The newvalues of the active and reactive power can be obtained

by the droop control, considering the proposed adaptive droop
coefficients. The derivative terms of droop control can be omitted,
as their contribution is restricted to transients. Therefore, each
current is formed as:

I ′i =
2
3

f0 − f ′

ma,i · V ′

d
+ j

2
3
V0 − V ′

d

na,i · V ′

d
(24)

where f ′ and V ′

d are the new operating frequency and voltage.
According to (15) and (16), ma,2 = λ · ma,1 and na,2 = λ · na,1,

as Zth2 = λ · Zth1. By replacing the droop coefficients in (24), the
current of DER1 becomes λ times the current of DER2. The load
current is now expressed by:

Iload = I ′1 + I ′2 = λ · I ′2 + I ′2 = I ′2 · (λ + 1). (25)

Considering that the load current remains the same, (20) and
(25) are equal, thus:

I2 =
I ′2 · (λ + 1)

2
. (26)

The power losses after the implementation of the proposed
adaptive droop are calculated as:

P ′

loss = I ′21 · R1 + I ′22 · R2 = I ′22 · R1 · λ · (1 + λ). (27)

By dividing the power losses under the accurate power sharing
with the respective losses under the proposed control:

Ploss
P ′

loss
=

I22 · R1 · (1 + λ)

I ′22 · R1 · λ · (1 + λ)
=

(1 + λ)2

4λ
> 1. (28)

The last term is always larger than 1, as (1 + λ)2 > 4λ ⇒

(1 − λ)2 > 0. As a result, the power losses are always reduced.
The analysis of the simple two DER case can be generalized for a
microgrid with many sources and loads.

4. Simulation tests

In order to demonstrate the effectiveness of the proposed droop
control methodology with adaptive droop coefficients, several
simulation tests are conducted with PSIM software. The low-
voltage microgrid operates at 400 V line voltage, while the loads
are simulated as constant-power balanced three-phase loads. The
DC voltage of each primary source is 800 V and the switching
frequency of the converters is 9.95 kHz. The following cases are
investigated for looped and radial microgrid topologies.
Fig. 5. (a) P–f droop control, (b) Q–V droop control.
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Fig. 6. Simulation results of a microgrid with two DERs: (a) active (W) and reactive (VAr) power, (b) power losses (W), (c) frequency (Hz), (d) rms phase voltage magnitude
(V), (e) microgrid impedance (Ω).
4.1. Two DERs of the same power in radial topology

In the first simulation test, the previous example of two DERs
(Fig. 4) is analyzed. The DERs have the same active power of 10 kW,
feeding a load of 10 kW and 10 kVAr. The connection lines are of
ACSR 16 mm2 type with R = 1.268 �/km and L = 1.3432 mH,
while the length of the connection lines are Line1 = 300 m and
Line2 = 900m. At the beginning, theDERs operate according to the
conventional droop control adjusted with the virtual impedance.
The initial settings of the droop coefficients arem1 = m2 = 2·10−4

and n1 = n2 = 3.25 · 10−3. In order to achieve an accurate power
sharing, the values of the virtual impedances must be 0.2 mH for
DER1 and 3.47 mH for DER2. At t = 1 s, the proposed control
methodology adjusts the droop coefficients according to the calcu-
lated microgrid impedance. The active and reactive power of DER1
are increased, while the respective power of DER2 is decreased
(Fig. 6(a)). The total power losses before and after the proposed
control are presented in Fig. 6(b), where the reduction from 543.5
to 466.4 W (14.19%) in comparison with the accurate power shar-
ing can be verified. In the newoperation point, the frequency of the
microgrid is decreased (Fig. 6(c)), while the node voltages become
equal (Fig. 6(d)). According to Fig. 6(e), the calculated impedance
of DER2 changes to three times the respective impedance of DER1,
following the ratio of the corresponding line impedances.

4.2. Microgrid with 4 DERs in looped topology

The next simulation test concerns a microgrid with four DERs
and three three-phase loads, as it is illustrated in Fig. 7. The pa-
rameters of the DERs and loads are presented in Tables 1 and 2
respectively. The connection lines are ACSR 16mm2, while the dis-
tances are Line1 = 300 m, Line2 = 1500 m, Line3 = 200 m,
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Fig. 7. Microgrid simulation model.
Table 1
DER parameters.

