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Abstract

The droop mechanism is widely utilized in a stand-alone microgrid (MG) to regulate
power-sharing among distributed generators (DG). However, over the years, the droop
phenomena are continually modified to lessen the deviation in voltage and frequency
parameters caused due to classical droop. This study suggests computing the droop coef-
ficient for voltage–current (V–I) droop to take into account for proportional power
distribution among DGs. In grid utility networks, the conservation voltage reduction
(CVR) strategy is widely used to curtail the use of energy. Hence, this paper investigates the
CVR’s performance for stand-alone MG by performing the adaptive vector control scheme
in the two-phase d–q reference frame. In addition to it, the paper is intended to develop
a coordinated control strategy for stand-alone MG involving classical P–f droop and self-
sustained V–I droop employed to perform the function of CVR during peak demand and
overloading conditions. Further, a load-shedding control approach is also considered to
cut out some segments of load during overloading conditions to operate the MG in the
stable zone. The validation of the proposed strategy is conducted on MATLAB/Simulink
software.

1 INTRODUCTION

The paradigm shifts from the conventional power system to
the inverter-based distributed generator (DG) led to increased
penetration of renewable sources in the distributed power net-
work [1]. Microgrid (MG) emerges out to be the distinctive
technology that enables large integration of distributed gener-
ation with sophisticated control mechanism [2]. The centralized
and decentralized control are the two schemes that are widely
practiced in the control approach of MG. The centralized con-
trol scheme is dependent on a communication wire to pass the

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited and is not used for commercial purposes.
© 2023 The Authors. IET Generation, Transmission & Distribution published by John Wiley & Sons Ltd on behalf of The Institution of Engineering and Technology.

control and feedback signal and hence, decentralized control is
most commonly used for power sharing among DGs. The P–

f and Q–E are the two variants of the droop control scheme
that are widely used as a decentralized approach to maintain-
ing the power among DGs. The P–f/Q–E approach relies on
the inductive network, and it suffers slow dynamic issues with
an abrupt change of voltage and frequency parameters as the
load drifts to a new position [3]. In addition to it, the droop
coefficient determination in the conventional droop method is
decided by assuming the proper power balance between the
DG and the load demand whereas the work proposed in [4]
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illustrated the droop coefficient estimation as per the power
output of the solar PV. An AC–DC coupled droop control
mechanism is proposed in [5] to eliminate outer controller loops
consisting of PI controller to facilitate fast dynamics of the bus
voltage during the time of transients.

Microgrid characterizes line impedance of resistive nature,
and its DG is having least inertia with frequent load variation,
hence, the stability and power quality are the challenging issues
for the droop control scheme. Various literature addressed these
challenges and contributed to the design of robust control
mechanisms. A control strategy comprising the model predic-
tive control is utilized to adjust the gain of the droop controller
and voltage reference of the DGs to regulate the frequency
of the system within the predetermined limits [6]. A detailed
review illustration of various kinds of control methods imple-
mented in hierarchical control and the techniques for frequency
and voltage restoration is discussed in [7]. The voltage con-
trol of the battery energy storage system is carried out with
the coordination of P–f and V–I droop control to regulate the
charging phenomena of the battery energy storage system pro-
posed in [8]. In [9], the overshoot in current magnitude is being
reduced with the application of the adaptive droop mechanism,
and hence, it improved the stability to a greater extent. Also, the
classical droop does not guarantee accurate reactive power shar-
ing among DGs, and hence, virtual output impedance comes
out to be an effective approach to tackle this issue [10]. A con-
trol method comprising the adaptive virtual impedance-based
voltage source inverter (VSI) is designed to enhance the stabil-
ity and power-sharing performance by modulating the output
impedance of the VSI [11]. The aforementioned control strat-
egy is only targeted to enhance the performance of the system
by executing some modifications in the classical droop scheme.
Moreover, the design mechanism of droop control is consid-
ered in such a way that its characteristics rely on the attributes of
inverter-based DG such as small inertia, fast dynamic response,
better flexibility, and also, the inverter is utilized efficiently if
it operates within its generation capability. The peculiarity of
classical droop is its inherent delay and hence, the power flow
strategy in P–f/Q–E droop is replaced with the flow of cur-
rent [12]. The proportion flow of current is established between
DG units by employing the V–I droop strategy. A suitable
droop coefficient enables proportional sharing of power among
DGs. Thus, the paper proposed a new methodology for design-
ing the computation method for determining the V–I droop
coefficient.

The efficiency and conservation of electrical energy are the
main concerns for a future microgrid. CVR is the well-known
approach to performing demand reduction in the electrical
distribution network. CVR involves a voltage reduction mech-
anism to accomplish energy conservation and consequently, it
brings down the losses and peak demand [13]. Moreover, a
robust CVR factor formulation is developed by utilizing the
soft constrained gradient analysis dependent on time-varying
modelling of loads which provides promising results even in
case of low time resolution or limited measurements [14]. The
voltage source inverter (VSI) plays the lead role in integrating
renewable sources of energy with the AC loads. The primary

