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ABSTRACT Conservation voltage reduction (CVR) aims to decrease load demands by regulating bus
voltages at a low level. This paper proposes a new strategy for decentralized CVR (DCVR), incorporated
into the current-based droop control of inverter-interfaced distributed energy resources (IDERs), to improve
the operational reliability of an islanded microgrid. An Idq controller is developed as an outer feedback
controller for each IDER, consisting of Id–V controllers for the DCVR and Id–ω and Iq–V controllers for
power sharing. In particular, the Id–V controllers adjust the output voltages of the IDERs in proportion to
the frequency variation determined by the Id–ω controllers. This enables the output voltages to be reduced
by the same amount, without communication between the IDERs. The Iq–V controllers are responsible for
reactive power sharing by adjusting the voltages while taking into account the Id–V controllers. Small-signal
analysis is used to verify the performance of the proposed DCVR with variation in the Id–ω and Iq–V droop
gains. Case studies are also carried out to demonstrate that the DCVR effectively mitigates an increase in
the load demand, improving the operational reliability, under various load conditions determined by power
factors and load compositions.

INDEX TERMS Current-based droop control, decentralized conservation voltage reduction, distributed
energy resources, microgrid, operational reliability, small-signal analysis.

I. INTRODUCTION
Microgrids (MGs) are self-contained local entities including
distributed energy resources (DERs) and loads [1]. One par-
ticular focus of the ongoing development of MG- and device-
level controllers is to improve the reliability of the system,
i.e., the ability to balance between power generation and load
demand, so that frequency and voltages can be maintained
within acceptable ranges when MGs operate in islanded
mode [2]. Meanwhile, power converters have been widely
used as the interfaces for DERs, so that they can be connected
to islanded MGs. Inverter-interfaced DERs (IDERs) have

The associate editor coordinating the review of this manuscript and
approving it for publication was Madhav Manjrekar.

faster time responses than conventional synchronous gener-
ators. Therefore, IDERs have recently received significant
attention due to their potential for improving, for example,
real-time frequency and voltage stability, power quality,
and fault-current coordination in islanded MGs [3]–[5].
Moreover, IDERs are capable of operating as grid-forming
units, similar to synchronous generators, determining the
frequency and bus voltages in an islanded MG. An MG with
grid-forming IDERs is called an inverter-based MG [6], [7].

Many studies were carried out on the real-time control of
DERs, aiming to improve the operational stability of islanded
MGs. For example, in [8]–[12], centralized control schemes
were implemented in an MG central controller or an MG
energy management system to achieve cooperation between
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DERs, controllable loads, and voltage-regulating devices
such as capacitor banks. These centralized schemes have
advantages in terms of determining global or near-global
optimal operations of MGs, based on full observation of
the operating conditions of DERs. However, a large amount
DER-related data must be transferred in real time via com-
munications links, making it difficult to implement such cen-
tralized schemes in practice [5].

To overcome this difficulty, decentralized control schemes
have been discussed in several studies (e.g., [13]–[24]), where
coordination between individual DERs is achieved using
device-level controllers based on local measurements. For
example, the P–ω andQ–V droop control schemes have been
widely adopted [13]–[17], so that the total power genera-
tion can be shared among the DERs for real-time frequency
and voltage regulations. The conventional droop control
schemes have several drawbacks with regard to stability mar-
gin and transient response, which are particularly important
to islanded MGs [10]. Therefore, various modifications of
the droop control schemes have been discussed in [18]–[24],
for example using virtual impedance and V–I droop con-
trollers to improve the P–Q decoupling and power sharing
accuracy.

Meanwhile, conservation voltage reduction (CVR) is a
well-known technique to reduce energy consumption and
peak demands by maintaining network voltages at a low
level [25]–[31]; the application and assessment of CVR
was comprehensively presented in [28]. Recently, the CVR
technique has been revisited to mitigate the lack of power
and energy supplies particularly in islanded MGs [32]–[34].
For example, in [32], the output voltages of synchronous
machine-based DERs at the point of common coupling (PCC)
were controlled by using MG frequency deviation as a com-
mon input signal for the proportional-integral (PI) controllers
of the exciters. The other DERs located at different buses
operated as slave units to supply the pre-determined active
power, regardless of the PCC voltage. In [33], the decentral-
ized CVR (DCVR) approach was implemented using V–I
droop control of the IDERs in an islanded MG. However,
the voltage reduction became large under light loading con-
ditions, when the load demand reduction was not much
required. On the contrary, the DCVRwas rather limited under
heavy loading conditions, when the load reduction was more
valuable. In [34], coordination betweenDCVR and load shed-
ding was discussed using P–ω and Q–V droop controllers
for inverter-based MGs. A DCVR strategy was implemented
based on the variation in the apparent output power of each
IDER, leading to different extents of voltage reduction at
each bus when the IDERs operated under different droop
coefficients and/or power ratings. Moreover, for the DCVR
approaches discussed in [32]–[34], the small-signal stability
needs to be investigated in more detail before they can be
applied in practical situations.

