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Abstract—Due to the high R/X ratio and mismatched
feeder impedance of low-voltage microgrids, conventional
droop method is no longer able to decouple the active and
reactive power of distributed generators and the power-
sharing accuracy is degraded. In this article, a virtual com-
plex impedance based P − V̇ droop method is proposed
to decouple the powers and improve the power-sharing
accuracy among DGs. With the virtual impedance method,
the equivalent impedance between virtual power source
and point of common coupling is shaped to be purely
resistive. Then, a P − V̇ strategy is adopted to alleviate
the effect of mismatched line impedance, where the virtual
powers rather than the ordinary P/Q are used in the droop
equation. In case the output voltage violates the operation
code, a restoration mechanism is proposed to reset V̇ to
zero. Compared with existing virtual impedance and Q − V̇
droop methods, the proposed method combines the ad-
vantages of both. Besides, a modified P − V̇ strategy is
also presented to accelerate the restoration process and
improve the active power-sharing accuracy at the same
time. Simulation results validate the effectiveness of the
proposed method.

Index Terms—Droop control, low-voltage ac microgrid,
power-sharing, virtual impedance.

I. INTRODUCTION

R ENEWABLE energy, such as solar and wind power, is seen
as an appropriate solution to sustainable development and

is often integrated into utility grid through distributed generators
(DGs). To incorporate and coordinate different types of DGs,
the microgrid (MG) which can operate in both grid-connected
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and islanded modes has emerged and has been widely accepted
[1]–[5].

In the islanded operation of the MG, the DGs are controlled
as voltage sources and parallel connected through the MG. To
ensure stability of the MG, the active and reactive powers of
the DGs should be shared simultaneously [6]. Besides, each DG
should be able to operate independently without communication
for the practical and economic concerns. Therefore, the droop
control method, which mimics the behavior of synchronous
generators, has been extensively adopted in MG for its ability
of fulfilling the aforementioned requirements [5]–[8].

The conventional droop control methods were proposed for
purely inductive feeder impedance. In this scenario, the fre-
quency is a global quantity and thus the active power can
be shared accurately. On the contrary, the voltage magnitude
profile is deeply influenced by mismatched feeder impedance
and the reactive power-sharing accuracy is often degraded [5]. To
improve the reactive power-sharing accuracy, various modified
droop methods have been proposed and can be roughly divided
into two categories [9]: open-loop [10]–[16] and closed-loop
[17]–[23]. The closed-loop reactive power-sharing methods can
be further divided into the following: Small signal injection
[17]–[19], detection of voltage of point of common coupling
(PCC) [20], [21], detection of load change [22], and compensa-
tion of impedance voltage drop [23]. The small signal injection
method [17],[19] requires a small ac voltage signal added into
the output voltage reference, which may reduce the quality of the
output voltage and current. Besides, the extraction and process
of the small signal increase the complexity of the physical
realization. Since the DGs may be installed dispersedly, the
detection of voltage of PCC [20], [21] is impractical in this
situation. In [22], wavelet transform is adopted to detect the
load change, which increases the complexity of the controller.
In [23], with estimation of impedance voltage drop effect and
compensation of the local load, the output power is shared
accurately in both grid-connected and islanded mode. However,
the islanded sharing accuracy is dependent on the operation of
grid-connected mode in advance.

Compared with the closed-loop methods, open-loop schemes
are easier to be implemented in actual MG systems [9]. In
general, the open-loop strategies can be classified into two types:
Virtual impedance [10]–[14] and Q− V̇ method [15], [16]. The
original idea of virtual impedance strategy is to incorporate
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a virtual impedance to reshape the output impedance of DGs
to be purely inductive or resistive. Therefore, the active and
reactive power is decoupled and can be controlled independently.
Besides, the virtual impedance does not introduce extra power
losses, which is also an appealing advantage. In [10], virtual
negative resistance and inductance is adopted to reshape the
equivalent impedance between virtual power source (VPS) and
PCC to be purely inductive. With proper selection of virtual
inductance, the accurate reactive power-sharing is achieved.
In [11], an adaptive virtual output impedance is constructed
such that the impedance at fundamental frequency is inductive
while resistive at harmonic orders. Hence, not only the active
and reactive power but also the harmonic power is shared
accurately. However, the mismatch of the feeder impedance,
including transformers, cables and the grid-side inductors, is
not considered [24].