role of VSI is power generation from renewable sources. Apart
from its power generating adequacy, the VSI operation involves
ancillary utilities such as harmonic reduction, compensation of
voltage imbalances, and demand side management [15], [16].
The VSI facilitates demand side management by employing
CVR phenomena and generally, there are only two schemes that
exist to deduct voltage in grid-connected MG. One technique
is termed a no-voltage feedback scheme where line drop com-
pensators and capacitors are used to reduce voltage. Another
one is a close loop voltage feedback scheme which utilizes
an advanced metering system and SCADA to deduct the volt-
age parameter [17]. However, the slow response characteristics
of voltage-regulating devices are one of the challenges faced
by the distribution substation [18]. In addition, the distance
between voltage-regulating devices and microgrids could be
the reason that drastically affects the CVR execution [19]. A
real-time power smoothing control set-up is designed for the
distribution network which enables the high penetration of pho-
tovoltaic (PV) in coordination with the CVR strategy which
smoothens the power fluctuations of the total load caused by
the intermittent nature of PV sources [20]. Thus, the execu-
tion of CVR for grid-connected microgrids could not fully
fulfil the demands such as energy saving with the support of
CVR. Hence, this paper proposed the execution of CVR for
stand-alone MG with advanced control methodology which
characterizes voltage deduction coordinated by P–f droop and
V–I droop strategy.

The attributes of VSI-operated DG in a stand-alone micro-
grid are the close proximity between load and microgrid and the
fast response of VSI would increase the efficiency and range
of the CVR mechanism. Recently, a study is being carried out
to investigate the potential of CVR for stand-alone MG and
its adequacy is realized by comparing the performance with
conventional droop [21]. However, the aforementioned study
neglected the operational capability limit of the VSI, and only
power-saving phenomena are presented with the utilization of
CVR. It is very necessary to consider the operational capabil-
ity limit of VSI and this point must be taken care of while
designing the control strategy. Hence, the paper is focused on
developing the control mechanism which considers the oper-
ational limit of VSI and if the power-delivering capability of
VSI goes beyond the limit then CVR action would be carried
out. Moreover, the load-shedding control mechanism would get
triggered if CVR autonomously would not be able to bring
the operational limit of VSI within the predetermined limit.
The control methodology is validated through a test system as
described in [22]. This paper aims to carry out the following
approach:

1. Devised the modified approach to compute the V–I droop
coefficient.

2. Developed the control methodology to execute the CVR
action by coordinated control method involving the opera-
tion of V–I droop and P–f droop control.

3. Designed the control mechanism for load shedding if CVR
autonomously is not able to bring the power-delivering
capability of VSI under a safe limit.

 17518695, 2023, 12, D
ow

nloaded from
 https://ietresearch.onlinelibrary.w

iley.com
/doi/10.1049/gtd2.12839 by T

echnical U
niversity D

ublin, W
iley O

nline L
ibrary on [24/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



JHA ET AL. 2705

The remaining section of the paper is outlined as follows:
Section 2 states the CVR methodology with a detailed explana-
tion of the droop mechanism. Section 3 discusses the modified
version of the droop phenomena to be utilized in the proposed
scheme. Section 4 demonstrates the control strategy involving
CVR and load shedding mechanism. Section 5 illustrates the val-
idation of the coordinated operation of CVR and load-shedding
strategy by analyzing simulation results. Section 6 stipulates the
conclusions derived from the work.

2 CVR APPROACH IN COORDINATION
WITH VSI ENABLED DROOP STRATEGY

The CVR mechanism proved to be a convincing technology to
minimize the consumption of energy and peak demand. Gener-
ally, the CVR mechanism is applied to the upstream end service
in the distribution sector to maximize the benefit of increased
efficiency by the consumer. The tolerance band of IEEE 1547.2
allows regulation of voltage within 88–110 % and the paper uti-
lized this aforementioned range to perform the CVR scheme.
The advantage of CVR execution is the power deduction by the
end-user load on reducing the voltage magnitude.

The droop control in the microgrid emerges to be an effective
technique to replicate the drooping phenomena in a conven-
tional generator set. The droop control facilitates self-regulation
of active and reactive power allocation for the DG, and it is
dynamically varying with the change in voltage and frequency
magnitude. The V–I droop and active power-based P–f droop
are utilized to control the power. The droop control mode
that is responsible for managing frequency is represented as
follows:

𝜔 fr = 𝜔n − mk ∗ Pinv (1)

where 𝜔n and 𝜔 fr depicts the nominal and reference frequency
of the DG set. The term Pinv represents the active power and
mk is the droop gain used to determine the reference frequency.
The voltage Vgen,d produced by V–I droop control greater than
the nominal voltage Vnom as it constitutes output current Iinv of
the inverter multiplying with the droop coefficient Zl . The V–I

droop acts as a self-sustained droop that simply performs the
function of a resistor. The V–I droop is represented as follows
[23, 24]: -

Vgen,d = Vnom + Zl ∗ Iinv (2)

The droop gains mk and Zl of P–f and V–I droop can be
written as follows:

mk =
𝜔n − 𝜔mn

Pinv,max
,Zl =

Vgen,d −Vmn

Iinv,max
(3)

The allocation of power to the DG is guided by the droop
gain mk and Zl and hence, it is of utmost importance to choose

the suitable value of droop gain to share accurate power among
DGs. The minimum voltage and frequency maintained by the
controller of the microgrid are represented by Vmn and 𝜔mn

respectively. The operational capability of the inverter restricts
the dispatch of power beyond Pinv, max corresponding to the
output current Iinv, max respectively to the loads. According to
Figure 1, the microgrid’s operational frequency is 𝜔p, which
corresponds to the actual power Pi that is produced by the
inverter. The V–I droop produces a nominal voltage Vgen,d−op

and it generates a proportional current Igd respectively. As seen
from Figure 1, the V–I droop encounters voltage rise phe-
nomena with the output current of the inverter and hence, it
can be termed a self-sustained droop as it is independent of
the microgrid’s essential parameters as in the case of conven-
tional power-based droop. The operational capability of the
inverter could not exceed beyond Pinv, max and if this condi-
tion occurs then the frequency of the microgrid falls below 𝜔mn

which clearly indicates the overloading of the VSI as described
in Figure 1. Furthermore, according to the literature in [25],
VSI can safely provide 150% of rated current for a duration
of 1 min. Hence, the paper proposed a control strategy to
shed the non-critical load to safely operate the VSI within its
safe limit.