In this paper, we propose a new DCVR strategy for IDERs
that incorporates current-based droop controllers for power
sharing in inverter-based islanded MGs. Specifically, for the

proposed strategy, an Idq controller is developed as an outer
feedback controller for each IDER; therefore, it can be readily
integrated into an existing IDER. The Idq controller con-
sists of two modules: Id–V control for DCVR and the Id–ω
and Iq–V control for power sharing. The Id–V controllers
adjust the output voltage of IDERs in proportion to the
MG frequency variation (or, equivalently, the load demand
variation), which is mainly determined by the Id–ω droop
coefficients. Hence, the reductions in bus voltages become
large under heavy loading conditions. Moreover, as the fre-
quency is a global signal in the MG, this enables the individ-
ual IDERs to reduce their output voltage by the same amount
in a decentralized manner: i.e., without relying on commu-
nication between IDERs. Considering the Id–V controllers,
the Iq–V controllers induce additional variations in the output
voltage of the IDERs for reactive power sharing, depending
on the Iq–V droop coefficients; the resulting output voltages
need to be maintained within an acceptable range for time-
varying load demand. Note that the Id–ωand Iq–V droop
controllers can replace the conventional P–ω and Q–V droop
controllers, eliminating time delay in the measurements of
P and Q. Therefore, the current-based controllers enable the
IDERs to respond faster than conventional controllers, thus
improving their transient responses.

Small-signal analysis is performed using the state-space
model of the inverter-basedMG for various coefficients of the
Idq controller, to verify that the proposed DCVR increases the
system damping and improves the MG operational reliability.
Simulation case studies are also carried out to validate that
the proposed DCVR improves the transient response of the
IDERs and enables regulation of bus voltages at the lower
level, further reducing the load demand, under various load
conditions, which are characterized by load power factors and
compositions.

II. DESCRIPTION OF MG TEST BED AND PROPOSED DCVR
In this paper, a three-bus inverter-based MG [6], [35] is used
as a test bed to develop and analyze the proposed DCVR strat-
egy. Fig. 1 shows the MG configuration and Table 1 lists the
load impedances and line parameters. Specifically, the MG
includes three IDERs, each of which is equipped with a local
controller and acts as a grid-forming unit. In other words,
the IDERs determine MG frequency and voltage according
to a multi-master approach while maintaining the balance
between generation and load demand in real time. As shown
in Fig 1, the MG also contains a variable load that operates as
a grid-following unit: i.e., its input power is adjusted based
on the bus voltage vb2. Similarly, the power inputs of two
constant impedance loads vary depending on bus voltages
vb1 and vb3.

A. VOLTAGE DEPENDENCE OF LOADS AND MG-FORMING
OF IDERS
A static load model, discussed in [36], is adopted to represent
the active and reactive power demands (i.e., PLoad andQLoad ,
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FIGURE 1. An islanded MG including IDERs and voltage-dependent loads.

TABLE 1. Load impedances and line parameters in the MG test bed.

respectively) of the variable load for the actual bus voltage
V as:

PLoad = P0
ωl

s+ ωl

(
V
V0

)np
,

QLoad = Q0
ωl

s+ ωl

(
V
V0

)nq
, (1)

where P0 and Q0 are the active and reactive load demands,
respectively, at the rated voltage V0. Moreover, np and nq
are the voltage exponents for the active and reactive power,
respectively, which are determined based on the inherent
characteristics of the load. In (1),ωl is the cut-off frequency of
the first-order low-pass filter (LPF) that reflects the transient
load response [37]. Note that (1) can be expressed equiva-
lently using ZIP coefficients [36].