Differing from the virtual impedance based methods, a novel
Q− V̇ droop method is proposed in [15] and [25] to improve the
reactive power-sharing accuracy without modifying the output
impedance and a V̇ restoration mechanism is adopted to reset V̇
to zero at steady state. Since the restoration process of different
DGs will never be the same [26], the set point of DGs will be
different. Thus, theQ− V̇ droop method is not able to tackle the
power-sharing performance thoroughly. To address the set point
deviation problem based on local information only, a modified
V̇ restoration technique was proposed in [16] to reduce the
deviation of Q0x before entering the steady state. Despite the
effectiveness of theQ− V̇ method under purely inductive cases,
its performance is degraded when the equivalent impedance is
complex, since the active and reactive power are affected by both
voltage magnitude and phase difference.

As for low-voltage microgrids (LVMGs) where feeder
impedance is mainly resistive, extensive works have been done to
reshape the output impedance to be purely inductive [10]–[19],
[21]–[24] based on the assumption that the output impedance of
DG is inductive and larger value of grid-side inductor is adopted.
However, this assumption is not always true since the output
impedance mainly depends on the control strategy [27] and the
grid-side inductor may be small when LCL is designed for active
power filter. Compared with purely inductive cases, few attention
has been paid to purely resistive case [27],[28]. In [27], the output
impedance of parallel DGs is shaped to be resistive, where the
Q− V̇ droop equation is replaced by the P − V̇ droop control
equation. With the resistive output impedance, the overall system
is more damped and the harmonic current is automatically shared
[28]. However, the mismatch of feeder impedance is still ignored
the same as in [11] which will have great limitations in real
applications.

In view of extensive purely inductive cases and lack of more
practical solutions for resistive scenarios, an open-loop method
which can not only improve the active power-sharing accuracy
but also easier to be implemented in low-cost microcontrollers is
required. Comparing the virtual impedance strategy withQ− V̇
droop method, it is concluded that the former is a powerful tool
to decouple the active and reactive power with limited ability to
compensate the mismatch of feeder impedance while the latter

Fig. 1. Configuration of the investigated MG.

is better at reducing the effect of mismatched line impedance
without consideration of power coupling.

Therefore, in this article, a virtual complex impedance based
P − V̇ droop method which combines the advantages of both
virtual impedance based method [27] and Q− V̇ droop method
[15] is proposed to solve the power-sharing problem of LVMG.
Besides, in most existing papers, P and Q adopted in droop
equations are calculated according to the capacitor voltage
and grid-side current, which are not actually decoupled since
the physical impedance between PCC and filter capacitor is
still complex. The actually decoupled P/Q injected by VPS
is adopted in this article, since the impedance between PCC
and VPS is reshaped to be purely resistive. In addition to the
originalP − V̇ droop method, a modifiedP − V̇ method is also
proposed, where an extra parameter Sp is utilized to accelerate
the dynamic regulation performance and active power-sharing
accuracy at the same time.

The remainder of this article is organized as follows. In Sec-
tion II, system modeling and controller design are presented at
first. Then, the virtual complex impedance strategy is adopted to
reshape the equivalent impedance. Section III describes the pro-
posed original and modified P − V̇ method, where a restoration
mechanism is also incorporated. Section IV discusses the effects
of control parameters and Section V presents the simulation
results. Finally, Section VI concludes this article.

II. ISLANDED MICROGRID STRUCTURE,
MODELING, AND CONTROL

In this study, two parallel-connected DGs with LCL filters are
analyzed, where the passive damping method is taken for robust-
ness, as shown in Fig. 1. Besides, the dc voltage is considered
as constant for simplicity. The local balanced load consisting of
resistors and inductors is shared by the two DGs. To analyze the
influence of mismatched feeder impedance, the line impedance
is set to be different. The detailed analysis of the control loop is
presented as follows.
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Fig. 2. Inner control loop.