3 ADAPTIVE VECTOR CONTROL
ENABLED VOLTAGE REGULATION

The rotation of the d–q reference frame at speed 𝜔 fr is uti-
lized to decouple the regulation of active and reactive power by
exploiting the benefits of a vector control scheme. The alter-
nating current has a frequency of 𝜔 fr produces steady state
d–q current component id and iq which is the DC component
representation in the d–q reference frame rotating at a similar
speed of 𝜔 fr . When the output voltage is positioned along the
d-axis of the two-axis d–q reference frame, the current id con-
trols the active power while the current iq regulates the reactive
power. The equation for output voltage can be represented as
follows:

⎡⎢⎢⎢⎣
Vfa

Vfb

Vfc

⎤⎥⎥⎥⎦ = R f

⎡⎢⎢⎢⎣
I fa

I fb

I fc

⎤⎥⎥⎥⎦ + L f
d

dt

⎡⎢⎢⎢⎣
I fa

I fb

I fc

⎤⎥⎥⎥⎦ +
⎡⎢⎢⎢⎣
Vinv,a

Vinv,b

Vinv,c

⎤⎥⎥⎥⎦ (4)

The conversion of an. (4) into a two-axis d–q reference frame
rotating at a speed 𝜔 fr can be written as follows:

Vfd = R f I fd + L f

dI fd

dt
− 𝜔 fr L f I fq +Vinv,d (5)

Vfq = R f I fq + L f

dIq

dt
+ 𝜔 fr L f I fd +Vinv,q (6)

where Vfd and Vfq are voltage generated by the inner loop
control. The constant Vinv,d and Vinv,q are the voltages of the
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2706 JHA ET AL.

FIGURE 1 Frequency and voltage management scheme.

converter and I fd and I fq represent the current in the two-axis
d–q reference frame. The equation representing the active and
reactive power can be described as follows:

Pis =
3
2

(Vfd I fd +VfqI fq ) (7)

Qis =
3
2

(VfqI fd −Vfd I fq ) (8)

The representation of the angular position 𝜃is in the d–q

reference frame can be written as:

𝜃is = ∫ 𝜔 fr dt = tan−1
Vf 𝛽

Vf 𝛼
(9)

where the term Vf 𝛼 and Vf 𝛽 depicts the voltage component of
ac source in stationary αβ axes.

The alignment of the d-axis of the d–q reference frame along
the voltage component of the AC source is depicted in Eq. (9)
and the positioning of the vector component of the voltage and
current can be represented as shown in Figure 2 which shows
the voltage component Vfq ≈ 0 and the voltage Vfd tends to
be equal to the magnitude of the AC voltage Vf . Hence, it can
be summarized that the exchange of active and reactive power
between the AC source and converter is equivalent to the cur-
rent the regulation of active and reactive power can be achieved
by controlling the current component I fd and I fqand further, the
Hence, the expression for power can be depicted as follows:

Pis =
3
2

Vfd I fd (10)

Qis = −
3
2

Vfd I fq (11)

FIGURE 2 Representation of voltage-oriented vector control of AC
voltage on two-phase d–q reference frame.

4 DROOP CONTROL SCHEME

This section illustrates the classical and modified droop esti-
mation method and the final matrix tends to produce a droop
coefficient for V–I droop determined by taking into account a
network made up of 3 buses and 5 impedances. The detailed
method is explained in the consecutive section.

4.1 Classical V–I droop estimation method

The droop gain Zl needs to be determined to achieve accurate
sharing of power among DGs. The procedure to compute the
V–I droop gain considered the summation of individual nodes
present in the network with the other node to represent the
impedance between these two nodes. Similarly, the method cov-
ers all the branches of the impedances in the network, and it
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JHA ET AL. 2707

FIGURE 3 Representation of network comprising 3 bus with 5
impedance.

is important to note that the branch connection between two
nodes produces a matrix whose size is determined by the num-
ber of nodes. Subsequently, the matrix size would increase with
the inclusion of new nodes to connect each of the impedances
present in the network.

For defining the procedure, a 5-bus network that includes 3
nodes and 5 impedances shown in Figure 3 is considered to
show the detailed method in a lucid way. As there are 3 nodes
present in the network, hence, the size of the matrix at the final
stage would be 3 × 3 and the detailed representation of droop
computation for V-I droop is shown in Figure 4 and discussed
in the subsequent section.