As shown in Fig. 2, the IDER is a general type of a DER,
such as a fuel cell, battery, or micro-turbine, which is con-
nected to the network via a voltage source inverter (VSI). The
VSI interface changes the DC output voltage from the DER
to the AC voltage for the grid. An RLC filter is also required
to ensure a low ripple current on the grid side and set the reso-
nant frequency at the desired value [6]. The local controller of
the IDER includes an outer feedback loop for the power (or
Idq) controller, which determines the voltage and frequency

FIGURE 2. Schematic diagram of a VSI-interfaced DER and its local
controller including the outer and inner feedback loops. The RLC filter and
grid coupling impedance are also presented.

references required for real-time balance between the total
generation and load demand. It also contains nested feedback
loops for the voltage and current controllers, to ensure that the
actual voltage and current vodq and ildq, respectively, success-
fully follow the reference values, which are vodq∗ and ildq∗,
respectively.

The power controller aims for power sharing among IDERs
using droop control schemes. In a conventional scheme,
the P–ω and Q–V droop controllers are implemented using
the coefficients mP and nQ, respectively, as:

ω∗ = ωn − mPP, (2)

v∗od = Vn − nQQ, v∗oq = 0, (3)

where ω∗ and ωn are the references and nominal set points,
respectively, of the MG frequency and v∗od and Vn are those of
the d-axis output voltage of the IDER. Furthermore, P and Q
represent the low-frequency components of the instantaneous
active and reactive power, respectively, which are measured
at the output ports of the LPFs in the power controller as:

P =
ωc

s+ ωc
pins, Q =

ωc

s+ ωc
qins, (4)

pins = vod iod + voqioq, qins = voqiod − vod ioq, (5)

where vod , voq, iod and ioq are the dq-axis output voltages and
currents of the IDER, respectively.Moreover,ωc is the cut-off
frequency of the LPF.

B. FREQUENCY-BASED DCVR WITH CURRENT-BASED
DROOP CONTROL
Fig. 3 shows a block diagram of the proposed Idq controller,
where the Id–V controller reduces the output voltage of the
IDER for the frequency-based DCVR in coordination with
the current-based droop controllers (i.e., Id–ω and Iq–V ), for
active and reactive power sharing. Specifically, the proposed
Idq controller operates on the voltage-oriented dq-reference
frame where vod only has DC component and voq is set to
zero. From (5), pins and qins can then be expressed as:

pins = vod iod , qins = −vod ioq. (6)
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FIGURE 3. Block diagram of the proposed Idq controller for
frequency-based DCVR incorporated into the current-based droop control
for power sharing.

As vod is close to the rated value (i.e., 1 pu) under normal
operating conditions of the IDER, pins and qins can mainly
be controlled based on iod and ioq, respectively. The con-
ventional (i.e., P–ω and Q–V ) droop controllers, shown in
(2) and (3), can then be replaced by the dq-axis current-based
droop controllers as:

ω∗ = ωn − mId Iod , (7)

v∗od = Vn + nIqIoq, v∗oq = 0, (8)

where Iod and Ioq are the low-pass-filtered values of iod and
ioq, respectively, as shown in Fig. 3. In (7) and (8), mId and
nIq are the corresponding droop coefficients. Compared to (2)
and (3), the current-based droop controllers, (7) and (8), can
respond to variations in the load demand faster, mainly due to
the shorter time delay in themeasurement, which is beneficial
for improving the stability of the frequency and voltage of the
MG [20].

For integration with (7) and (8), the Id–V controller for
the proposed DCVR is implemented in the form of a droop
controller as follows:

v∗od = Vn − nId Iod + nIqIoq, (9)

where nId is the DCVR coefficient for the relationship
between Iod and vod . As the total load demand in the MG
increases, the power outputs pins and, consequently, the cur-
rent output iod of the IDERs, increase according to (7) for
MG frequency regulation: i.e., to maintain the instantaneous
balance of active power. This leads to a decrease in v∗od (and
vod ), as shown in (9), reducing the power consumption of
the voltage-dependent loads and mitigating the increase in
total load demand. In other words, the IDERs participate in
both DCVR and active power sharing. Incorporation of the
Id–V controller into current-based droop controllers enables
the individual IDERs to adjust their output voltages by the
same amount in a decentralized manner, while monitoring
the MG frequency, as discussed in Section II-C. DCVR
can be achieved without communication between IDERs,
because the frequency is a global signal in the MG. More-
over, the larger the increase in load demand, the larger the
reduction of bus voltages that can be achieved, because the
MG frequency deviation is proportional to the load demand
variation for fixed Id–ω droop coefficients.