A. Voltage and Current Control Loop in Stationary Frame

The detailed block diagram of the inner loop is shown as in
Fig. 2, where proportional resonant (PR) controller is adopted
in the outer voltage control loop while P controller is preferred
in the inner current control loop. z−1 is incorporated to model
the computation delay. Besides, the resistor parasitics of DG and
grid-side inductor are ignored for the most unstable cases.

The discrete formulation of PR controller is shown as [29],
[30]

Gv(z) = GPR(z) = Kp +Ki ·Rtp(z) (1)

where Kp is the proportional coefficient and Ki is the resonant
one, and

Rtp(z) =
0.5(1 − z−2)cos(ϕ)sin(ωeTs)

ωe(1 − 2z−1cos(ωeTs) + z−2)

− (1 + 2z−1 + z−2)sin(ϕ)
{

sinωeTs

2

}2

ωe(1 − 2z−1cos(ωeTs) + z−2)
(2)

where Ts is the sampling rate, ϕ is the leading angle which
should be properly designed to compensate for the delay of
controlled plant, ωe is the controlled frequency, which is equal
to the angular frequency derived by droop equation.

The proportional term Gi(z) = KI is suitable for the inner
current controller to provide extra virtual damping for the LCL
filter and the PCC voltage is seen as disturbance. Then, according
to Fig. 2, the following equation is derived:{

(Vpwm(s)− Vc(s))
1

sLg
= Ig

(Ig(s)− Io(s))
(

1
sC +Rc

)
= Vc(s)

(3)

where Vpwm is the modulated voltage reference while Vc is the
capacitor voltage, Lg is the inverter-side inductor, Ig and Io are
the inverter-side and grid-side current, C is the filter capacitor,
and Rc is the resistor used for passive damping.

From (3), the following formulation is derived:{
Vc(s) = G1(s)Vp(s)−G2(s)Io(s)

Ig(s) = G3(s)Vp(s) +G1(s)Io(s)
(4)

where Vpwm is simply denoted as Vp and G1(s) =
sCRc+1

s2LgC+sCRc+1 , G2(s) =
s2LgCRc+sLg

s2LgC+sCRc+1 , and G3(s) =
sC

s2LgC+sCRc+1 .

Considering the characteristic of zero-hold, G1,2,3(s) are dis-
cretized as [29]

G1(z) =
e−2aTs + z − (z + 1)e−aTscos(ωrTs)

z2 − 2ze−aTscos(ωrTs) + e−2aTs

+

Rc(z−1)
2Lgωr

(z − 1)e−aTssin(wrTs)

z2 − 2ze−aTscos(ωrTs) + e−2aTs

Fig. 3. Inner control loop in z-domain.

Fig. 4. Bode plot of (a) Zo(z) and (b) G4(z).

G2(z) =
Rc(z − 1)(z − e−aTscos(ωrTs))

z2 − 2ze−aTscos(ωrTs) + e−2aTs

+

2Lg−R2
cC

2LgCωr
(z − 1)e−aTssin(ωrTs)

z2 − 2ze−aTscos(ωrTs) + e−2aTs

G3(z) =
(z − 1)e−aTssin(ωrTs)

z2 − 2ze−aTscos(ωrTs) + e−2aTs
· 1
ωrLg

(5)

where a = Rc

2Lg
, ωr =

√
1

LgC
− R2

c

4L2
g

. Then the block diagram of

the inner loop is redrawn as Fig. 3.
According to Fig. 3, the following equation is derived:{

[V ∗
c (z)− Vc(z)]Gv(z) = I∗(z)

[I∗(z)− Ig(z)]Gi(z)z
−1 = Vp(z)

. (6)

Combining (4), (5), and (6), one has

Vc(z) = G4(z)V
∗
c (z)− Zo(z)Io(z) (7)

where G4(z) =
G1(z)Gi(z)Gv(z)

z+G1(z)Gv(z)Gi(z)+G3(z)Gi(z)
, Zo(z) =

G2(z)G3(z)Gi(z)+G2
1(z)Gi(z)+zG2(z)

z+G1(z)Gv(z)Gi(z)+G3(z)Gi(z)
.

To further investigate the characteristic of the DG, the bode
plot of G4(z) and Zo(z) is provided in Fig. 4(a) and (b),
respectively.