4.2 Modified estimation of V–I droop
coefficient

The formation of Zdr matrix is carried out in the following steps:

Step 1: The interconnection of Z1 is joined from point
V1 to reference point J and it leads to the initia-
tion of the current I1. The expression is written as
follows:

V1 = Z1 ∗ I1 (12)

and the matrix representation of the above expression is:

Zdr = [Z1] (13)

Step 2: Further, the line impedance Z2 is interconnected
between point V2 and reference point J. The resultant
expression turns into a matrix as follows:

Vdr =

[
V1

V2

]
=

[
Z1 0

0 Z2

] [
I1

I2

]
(14)

Also, Zdr ,OLD = [Z1]

The resultant matrix for Zdr ,NEW would be represented as
follows:

Zdr ,NEW =

[
Zdr ,old 0

0 Z2

]
(15)

where Zdr ,OLD = [Z1].

Step 3: The integration of new impedance Z4 between
point 2 and point 3 leads to the following matrix as
follows: [

V1

V2

]
=

[
Z1 0

0 Z2

] [
I1

I2 + I3

]
(16)

V3 = V2 + Z4I3 (17)

⎡⎢⎢⎢⎣
V1

V2

V3

⎤⎥⎥⎥⎦ =
⎡⎢⎢⎢⎣
Z1 0 0

0 Z2 Z2

0 Z2 Z2 + Z4

⎤⎥⎥⎥⎦
⎡⎢⎢⎢⎣
I1

I2

I3

⎤⎥⎥⎥⎦ (18)

Now, the transformed Zdr ,NEW the matrix can be written as
follows:

⎡⎢⎢⎢⎢⎢⎢⎣
Zbus,OLD

Z1J

Z2J

∶

ZKJ

ZJ1 ZJ2 … ZJK ZJJ + ZNEW

⎤⎥⎥⎥⎥⎥⎥⎦
(19)

Step 4: The point 1 and point 2 connect line impedance Z3
leads to the flow of current iL in the loop 12J and the
current at point 1 and point 2 is+iL and -iL respectively.
The resultant expression is as follows:

⎡⎢⎢⎢⎣
V1

V2

V3

⎤⎥⎥⎥⎦
⎡⎢⎢⎢⎣
Z11 Z12 Z13

Z21 Z22 Z23

Z31 Z32 Z33

⎤⎥⎥⎥⎦
⎡⎢⎢⎢⎣
I1 + iL

I2 − iL

I3

⎤⎥⎥⎥⎦ (20)

The size of the formulated matrix is considered to be P × P

and the integration of any new line impedance Znew between the
point, ‘g’ and point ‘h’ comprising ‘P’ number of nodes results in
the matrix with the loop current iL as follows:

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

V1

V2

∶

Vg

Vh

∶

VP−1

VP

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

=

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Z1,1 Z1,2 … … … Z1,P−1 Z1,P

Z2,1 Z2,2 … … … Z2,P−1 Z2,P

∶ ∶ … … … ∶ ∶

Zg,1 Zg,2 … … … Zg,P−1 Zg,P

Zh,1 Zh,2 … … … Zh,P−1 Zh,P

∶ ∶ … … … ∶ ∶

ZP−1,1 ZP−1,2 … … … ZP−1,P−1 Zm−1,m

ZP ,1 ZP ,2 … … … ZP ,P−1 ZP ,P

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

I1

I2

∶

Ig + iL

Ih − iL

∶

IP−1

IP

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(21)
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2708 JHA ET AL.

FIGURE 4 Computation mechanism for V–I droop coefficient.

Further, the Eq. (21) can be modified to the following matrix:

⎡⎢⎢⎢⎢⎣
V1

V2

∶

VP

⎤⎥⎥⎥⎥⎦
=

⎡⎢⎢⎢⎢⎣
Z1,1 Z1,2 ⋯ Z1,P

Z2,1 Z2,2 … Z2,P

⋮ ∶ ⋱ ⋮

ZP ,1 ZP ,2 ⋯ ZP ,P

⎤⎥⎥⎥⎥⎦
⎡⎢⎢⎢⎢⎣

Ia

Ib

∶

IP

⎤⎥⎥⎥⎥⎦
+

⎡⎢⎢⎢⎢⎣
Z1g − Z1h

∶

∶

ZPg − ZPh

⎤⎥⎥⎥⎥⎦
. IL (22)

Again, the Eq. (22) is modified as:

Vbus = Zbus,OLD .Ibus + c.iL where c =

⎡⎢⎢⎢⎢⎣
Z1g − Z1h

∶

∶

ZPx − ZPq

⎤⎥⎥⎥⎥⎦
(23)

The difference between columns #g and #h is defined by
the term ‘c’ and the Zdr ,OLD matrix can be determined as
follows:

The voltage drop caused due to integration of impedance
Z3 and it is written as follows:

Vh − −Vg = Z3.iL (24)

Vg −Vh − −Z3.iL = 0 (25)

The expansion of the term Vg and Vh results into the
following expression:

Vg =
[

Zg1 Zg2 … ZgP

]
. Ibus +

(
Zgg − Zgs

)
. iL (26)

And

Vh =
[

Zh1 Zh2 … ZhP

]
. Ibus + (Zhr − Zhh ) . iL (27)

Substituting Eqs. (26) and (27) in Eq. (25) results:(
Zh1− Zg1 , … , ZhP− ZgP

)
. Ibus +

(
2Zgh− Zgg− Zhh − Z3

)
. iL = 0

(28)

The Eq. (28) can be written as follows:

0 = y ∗Ibus +
(
2Zgh − Zgg − Zhh − Z3

)
.iL (29)

The row matrix ‘y’ of N dimensional size is depicted as
follows:

y =
(

Zh1 − Zg1 , … , ZhP − ZgP

)
(30)