C. 1VDCVR WITH RESPECT TO DCVR COEFFICIENTS
nId AND kDCVR
Given the local measurements and controllers, we adopted
a simple and effective approach to determine nId in (9),
so that the output voltages of the IDERs are reduced while
maintaining the overall profile of the original bus voltages in
theMG. In other words, the output voltage drops of the IDERs
with an increase in load demand are set equal to each other,
as follows:

1VDCVR=−nId1Iod1=· · ·=−nIdiIodi=· · ·=−nIdnIodn.

(10)

For IDER unit i, (10) can be satisfied by using the fre-
quency deviation 1ω = ω∗ −−ωn = −mId · Iod , as:

1VDCVR=−nIdiIodi=kDCVR1ω = −kDCVRmIdiIodi, ∀i,

(11)

where kDCVR is defined as the DCVR coefficient related to the
sensitivity of1VDCVR to1ω. Based on (6)–(10), (11) can be
expressed equivalently as:

1VDCVR=kDCVR1ω = −kDCVR
1PD∑n

i=1 (vodi_ss
/
mIdi)

, (12)

where 1PD is the variation in the total load demand and
vodi_ss is the steady state value of vodi. This verifies that the
proposed method allows individual IDERs to reduce their
output voltages by the same amount for the DCVR, in pro-
portion to the variation in the MG frequency or the net load
demand, even in the general case where the IDERs have
power ratings, steady-state voltages, and droop coefficients.
It is possible to determine the optimal values of nIdi and
1VDCVRi for the individual IDERs; this task is left for future
work. Note that the resulting output voltages of the IDERs
are determined not only by 1VDCVR but also by the Iq–V
droop controller for the reactive power sharing. Therefore,
an adaptive approach to determining nId or kDCVR, in coor-
dination with voltage regulating devices, will also be worth
investigating in future research.

III. SMALL SIGNALANALYSIS OF PROPOSED
DCVR STRATEGY
A. STATE-SPACE MODELING OF THE MG TEST BED
A complete state-space model of the MG test bed, shown
in Fig. 1, is established to analyze the small-signal stability
for the proposed DCVR strategy. The modeling is achieved
by dividing the entire MG into three modules: the IDERs,
loads, and network lines. Apart from the proposed Idq con-
troller, shown in Fig. 3, the state-space model is implemented
mainly based on [6] and [35]. For example, each IDER
operates on an individual dq-reference frame rotating at a
given angular frequency, which is set by its local controller.
For simple representation, the dq-axis variables 1xd and
1xq are aggregated as 1xdq = [1xd ,1xq]T . The combina-
tion of the state variables is represented simply as [1x] =
[1x1,1x2, · · · ,1xm]T .
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1) MODELING IDERS WITH THE PROPOSED IDQ
CONTROLLER
The proposed Idq controller can be modelled as:

• 1δ

1Iod
1Ioq

 =
 0 −mId 0
0 −ωc 0
0 0 −ωc


︸ ︷︷ ︸

AP

 1δ

1Iod
1Ioq



+

−10
0


︸ ︷︷ ︸

BPω

1ωcom

+

 0 0 0 0 0 0
0 0 0 0 ωc 0
0 0 0 0 0 ωc


︸ ︷︷ ︸

BP

 1ildq
1vodq
1iodq

,
(13)

 1ω∗1v∗od
1v∗oq

 =
CPω︷ ︸︸ ︷ 0 −mId 0

0 −nId nIq
0 0 0


︸ ︷︷ ︸

CPv

 1δ

1Iod
1Ioq



= CP

 1δ

1Iod
1Ioq

, (14)

where δ is the angular difference between the common refer-
ence frame and the reference frame of an individual inverter,
both of which rotate at the speed of ωcom. The Idq controller
model in (13) and (14) is then integrated with the models of
the voltage and current controllers, the RLC filter, and the
coupling impedance to establish a model of an IDER as:

•

[1xINVi] = AINVi [1xINVi]+ BINVi
[
1vbDQi

]
+BINVωi1ωcom, (15)[

1ωi 1ioDQi
]T
=
[
CINVωi CINVci

]T [1xINVi],

(16)

where

[1xINVi]

= [1δi 1Iodi 1Ioqi 1ϕdqi 1γdqi 1ildqi 1vodqi 1iodqi]T .