The output impedance of the DGs under the PR controller
differs from that under PI controller[11] where the output
impedance is nearly inductive at the fundamental frequency.
According to Fig. 4(a), the output impedance is nearly resistive
(10 dB) around the controlled frequency. The magnitude gain
of Zo(z) at resonant frequencies is negative infinity dB, which
means that the output impedance at resonant frequencies is zero.
Thus, the output voltage will not be influenced by the output
current at resonant frequencies.

Since both the magnitude gain (in dB) and phase gain of
G4(z) are zero at resonant frequencies, as shown in Fig. 4(b),
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Fig. 5. Equivalent circuit of DG under virtual complex impedance.

the transfer function G4(z) has no influence on the voltage ref-
erence V ∗

c (z) at resonant frequencies. Combining the influence
of Zo(z) and G4(z), the output voltage Vc(z) is able to track the
reference V ∗

c (z) without steady errors at resonant frequencies.

B. Virtual Complex Impedance Strategy

Although zero impedance characteristic is an advantage from
the aspect of tracking performance, it will exaggerate the cir-
culate current between DGs [31], [32]. Besides, the stability of
the system is endangered since the disturbance of output voltage
Vc(z) is undamped.

Considering the near resistive characteristic within the con-
trolled frequencies and the effect of grid-side inductors and/or
the transformers, the following virtual complex impedance is
adopted in this study:

Zvi = Rvi +
1

sCvi
= Rvi − jXvi (8)

where Rvi is the virtual resistor and Cvi is the virtual capacitor.
Xvi is the equivalent reactance and Zvi is the virtual complex
impedance. Thus, output voltage of DGs is modified as

Vci(z) = G4(z) [V
∗
ci(z)− Ioi(z)Zvi)]− Zo(z)Ioi(z)

= G4(z)V
∗
ci(z)− Z

′
oi(z)Ioi(z) (9)

where Z
′
oi(z) = G4(Rvi − jXvi) + Zo(z) is equivalent output

impedance.
According to the analysis of Fig. 4(a) and (b), equivalent

output impedance is simplified as Z
′
oi(z) = Zvi = Rvi − jXvi.

The virtual capacitor will alleviate the impact of reactance,
especially when the line reactanceXLi between DGs and PCC is
known or can be estimated. The final impedance Z

′
i is reshaped

as purely resistive at fundamental frequency as shown in Fig. 5,
if Xvi is set to be equal to XLi

Z
′
i = Zvi + ZLi = Rvi − jXvi +RLi + jXLi

= Rvi +RLi = R
′
vi (10)

where Rvi of different DGs is set to be equal, RLi is typically
unequal representing the mismatch of feeder impedance, and
R

′
vi is the equivalent impedance between VPS and PCC.
In Fig. 5, Vi∠ϕi = G4(z)V

∗
ci(z) is defined as the VPS. P

′
i

and Q
′
i are the virtual active and reactive power injected by

Vi∠ϕi. Zoi + Zvi is the equivalent output impedance. ZLi is
the line impedance. Pci and Qci is the active and reactive power
injected by capacitor voltage V̇ci. V0∠0◦ is the PCC voltage. İi
is the output current of DGi.

C. Modified Droop Control Equation

Since the equivalent impedance between VPS and PCC is
shaped as purely resistive, the virtual active power P

′
and

reactive power Q
′
can be expressed as

P
′
i =

Vi(Vi − Vo)

R
′
vi

cos(ϕi) =
Vi(Vi − Vo)

R
′
vi

Q
′
i = −ViVo

R
′
vi

sin(ϕi) = −ViVo

R
′
vi

ϕi (11)

where ϕi is assumed to be small enough.
Thus, the P − V and Q− ω droop scheme can be adopted to

regulate the frequency and amplitude of the VPS output-voltage
reference.

Vi = V ∗ −miP
′
i

ωi = ω∗ + niQ
′
i (12)

where mi and ni are the droop coefficient, Vi and ωi are the
output voltage magnitude and angular frequency command.