The determination of the loop current iL is found by solving
Eq. (29) and the voltage Vbus is illustrated as follows:

Vbus = Zdr ,OLD +
1

Z3 + Zgg + Zhh − 2Zgh
. (c ∗ y ∗ Ibus (31)

Further, the Eq. (31) is written as:

Vbus =

{
Zdr ,OLD +

c ∗ y
Z3 + Zgg + Zhh − 2Zgh

}
. (Ibus ) (32)

And the voltage Vbus = Zdr ,NEW . Ibus (33)
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JHA ET AL. 2709

The resultant expression for Zdr ,NEW matrix can be
described as follows:

Zdr ,NEW = Zdr ,OLD +
c ∗ y

Z3 + Zgg + Zhh − 2Zgh
(34)

The determined final Zdr ,NEW matrix represents the
impedance Z3 coupling between the points #g and #h which
actually represents point 1 and point 2 in Figure 4.

Step 5: Finally, the impedance Z5 is connected between
point 1 and point 3 and it is described as:

Zdr ,NEW = Zdr ,OLD +
c ∗ y

Z5 + Z11 + Z33 − 2Z13
(35)

The resultant final Zdr ,NEW matrix can be represented as
follows:

Zdr ,NEW =

⎡⎢⎢⎢⎣
Z11 Z12 Z13

Z21 Z22 Z23

Z31 Z32 Z33

⎤⎥⎥⎥⎦ (36)

The droop coefficient estimation for the V–I droop is com-
puted by knowing the location of the DG. For illustration, Z33
element in the Zdr ,NEW matrix is the V–I droop coefficient
for the DG at bus number 3 and in this way, the droop coef-
ficient computation is easily determined for single-feeder and
multi-feeder networks comprising multiple DGs.

4.3 Coordination of P–f droop and V–I
droop to execute CVR scheme

The CVR mechanism is applied with the coordination of the
modified P–f droop strategy and V–I droop strategy. The
expression for active power and output current generated by the
voltage source inverter during overloading condition is written
as follows:

Pol =
𝜔n − 𝜔ol

mk
, Iol =

Vgen,d −Vol

Zl
(37)

The term Pol and Iol describes the active power dispatch and
output current generated by the inverter during overloading
conditions. The three-phase term Iol is transformed into the d–q

frame and complex power is described as follows:

S j =
3
2

Vgen,d (Id ,ol − jIq,ol ) =
3
2

(Vgen,d Id ,ol − jVgen,d Iq,ol ) (38)

The expression for reactive power can be derived from
Eq. (38) as follows:

Qol = −
3
2

Vgen,d Iq,ol (39)

Hence, the q axis of the d–q frame provides the reactive power
as outlined in Eq. (39). The variation of frequency and volt-
age parameters would be observed once the microgrid reaches
the overloading condition. The imbalance that occurs in the
power-sharing mechanism due to the aforementioned variation
of parameters can be written as follows:

Pdel = Pol − Pinv,max =
𝜔mn − 𝜔ol

mk
(40)

Qdel = Iol − Iinv,max =
Vgen,d−mx −Vol

Zl
(41)

The active power Pdel and reactive power Qdel are provided
by the inverter during the arrival of overloading conditions. The
paper proposed the initiation of the CVR mechanism at the time
of peak demand and overloading condition of the stand-alone
microgrid. The following equation characterized the normal
and CVR mode of the microgrid and it can be expressed as
follows:

Pdel =

⟨𝜔n − 𝜔ol

mk
for 𝜔 < 𝜔mn

0 for 𝜔 ≥ 𝜔mn

(42)

Idel =

⎧⎪⎨⎪⎩
Vgen,d −Vol

Zl
for V > Vgen,d−max

0 for V ≤ Vgen,d−max

(43)

Hence, the microgrid needs to be maintained the minimum
value of frequency 𝜔mn to sustain the normal operating mode.
Also, it is important to consider the voltage Vgen,d−max which is
proportional to current Id−max should be within the limit of the
voltage source inverter. If any of the limits cross the threshold,
then the microgrid reaches the situation of peak demand and
overloading mode. The expression for apparent power during
overloading mode can be described as:

Sdel =

√
P2

del
+ Q2

del
(44)

The execution of CVR during peak demand and overload-
ing conditions deducts a specific amount of voltage from
every DG connected to the microgrid. Hence, there is a
need to establish the relationship between apparent power
and output voltage. The static load model is characterized as
follows:

Pdm = Par

(
Vact

Vr

)s

(45)

Qdm = Qar

(
Vact

Vr

)t

(46)
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2710 JHA ET AL.