(17)

The coefficient matrices AINVi, BINVi, BINVωi, CINVωi,
and CINVci in (15) and (16) are provided in the Appendix.
In (17), 1ϕdqi and 1γdqi are the state variables related to the
PI controllers in the voltage and current controllers, shown
in Fig. 2. Note that the input and output variables in the
individual reference frames have been transformed to those
in the common frame, which are represented by the subscript
of DQ in (15) and (16), as:[

1ioDQi
]
= TSi

[
1iodqi

]
+ TCi [1δi], (18)

[
1vbdqi

]
= T−1Si

[
1vbDQi

]
+ T−1Vi [1δi], (19)

where the transformation matrices TSi, TCi, and TVi are
presented in the Appendix. The transformation enables the
individual IDER models to be combined, as follows:

•

[1xINV ] = AINV [1xINV ]+ BINV
[
1vbDQ

]
, (20)

•[
1ioDQ

]
= CINVc [1xINV ], (21)

where AINV, BINV, and CINVc are also defined in the
Appendix.

2) MODELING THE NETWORK WITH LOADS AND IDERS
While focusing on the analysis of the proposed Idq con-
trollers, we adopt general types of RL branches and loads
from [6] and [35] for simplicity as:

•[
1ilineDQ

]
= ANET

[
1ilineDQ

]
+ B1NET

[
1vbDQ

]
+B2NET1ω, (22)

•[
1iloadDQ

]
= ALOAD

[
1iloadDQ

]
+ B1LOAD

[
1vbDQ

]
+B2LOAD1ω, (23)

where ANET, ALOAD, B1NET, B2NET, B1LOAD, and B2LOAD
depend on the network topology, line parameters, load
impedances, and line and load currents in the steady state;
the specific elements can be found in [6]. In (20)–(23), the
DQ-axis bus voltages [1vbDQ] are treated as common inputs
to themodels of the IDERs, lines, and loads. Assuming a large
virtual resistor rN between each bus and ground, [1vbDQ]
is related to the DQ-axis currents of the IDERs, lines, and
loads as:[
1vbDQ

]
= RN

(
MINV[1ioDQ]+MNET[1ilineDQ]

+MLOAD[1iloadDQ]
)
, (24)

where RN is the diagonal matrix representing rN . Moreover,
MINV,MNET, andMLOAD are the mapping matrices used to
account for the connections between the IDERs, lines, and
loads, respectively, in the MG. Using (24), the state-space
models (20), (22), and (23) are integrated into the complete
model of the MG test bed as:

• 1xINV
1ilineDQ
1iloadDQ

 = AMG

 1xINV
1ilineDQ
1iloadDQ

, (25)

where the system state matrix AMG is presented in the
Appendix.

B. SMALL-SIGNAL STABILITY ANALYSIS USING
EIGENVALUES
The small-signal stability of the proposed DCVR is analyzed
using the state-space model (25) of the MG. For simplicity,
the IDERs in theMG are assumed to be identical. Table 2 lists
the parameters of the MG model, determined mainly based
on [6], under normal operating conditions with fixed load
demand. Note that nId is set to 5% at the rated current for

140546 VOLUME 7, 2019



H.-J. Moon et al.: Frequency-Based DCVR Incorporated into Voltage-Current Droop Control

TABLE 2. MG test bed parameters.

FIGURE 4. (a) Three eigenvalue clusters for the proposed DCVR,
current-based droop control, and conventional droop control strategies,
and (b) close-up plots for the eigenvalues in the rightmost cluster.

a rated power of 10 kW and voltage of 380 V. Fig. 4 shows
the eigenvalues of AMG in (25) for three different cases, i.e.,
the proposed DCVR, the current-based (i.e., Id–ω and Iq–V )
droop control, and the conventional (i.e., P–ω and Q–V )
droop control, which are represented by red, green, and
blue, respectively. It can be seen that the eigenvalues in the
three clusters for the current-based droop control with the
state variables [1Iodi, 1Ioqi] are almost the same as those
of the conventional droop control with [1Pi, 1Qi]. This
demonstrates that (2) and (3) can be successfully replaced
by (7) and (8), respectively, to take advantage of reducing
measurement time delay in practical applications.