DER1 DER2 DER3 DER4

Rated power P (kW) 10 3 12 15
Nominal apparent power Snom (kVA) 12.5 3.75 15 18.75
Filter inductance Lf (mH) 2 0.6 2.4 3
Filter capacitance Cf (µF) 15 50 12.5 10
Nominal frequency droop coefficientm 2 · 10−4 6.67 · 10−4 1.66 · 10−4 1.33 · 10−4

Nominal amplitude droop coefficient n 3.25 · 10−3 10.83 · 10−3 2.7 · 10−3 2.16 · 10−3

Derivative coefficientsmd , nd 10−5 10−5 10−5 10−5

Nominal impedance Znom (�) 12.8 42.67 10.67 8.53
Table 2
Load active and reactive power.

L1 L2 L3

Active power P (kW) 13 17.5 4
Reactive power Q (kVAr) 6.5 8 2

Line4 = 100 m, Line5 = 600 m, Line6 = 150 m. Table 3 presents
the required virtual impedance settings in order to achieve accu-
rate power sharing. The switches sw2 and sw3 are used to trans-
form the microgrid topology from looped to radial, while switches
sw1, sw4 and sw5 are used for connecting/disconnecting the re-
spective loads. At the beginning, the microgrid operates according
to the conventional droop control, where each DER supplies the
total microgrid load in proportion to its nominal power.

4.2.1. Case study 1: looped microgrid with L1 and L2 connected
At t = 1 s, as shown in Fig. 8, the proposed control is imple-

mented and the droop coefficients are adjusted according to the
measured microgrid impedance. The Zth/Znom ratio of each DER is
presented in Fig. 8(f). Accounting that L2 shares a common bus
with DER4, the latter tries to cover this load, reaching its maxi-
mumavailable power (Fig. 8(a), (b)). The remaining power demand
of L2 (17.5 − 15 = 2.5 kW) and the total power demand of L1
should be fulfilled by the remaining three DERs. Since DER1 and
DER2 are relatively closer to these loads, they also reach their max-
imumpower, while DER3 supplieswith the difference (as being the
most distant). Therefore, the newpower balance is achieved by op-
erating the DERs away from their accurate-power-sharing operat-
ing point. The loads are fulfilled with a lower frequency (Fig. 8(d)),
while the node voltages at each DER are also lower and equal. The
power losses are reduced from 914.8 to 597 W, corresponding to
34.74% loss reduction.

4.2.2. Case study 2: looped microgrid with connection of L3
At t = 3 s, L3 is connected to the microgrid. After a small

transient, the microgrid settles at a slightly different operation
point of frequency and voltage (Fig. 8(d), (e)). At this operation
point, the power losses are still reduced, compared to the
conventional droop strategy (from 751.9 W with accurate power
Table 3
Virtual impedance settings.

Microgrid topology DER1 (mH) DER2 (mH) DER3 (mH) DER4 (mH)

Looped topology with L1 , L2 0.75 11.38 4.52 0.21
Lopped topology with L1 , L2 , L3 0.02 40.55 3.23 0.384
Looped topology with L2 , L3 3.38 41.24 5.46 1.36
Radial topology with L1 , L2 3.35 4.89 0.48 11.13
Radial topology with L1 , L2 , L3 3.36 11.28 3.24 0.14
Radial topology with L1 , L3 9.89 46.27 4.02 18.58
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Fig. 8. Microgrid simulation results for a looped microgrid: (a) active power (W), (b) reactive power (VAr), (c) power losses (W), (d) frequency (Hz), (e) rms phase voltage
(V), (f) microgrid impedance to nominal impedance ratio.
sharing to 599Wwith the proposed control). It can be noticed that
L3 is actually fed by DER3, since it is closer to this load. Thus, the
Zth/Znom ratio of DER3 is significantly reduced (Fig. 8(f)), while the
Zth/Znom ratio of the other DERs remains almost unaffected.
4.2.3. Case study 3: looped microgrid with disconnection of L1

Finally, at t = 6 s, L1 is disconnected by opening sw4. As a result,
the measured Thevenin impedances are automatically updated
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Fig. 9. Microgrid simulation results for a radial microgrid: (a) active power (W), (b) reactive power (VAr), (c) power losses (W), (d) frequency (Hz), (e) rms phase voltage
(V), (f) microgrid impedance to nominal impedance ratio.
and thus the active and reactive power distribution changes,
according to Fig. 8(a), (b). Since the load L1 absorbed a relatively
large amount of power, the microgrid settles after a larger
transient, compared to the previous case study. The frequency
and the voltages are not affected significantly, since their values
were near to the minimal permitted. At the final operation point,
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DER1 contributes with less power since the impedance it senses
increases significantly (Fig. 8(f)). On the contrary, DER2 senses only
aminor change in its impedance because L1 were 1500mapart. For
this reason the power injected by DER2 remains unaffected. The
power losses are still reduced with respect to the corresponding of
the accurate power sharing mode (from 164 to 57 W, i.e. 34.75%
reduction).