The term Pdm, and Qdm depicts active and reactive power
at the actual voltage Vact respectively. At rated voltage Vr ,
the term Pdm and Qdm represent active and reactive power.
The active and reactive power consumption varies on chang-
ing the load voltage from Vr to Vact respectively. The s

and t are exponential constants that rely on the load char-
acteristic. Let exponential constant s = t = w then the
relation between apparent power and voltage is represented as
follows:

S j = Sm

(
Vact

Vr

)w

(47)

The expression in Eq. (47) depicts the load modelling in per
unit and further, the derivative of S j with respect to Vact is found
out and it is described as follows:

dS j

dVact
= wV w−1

act (48)

The constant w determines the load constituents, that is, the
type of load connected to the microgrid. The value of w = 2
represents constant impedance load as CVR would be more
pronounced in these types of loads. In other words, the Eq. (48)
can be written as follows:

delVact = 0.5
delS j

Vgen,d
(49)

The load characteristic constant w is inversely related to the
compensation voltage delVact and hence, it can be concluded
that with the decreasing value of w, the compensation voltage
would increase, that is, w = 1 represents constant current load
which needs higher voltage compensation compared to con-
stant impedance load to achieve a similar reduction of power
consumption. The output voltage Vgen,d is considered to be
aligned along the direct axis and hence, the operation of the
controller is to ensure that Vq≈ 0 respectively. The d-axis volt-
age Vgen,d is utilized to perform the CVR function and it should
be noted that the compensation voltage delVact generated by the
CVR scheme does not exactly reduce from each of the DG
as V–I droop control develops voltage which goes on increas-
ing with the step increase of the load. Therefore, the output
voltage provided by the V–I droop control can be modified as
follows:

V ∗
gen,d

= Vn + Iinv ∗ Zl − delV ′
act (50)

delI =
Vd ,mn −Vol − delV ′

act

Zl
(51)

Hence, the expression in Eq. (50) represents the modified
equation for V–I droop control that provides output voltage
by the inverter in case of CVR execution.

5 EXECUTION OF THE PROPOSED
CONTROL SCHEME

5.1 Proposed CVR scheme

Figure 5 depicts the normal, CVR, and overloading mode of
the standalone microgrid. The operating active power and out-
put current of the inverter stays within Pinv,max or Iinv,max then it
characterized the normal condition of the microgrid. The CVR
mechanism is not functional during this condition and hence,
delVact = 0. The normal mode is represented as follows:

Pn ≤ Pinv,max, In ≤ Iinv,max (52)

The load demand beyond the operating capability of the
VSI would trigger the CVR control mechanism and further,
a compensating voltage is provided by the CVR scheme. The
generation of compensating voltage depends upon the value of
𝜔mn and Vgen,d−mx respectively. The sample and hold circuit of
the CVR mechanism produces delVact on reaching the region as
described by Eq. (53) and it results in a reduction of voltage
from each of the DG units to reduce the power consump-
tion. The aforementioned operation brings the operation of the
microgrid back to normal mode as characterized by Eq. (52) and
different operating modes are clearly depicted in Figure 5. The
equation representing CVR mode is as follows:

Pinv,max < Pn < Pol , Iinv,max < In < Iol (53)

5.2 Execution of control strategy during
overloading condition

The load shedding strategy comes into action once the oper-
ation of the microgrid falls beyond the region of the CVR
scheme, that is, Pol and Iol and it reaches the region of over-
loading condition as represented in Figure 5. The magnitude of
load reduction is decided by the following expression:

Pls =
∑t

r=1

1
mkr

(𝜔mn − 𝜔mr )Scr (54)

Qls =
∑t

r=1

1
Zlr

(Vgen,d ,mn −Vol ,r − delVact )Scr (55)

The droop gain for the rth VSI is represented by the terms
mkr and Zlr respectively. The apparent power Scr depicts the
rating of the rth inverter. After the execution of the CVR strat-
egy, the frequency and voltage would become 𝜔mr and Vol ,r

respectively. The constant t exhibits the total number of invert-
ers operating in the microgrid. The enabling of load shedding
strategy on exceeding the Pol and Iol is the clear indication of
load reduction and hence, load shedding control scheme deter-
mines Pls and Qls which provides the amount of non-critical load
disconnected from the microgrid.
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JHA ET AL. 2711

FIGURE 5 Representing CVR and load shedding scheme.

FIGURE 6 Cascade control scheme.

5.3 Establishing control coordination
between load shedding strategy and CVR
scheme

The synchronous operation of CVR and load shedding mecha-
nism is required when CVR is unable to bring the capability of
the inverter shown in Figure 5 within its range and the cascade
control mechanism is represented in Figure 6. Figure 7 illustrate
the operational flow chart of MG. The constants m1 and m2
in the measuring element of P–f and V–I droop are considered
very small and the value of m1 =−0.0006 pu and m2 =+0.0006
pu.

m1 ≤ 𝜔cvr ≤ 0, 0 ≤ Vcvr ≤ m2 (56)

The triggering of load shedding strategy enables the calcu-
lation of active and reactive power to be curtailed from the
microgrid as described by Eqs. (54) and (55). The operational

parameters of the controller are described in Table 1 and the
modes of operation of MG are described in Table 2. The param-
eters of measuring element to conduct synchronous operation
of CVR and load shedding scheme is set as follows:

𝜔 fr ,Vdr =

{
False for𝜔cvr < m1,Vcvr > m2

True for𝜔cvr ≥ m1,Vcvr ≤ m2
(57)

𝜔 fr1,Vdr1 =

{
False for 𝜔cvr1 ≤ 0, Vcvr1 ≥ 0
True for 𝜔cvr1 > 0, Vcvr1 < 0

(58)

6 SIMULATION VALIDATION OF THE
PROPOSED SCHEME

The validation of the proposed CVR and load shedding scheme
is carried out through microgrid test bed shown in Figure 8.
This section comprises of two case studies and it is illustrating
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2712 JHA ET AL.

FIGURE 7 Flow chart representing operation of MG.