In addition, Fig. 4(b) shows that for the proposed DCVR
strategy, the eigenvalues in the rightmost cluster move to
the left side, compared to those for the current- and power-
based droop control strategies. This represents an increase
in the system damping and, consequently, an improvement
in the small-signal stability of the MG. The comparisons
shown in Fig. 4(b) indicate that the dominant poles in the
rightmost cluster are sensitive primarily to the state variables

[1Iodi, 1Ioqi] of the proposed Idq controller (or, more accu-
rately, CPv in (14), and hence the diagonal elements of AMG
in (A7) in the Appendix), as they are mainly affected by
[1Pi,1Qi] in the case of conventional power controllers [6].
Meanwhile, the middle-cluster eigenvalues are sensitive to
the state variables of the voltage and current controllers, and
the eigenvalues of the left-most cluster are mainly influenced
by the state variables of the inverter filters and line currents.
The proposed DCVR strategy marginally affects the eigen-
values in both clusters, ensuring overall stability of the MG.

Furthermore, for the proposed DCVR strategy, the root
loci of the eigenvalues are analyzed in the case of variations
in the Id–ω and Iq–V droop coefficients (i.e.,mId and nIq),
while the DCVR coefficient (i.e., nId ) is fixed to 2.42×10−1

and 4.84 × 10−1 for 5% and 10% droop gains, respectively.
The root loci are then compared to those for the conven-
tional droop control, obtained for variations in mP and nQ.
Specifically, Fig. 5(a) shows the trajectories of the domi-
nant poles (i.e., part of the low frequency cluster), as mId
and mP increase from 0.2% to 1% for the proposed and
conventional strategies, respectively. The eigenvalues move
in the directions corresponding to increase in the absolute
magnitudes of their imaginary values. This indicates that,
as mId and mP increase, the system damping is reduced in
both strategies and, consequently, the IDERs become more
responsive to variations in the MG frequency and voltage.
In the conventional strategy, the eigenvaluesmove to the right,
entering the unstable region (i.e., the right half-plane) for
mP > 1.82 × 10−4. On the contrary, the proposed strategy
successfully mitigates the tendency of the MG to become
unstable. In particular, in the case of the 10% Id–V droop
gain, a pair of complex conjugate poles only moves a little to
the right, and another pair even move to the left. This implies
that the proposed DCVR strategy is effective at stabilizing
MG operation, for example, when the power outputs of the
IDERs happen to change abruptly due to large uncertainties
in the frequency droop coefficients in practice.

Similarly, Fig. 5(b) shows the root loci for an increase
in nIq and nQ from 1% to 11%. The real and complex-
conjugate eigenvalues move to the right in both strategies.
Specifically, in the conventional strategy, a pair of complex-
conjugate eigenvalues moves to the right, eventually entering
the unstable region. The tendency is rather mitigated for the
proposed one, as in the case shown in Fig. 5(a). The mitiga-
tion becomes more noticeable for nId = 10%. This confirms
that the proposed DCVR enables the MG to become more
robust against uncertainties in the voltage droop coefficients.
Note that for the proposed strategy, the eigenvalues close to
the origin move slightly towards the imaginary axis in the
beginning, then change direction to the left (see the close-up
plot in Fig. 5(b)).

IV. CASE STUDIES AND RESULTS
The MG test bed, shown in Fig. 1, was implemented using
Matlab/Simulink to analyze the real-time performance of the
proposed DCVR strategy with variation in the load demand,
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FIGURE 5. Root loci for (a) mId (and mP ) and (b) nIq (and nQ) ranging
from 0.2% to 1% and 1% to 11% droop gains, respectively
(2.39× 10−2 ≤ mId ≤ 1.20× 10−1, 6.28× 10−5 ≤ mP ≤ 3.14× 10−4,
2.42× 10−1 ≤ nIq ≤ 2.66, and 6.35× 10−4 ≤ nQ ≤ 7.00× 10−3).

compared to the conventional P–ω and Q–V droop control
(i.e., non-CVR) strategy. The variable load was modelled
using (1) to analyze the effects of the power factors and
voltage exponents on DCVR performance. For simplicity,
the IDERsweremodelled using ideal voltage sources, consid-
ering the fast dynamic response of the VSI. In (9), nId and Vn
were set to 5% and 1 pu, respectively. The other parameters
for the IDERs, lines, and loads remained the same as those
used for the small-signal analysis in Section III.