It is evident from the results in the looped topology that the
DERs adjust continuously their droop coefficients in order to follow
the changes in the location and size of the loads. In this way, the
loads are covered by the DERs which are relatively closer to them
resulting in reduced line losses with respect to the accurate power
sharing methodology.

4.3. Microgrid with 4 DERs in radial topology

The final simulation test is conducted in a radial microgrid. In
order to form the radial topology, switches sw2 and sw3 open,
isolating Line6 in Fig. 7.

4.3.1. Case study 4: radial microgrid with L1 and L2 connected
Initially, L3 is also disconnected (sw1 is open) and themicrogrid

operates with the conventional droop control. Compared to the
previous simulation results, the microgrid topology changes from
looped to radial, which corresponds to new settings of the virtual
impedance in order to ensure an accurate power sharing operation.
The respective values are presented in Table 3. At t = 1 s, the droop
coefficients are changed adaptively in proportion to the sensed
Zth/Znom ratio (Fig. 9(f)). The active and reactive power sharing is
also adjusted (Fig. 9(a), (b)), resulting in change of the frequency
and voltages of the DERs (Fig. 9(d), (e)). It can be noticed that L1 is
mainly fed by DER1 and DER2, which are 300 m and 1500 m apart
from it respectively. For this reason, these two DERs reach their
maximum available power. Since at least one DER must operate at
its maximum power, it is reasonable that the frequency will settle
to the lower permissible value (∼49Hz) as shown in Fig. 9(d). DER4
also reaches its maximum power covering the largest part of L2,
while the remaining power is fulfilled by DER3. The voltages take
the same value for each DER, while the power losses are reduced
from 981.4 to 591.4 W (39.73% loss reduction), as presented in
Fig. 9(c). Thus, the proposed control strategy can reduce the power
losses irrespective of the microgrid topology.

4.3.2. Case study 5: radial microgrid with connection of L3
At t = 3 s, L3 is connected to the microgrid. The frequency

and the node voltages are slightly affected (Fig. 9(d), (e)). At the
new operation point, the power losses are reduced from 971 W
with accurate power sharing to 678 W with the proposed control.
Similar to the analysis of the looped topology, L3 is mainly fed by
DER3. The Zth/Znom ratio of DER3 is significantly reduced (Fig. 9(f)),
while the Zth/Znom ratio of the other DERs remains almost the same.

4.3.3. Case study 6: radial microgrid with disconnection of L2
At t = 6 s, L2 is disconnected (sw5 opens). The measured

Thevenin impedances are updated again (Fig. 9(f)) and the active
and reactive power distribution changes, according to Fig. 9(a),
(b). Since now DER4 is farther from the loads, it contributes with
less power. DER3 should cover only L3, thus its power decreases
too. The frequency and the node voltages appear in Fig. 9(d), (e),
which results in a new operation point. At this operation point, the
power losses are 628W, while implementing the accurate sharing
methodology the losses would be 1935 W (Fig. 9(c)), because all
the DERs would supply L1 and L3 with active and reactive power in
proportion to their nominal power, independently of their distance
from the loads.
5. Conclusions

This paper proposes a new power sharing methodology that
aims to reduce the line losses in an islanded converter-dominated
microgrid without using communication. The control strategy
utilizes the droop controlmethodwith adaptive droop coefficients.
The droop coefficients are adjusted by the measured microgrid
impedance, as it is sensed by each DER. Compared to the accurate
power sharing method, the DERs closer to the loads are forced
to supply relatively larger power than the DERs far from the
loads. Thus, the currents within the microgrid flow through lower
impedance routes, resulting in reduction of the line losses. The
proposed method is equally effective for both radial and looped
topologies, without considering any further regulation on the
control strategy,while the number and the location of theDERs and
the loads can be arbitrary. Additionally, since no communication
infrastructure is necessary, the function of power loss reduction
is actually implemented in the primary control level. In the
literature, on the contrary, the economic operation of themicrogrid
is performed in the secondary control level, which requires a
communication among the DERs and a central controller. Another
advantage of the proposed adaptive droop control strategy is the
inherent decoupling of the active and reactive power. For this
reason, the virtual impedance regulation is no longer needed.
The proposed control strategy is verified by comparison with
the accurate power sharing method, which is commonly used in
islanded microgrids implementing fully decentralized control.
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