TABLE 1 Specifications of MG

DG’s specification

Droop gains in the
P–f/V–I droop

mk = 0.02 pu (Peak demand condition);mk1 = = 0.04
pu, mk2 = 0.01 pu (Overloading
Condition).Zl 1 = 0.0178 Ω, Zl 2 = 0.022 Ω,
Zl 3 = 0.206 Ω

Parameters for outer
voltage loop

Kpv = 5 ; Kiv = 257

Parameters for inner
current loop

Kpi = 11 ; Kii = 1800

Filter’s specification L fil = 0.5 mH, C fil = 70 μF, R fil = 0.15 Ω

TABLE 2 Modes of operation of MG

Modes Signs Controller’s response

CVR OFF -𝜔cvr & +Vcvr delVact= 0, H3 = 0

CVR ON +𝜔cvr & -Vcvr and 𝜔mn< 𝜔 &
Vmn>Vgen,d

delVact= 1, H3 = 1

CVR+Load
shedding

𝜔mn>𝜔mr & Vmn<Vol ,r delVact= 1, H3 = 1 &
calculation of Pls and Qls

the coordination of P–f droop and V–I droop to perform the
CVR scheme and load shedding mechanism.

6.1 Performance evaluation in case of peak
demand condition

The application of CVR in the case of peak demand conditions
is demonstrated for the microgrid network shown in Figure 8.
The effectiveness of the proposed scheme is shown by compar-
ing the result in CVR ON and OFF modes. In this test scenario,
the concept of overloading is not discussed, and hence, the acti-
vation of synchronous operation of CVR and load shedding
strategy is not necessary. For this test condition, it is considered
that the CVR strategy gets activated if the active and reactive
power reaches the threshold value of 80% of peak demand
operating at 0.95 pf to preserve consumption of energy. The
evaluation of the result is scaled down to a 2 s time frame to
clearly observe the performance of the CVR mechanism in case
of a peak demand situation.

The loading of the microgrid between the time interval 0–
1 s represents the operation of the microgrid below the 80%
limit. The parameters of the microgrid are demonstrated in
Figures 9–13. During the time interval of 0–1 s, the active and
reactive power shown in Figure 9 which exhibit the microgrid’s
operation below the 80% limit. The frequency variation of the
microgrid is shown in Figure 10. Figure 11 exhibits the active
and reactive power output provided by the individual DG. The
sharing proportion of active power of the DG is decided by the
droop gain 𝑚𝑝 set in the P–f droop and droop coefficient 𝑍𝑘

in the V–I droop scheme. The voltage at the PCC terminal is
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JHA ET AL. 2713

FIGURE 8 Microgrid test bed.

FIGURE 9 Total power of microgrid.

demonstrated in Figure 12 and it is clearly seen that the volt-
age band is within the acceptable limit as described in Section 4.
As seen in Figure 13, the voltage compensation delV during the
time interval is 0–1 s is 0 as CVR is not being triggered during
this aforementioned loading condition.

The loading condition of MG is increased by 22.36 kVA at
time t= 1s to exceed the demand of VSI beyond 80% to demon-
strate the CVR mechanism during peak demand conditions.
The aforementioned condition activated the CVR mechanism
which is identified in Figure 9, and it depicts the overall
active and reactive power scenario during peak demand oper-
ation. The frequency parameter is shown in Figure 10 which
shows improvement with the application of the CVR strategy.
The peak demand condition affects the frequency and voltage

parameter and subsequently, the measuring element realizes
this change to trigger the CVR mechanism. The proposed
CVR methodology is depicted in Figure 5. With the abrupt
change in the frequency or voltage parameter tends to deter-
mine the compensating voltage delV which got subtracted from
the voltage controller reference d-axis to perform CVR action.
Subsequently, the DGs would experience the lowering of volt-
age as demonstrated in Figure 12. The voltage developed at
the PCC function in the lower range of voltage which would
lower the power consumption of load elements. Consequently,
the microgrid’s consumption of power reduces with the appli-
cation of the CVR scheme as depicted in Figure 11. The dashed
line in Figures 9–13 depicts the OFF mode of CVR. As it is
clearly evident from Figures 9–12, the power output during the
OFF mode of CVR is higher as compared to the ON duration
of CVR. The voltage compensation scheme is clearly visible in
Figure 13 which is calculated on the basis of changes in fre-
quency and voltage parameters. During times of peak demand,
the proposed CVR scheme preserves power in the range of
11−16%. Finally, the off-peak demand situation occurs at t= 2 s
by disconnecting the load from PCC 1 which brings back the
operation of the microgrid as depicted during the time interval
of t = 0–1 s.

6.2 Performance evaluation of control
coordination between CVR and overloading
condition

This case study demonstrates how CVR and load shedding
works together to address the overloading issue of the micro-
grid. Figures 14–20 depicts the transition of the microgrid’s
parameter from overloading mode to normal mode. The oper-
ational scenario of a microgrid at time t < 0.6 s represents the
normal zone. The net demand of active and reactive power is
represented in Figure 14. The power-sharing proportion among
DGs is shown in Figures 15 and 16 and it is dependent on the
droop gains of the P–f and V–I droop.