A. PERFORMANCE VALIDATION OF THE PROPOSED
DCVR STRATEGY
Fig. 6 shows the profiles of the active and reactive power
outputs of the IDERs for stepwise increases in PLoad (by
6.55 kW every second); this is equivalent to 50% of the rated
power of the constant-impedance loads at Buses 1 and 3.
In other words, the variable load consumed 19.65 kW for
t ≥ 3 s, accounting for approximately 60% of the total load
demand. The variable load operated with a unity power factor
and np = 2. Fig. 7 shows the corresponding frequency and
voltage profiles measured at the output nodes of the IDERs.

Specifically, Fig. 6(a) shows that each IDER generated
PIDER = 4 kW (or, equivalently, 40% of PIDER,rated =
10 kW) during 0.5 s ≤ t ≤ 1 s. In the proposed DCVR
strategy, the Id–V controller with nId = 5% led to decreases
in the VIDER levels of the IDERs by approximately 0.02 pu,
as shown in Fig. 7(b). As PLoad increased during the period
1 s ≤ t ≤ 4 s, iod increased and ωIDER then decreased in both
strategies, as shown in Fig. 7(a); also, see (6) and (7). On the
contrary, the VIDER levels were only reduced in the proposed
strategy, as shown in Fig. 7(b); see (3) and (9). Fig. 6(a)

FIGURE 6. (a) Active and (b) reactive power outputs of the IDERs for
nId = 5%.

FIGURE 7. (a) Frequency and (b) voltage profiles at the output nodes of
the IDERs.

shows that due to the voltage-dependent loads, the total load
demand for the proposed strategy became lower than that
for the conventional strategy. Therefore, ωIDER deviated less
during 1 s ≤ t ≤ 4 s in the proposed strategy than in the
conventional strategy, as shown in Fig. 7(a).

Note that in Fig. 6(b), the Iq–V controllers were as effective
as the Q–V controllers at reactive power sharing, This is due
to the coupling between the line resistance and reactance, par-
ticularly in the case of the small-scale, low-voltage MG [21].
Fig. 7(b) shows that, for the conventional strategy, VIDERs
were barely reduced from 1 pu during 1 s ≤ t ≤ 4 s, because
the line power flows and reactive power loads were small.
The small changes in VIDER were attributed to variations in
the line power flows.

As the MG load demand increased, the output volt-
ages of the IDERs decreased further, as shown in (12).
Consequently, a larger decrease in the load demand occured,
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TABLE 3. Performance comparisons between the proposed DCVR and the
conventional droop control strategy.

TABLE 4. Performance comparisons for different power factors of the
variable load.

as shown in Table 3. This confirms that the proposed strategy
is effective for improving the reliability of MG operation by
mitigating severe increases in the load demand or, equiv-
alently, the lack of generation reserve capacity. Moreover,
the proposed strategy improved the transient response of the
IDERs, as shown in Table 3. Specifically, the average per-
cent overshoot and settling time of IDER2 were reduced by
approximately 36.7% and 47.1%, respectively, compared to
those in the conventional strategy. This is consistent with the
results of the eigenvalue analysis, discussed in Section III-B.

B. EFFECTS OF LOAD POWER FACTORS ON THE
PROPOSED DCVR
The proposed DCVR strategy was tested for power factors
pf = 1, 0.9, and 0.8 of the variable load. In other words,
QLoad changed by 0, ±6.34 kvar, and ±9.83 kvar, respec-
tively, for a step variation in PLoad of ±13.10 kW at t =
1 s and 2 s. In (1), both np and nq were set to 2. For each
power factor, Figs. 8 and 9 show the variations in the total
load demand of the MG and the corresponding profiles of
the output voltages of the IDERs, respectively. In Table 4,
we summarize the results for the proposed and conventional
strategies particularly with respect to the maximum voltage
reductions and the decreases in the active and reactive load
demands.

For example, the proposed strategy enabled the IDERs
to decrease output voltage by up to 3.69% for pf = 0.8,
in turn reducing the total active and reactive load demands
by 10.76% and 11.02%, respectively. In the conventional one,
the bus voltages were reduced slightly (i.e., by 1.78%). This
demonstrates that the proposed DCVR strategy becomes par-
ticularly effective in the case where the MG includes conven-
tional loads (e.g., inductionmotors and home appliances [38])
operating with relatively low power factors by consuming
reactive power.

FIGURE 8. Total (a) active and (b) reactive load demands for different pf s.