The time interval t < 0.6 s represents non-activation of the
CVR mechanism which produces the value of compensating
voltage delVact = 0 as shown in Figure 17. It is well known
that constant impedance load is more sensitive to voltage vari-
ation, hence, the circuit breaker connects 10.8 kVA of constant
impedance load at t = 0.6 s. The abrupt load demand disturbs
the microgrid’s voltage and frequency parameter and the trigger-
ing of the CVR mechanism is observed on reaching the preset
limit in the measuring element of the control scheme shown in
Figure 17. The power output and frequency variation on actuat-
ing CVR mechanism is clearly observed in Figures 14 and 18.
The time delay (t = 0.25 s) is provided to the compensating
voltage delVact through signal Hold 3 to ensure its steady state
operation and so, the CVR would remain ON during this time
period. The overloading mode of operation of DG is clearly
observed in Figure 19 which reduces the voltage at the PCC.
The output current of DG 1 at t = 0.6 s marginally touched
the 1 pu limit and hence, it tends to activate the CVR strat-
egy. Consequently, the power consumption would get reduced
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2714 JHA ET AL.

FIGURE 10 Frequency during peak demand
operation.

FIGURE 11 Scenario of active and reactive power during peak demand
operation.

FIGURE 12 Representing voltage of three DG in pu.

as shown in Figures 15 and 16 once voltage deduction signals
are provided by the CVR mechanism. Due to the direct rela-
tionship between voltage delVact and apparent power Sj, a very
small voltage deduction signal is provided by the CVR strategy
at t = 0.6 s and hence, there is a very small reduction in total
power consumption (0.006 pu) as shown in Figure 14. More-
over, the load shedding strategy is deactivated during this time
period as the current of all the DGs is within the specified limit
(1 pu).

The result shown in Figure 14 ensures that during the CVR
phenomena, the reduction in the total power is achieved in
comparison to the control strategy without CVR. The non-
critical load required to be shed in case of control strategy
without CVR as Figures 14 and 20 shows DG1 is in overloaded

FIGURE 13 Voltage compensation during peak demand operation.

FIGURE 14 Total active and reactive power variation during overloading
situation.

condition by a very small amount. The circuit breaker discon-
nects the additional load at time t = 2 s and the operational
parameter of the microgrid settled to the preceding state as
exhibited before time t < 0.6 s. The H3 signal provides a time
delay of 0.25 s to the CVR mechanism and deactivation of CVR
is ensured after time t = 2.25 s as shown in Figure 17. At PCC2,
the circuit breaker connects a constant impedance load of 41.3
kVA at time t = 4 s. This result sudden increase of power of
DG 2 which energizes the CVR strategy as frequency tends to
become positive and voltage changes its state to negative as set
in the measuring block shown in Figure 5. Figures 14 and 20
depict the overloading condition of DG for a brief time of 0.25 s
and consequently, the CVR get activated at t= 4.25 s to produce
compensating voltage delVact as shown in Figure 17. Moreover,
a large change in load causes the PCC voltage to reduce as
depicted in Figure 19 and this curtails the power consumption
of the microgrid. However, on observing the performance of
the CVR strategy at time t = 4.25 s, the power consumption
deduction due to CVR phenomena is not enough to attain the
normal operation of the microgrid, and hence, shedding of
load required with the enabling of load shedding strategy as
stated in (54) and (55). The enabling of load shedding strategy
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JHA ET AL. 2715

FIGURE 15 Active power variation of DG during overloading situation.

FIGURE 16 Reactive power variation of DG during overloading
situation.

FIGURE 17 Depicting voltage compensation of DG’s.

FIGURE 18 Frequency variation during operation of microgrid.

FIGURE 19 Voltage at the PCC.

FIGURE 20 Output current of DG.

requires an additional time of 150 ms due to communication
delay for sending the command from DG to the EMC and
then the required amount of load to be shed at time t = 4.4 s.
The amount of load to be shed is determined by load shedding
strategy and it determined 22.4 kVA of load to be shed from
the microgrid to ensure the operation of the microgrid within
the tolerable zone (m1 ≤ 𝜔cvr ≤ 0 and 0 ≤ Vcvr ≤ m2).

The microgrid would still be in power consumption mode
due to the given time constraint limit of 0.25 s provided by
the H3 signal. Also, on the evaluation of the control strategy
with and without CVR, it can be observed from Figures 14
and 20 that the overloading condition of DG 2 prevails without
the CVR strategy after shedding 22.4 kVA of non-critical load.
Hence, the microgrid needs to perform additional deduction of
load to operate within the tolerable zone without the CVR strat-
egy. The circuit breaker disconnects the additional load at time
t = 5 s and frequency and voltage in the measuring block of
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2716 JHA ET AL.

the CVR strategy realize this change which brings the operation
of the microgrid as described in (52). As the microgrid reached
the normal operating zone, the deactivation of CVR and load-
shedding strategy is performed. However, due to the time limit
provided to the control scheme, the CVR and load-shedding
strategy is disabled at time t = 5.25 and 5.4 s respectively.

7 CONCLUSIONS

The performance of the P–f droop and V–I droop enabled
voltage source inverter is studied and CVR with load shed-
ding approach is demonstrated to operate the VSI in an
optimal mode. Along with VSI management, the CVR with
the proposed methodology provided convincing results and it
effectively demonstrated the retention of power in the range
of 14–17% in a stand-alone microgrid. The droop estimation
technique for V–I droop successfully determined the droop
coefficient for V–I droop and it ensures proportional sharing of
power among DGs. The voltage compensation from the CVR
strategy is dependent on the transition of the voltage and fre-
quency of the microgrid and also, and this transition occurred
due to a change in the load pattern. It leads to the conclusion
that the voltage would be compensated according to the IEEE
1547 specifications and the degree of voltage compensation is
dependent on the amount of load variation.
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