FIGURE 9. Output voltage profiles of the IDERs for different pf s.

Moreover, in both strategies, the lower the power factor, the
greater the decreases in the output voltage, and consequently,
the total load demand due to the Iq–V and Q–V controllers
for reactive power sharing. This implies that nId and nIq must
be determined based on the operating power factors of the
loads to improve the DCVR performance while ensuring the
voltage stability.

C. EFFECTS OF LOAD COMPOSITIONS ON THE
PROPOSED DCVR
The case study, discussed in Section IV-B, was repeated with
different values of np in (1) to analyze the effects of the volt-
age dependence of the variable load on the proposed DCVR
strategy. Specifically, the analysis was conducted for np = 2,
1, and 0, representing the variable load being operated as a
constant-impedance, current, and power load, respectively.
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FIGURE 10. Total active load demand in the MG for different values of np
in (1).

TABLE 5. Performance comparisons for different voltage exponents of
the variable load.

As the variable load consumed as much power PLoad as half
of the total load demand in the MG, the equivalent voltage
exponent np.eq for the total MG load was estimated as 2,
1.5, and 1, respectively. Note that QLoad was set to zero:
i.e., pf = 1.

Figs. 10 and 11 show the variations in total load demand
and bus voltages, respectively, for step changes in PLoad .
Table 5 shows that for the proposed strategy, bus voltage
was reduced by up to 0.956, 0.955, and 0.954 pu (i.e., by up
to 2.42%, 2.54%, and 2.66%) for np.eq = 2, 1.5, and 1,
respectively. This led to a reduction in the total load demand

FIGURE 11. Bus voltage profiles for different values of np in (1).

of 2.26 kW, 1.74 kW, and 1.17 kW (i.e., 8.62%, 6.65%, and
4.48%), respectively. In other words, the larger the value
of np,eq, the larger the reduction in the load demand. This
confirms that the proposed DCVR strategy is effective for
reducing the total load demand particularly for the case where
the constant-impedance loads account for large proportion of
the load. In contrast, the conventional droop control led to
small variations in bus voltage for the changes in PLoad , due
to QLoad = 0, as in Section IV-B. Fig. 11 also shows that the

TSi =
[
cos δi − sin δi
sin δi cos δi

]
, TCi =

[
−iodi sin δi −ioqi cos δi
iodi cos δi ioqi sin δi

]
(A1)
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[
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vbDi cos δi − vbQi sin δi

]
(A2)
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voltage profile at each bus remained the same for np = 2, 1,
and 0.

V. CONCLUSION
This paper proposed a new DCVR strategy incorporated with
current-based droop control to improve the operational reli-
ability of an inverter-based islanded MG. For the proposed
DCVR, the Idq controller was developed as the outer feed-
back controller of the IDER, requiring no communications
systems. The Idq controller consists of an Id–V controller for
the DCVR, and Id–ω and Iq–V controllers for power sharing.
The Id–V controllers adjusted the voltage outputs of the indi-
vidual IDERs in proportion to the MG frequency variation,
mainly determined by the Id–ω controllers. In other words,
decentralized operation of the IDERs could be achieved using
the global signal in theMG, so that the local controllers of the
IDERs reduced output voltage while maintaining the overall
profile of the original voltage at theMG buses. The Iq–V con-
trollers, integrated with the Id–V controllers, also adjusted
IDER voltage for reactive power sharing. The proposed Idq
controller enabled the IDERs to respond faster to variations
in the load demand, thus improving the transient responses
of the IDERs. A state-space model of the three-bus MG test
bed was implemented so that the small-signal analysis could
be performed particularly for variations in mId and nIq. The
proposed DCVR was shown to increase the system damp-
ing, and consequently the reliability of the MG operation.
Case studies were also performed to demonstrate that, with
an increase in load demand, the proposed DCVR led to larger
reductions in bus voltages and, consequently, in the power
inputs of the constant-impedance loads, resulting in larger
system damping. The proposed DCVRwas also confirmed to
be effective for anMG that includes large constant impedance
loads operating with relatively low power factors.

APPENDIX
The state space model of the MG test bed, discussed in
Section III-A, is implemented using the transformationmatri-
ces (A1) and (A2), as shown at the bottom of the previous
page, and the coefficient matrices (A3)–(A7), as shown at
the bottom of the previous page, the elements of which are
comprehensively explained in [6].
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