It should be noted thatPci andQci are not decoupled since the
line impedance between DGi and PCC is complex. Different
from most existing papers [11], [15], [18], [20], [21], where
Pci and Qci calculated with the sampled voltage of the filter
capacitor and grid-side current are used in the droop equation
(12), the virtual active power P

′
i and reactive power Q

′
i are

preferred in this article. The difference between PciQci and
P

′
iQ

′
i is the power consumed by Zoi and Zvi which may not

be negligible.

III. PROPOSED P − V̇ DROOP CONTROL METHOD

Since the virtual active power P
′
i sharing accuracy is often

degraded under the traditional methods owing to the mismatched
feeder impedance, the following original and modified P − V̇
droop control method are proposed to improve the active power-
sharing accuracy.

A. Original P − V̇ Droop Control Method

In this section, a P − V̇ droop control method is proposed,
where V̇ represents the time rate of change of the output voltage
reference

V̇oi = mi(P
′
oi − P

′
i)

Vi = V ∗ +
∫
t

V̇oidτ (13)

where P
′
oi is the virtual active power set point at the nominal Vi,

V̇oi is the changing rate of Vi, and V ∗ = 311 V is the nominal
voltage reference.

The operation of proposed P − V̇ method is illustrated in
Fig. 6. Supposing that the rated power of DG2 is half of that
of DG1, then PN1 = 2PN2,m2 = 2m1. At the beginning of
operation time t0, both the DGs are operated in steady state
and the initial virtual active power is shared proportionally,
m1P

′
1(t0) = m2P

′
2(t0). As the loads increase at time t1, the

output power of DG1 increases sharply to P
′
1(t1) to pick up

the loads while that of DG2 rises marginally to P
′
2(t1). Since
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Fig. 6. Operation of proposed P
′ − V̇ droop controller.

P
′
1(t1) is larger thanP

′
2(t1), V̇o1(t1) is more negative than V̇o2(t1)

according to proposed droop control equation (13). During the
interval t1 and t2, both V̇o1 and V̇o2 decrease at first and then
increase until they reach the balanced point V̇o1 = V̇o2. The
changing rate of P

′
i is opposite to the case of V̇oi. The voltage

magnitude reference decreases rapidly at the beginning and then
slows down since V̇oi increases.

At time t2, the virtual active power P
′

has been shared
proportionally and V̇o1 = V̇o2. The resulting V1 and V2 decrease
at the same pace without changing their relative magnitude.
According to (13), the following equation holds: m1(P

′
1 −

P
′
o1) = m2(P

′
2 − P

′
o2) = · · ·mn(P

′
n − P

′
on). Considering the

initial steady state at t0, m1P
′
o1 = m2P

′
o2 = · · ·mnP

′
on, then

the virtual active power of each DG satisfies m1P
′
1 = m2P

′
2 =

· · ·mnP
′
n, which means the virtual active power has been shared

proportionally.
It should be mentioned that Vi and P

′
i still decrease after time

t2 as long as P
′
i �= P

′
oi. However, this tendency is neglected here

since the following introduced restoration mechanism will force
the V̇oi to be zero.

B. Restoration Mechanism

After V̇oi reaches the balanced point, there must exist a
restoration mechanism bringing V̇oi back to zero to prevent
the output magnitude varying. The V̇i restoration mechanism
is designed as follows:

Ṗ
′
oi = −kresP

′
NiV̇oi (14)

where kres is the restoration gain, P
′
Ni is the rated virtual active

power capacity, and m1P
′
N1 = m2P

′
N2 = · · ·mnP

′
Nn.

Assuming that the time constant of the restoration control is
much longer than that of P − V̇ droop control the following
relationship is derived:

d(V̇oi)

dt
= miṖ

′
oi = −mikresP

′
NiV̇oi = −k

′
resV̇oi

(15)

where k
′
res = mikresP

′
Ni.

Fig. 7. Block diagram of the restoration mechanism.

Fig. 8. Operation of V̇ restoration process.

The above equation shows that V̇oi will exponentially decay
to zero after the restoration mechanism is executed. With the
same kres adopted for different DGs, V̇oi of different DGs will
decay at the same pace.

The proposedP − V̇ together with the restoration mechanism
is illustrated as Fig. 7.

Fig. 8 demonstrates the operation of V̇ restoration. Assuming
that the restoration starts at time t = t

′
2, V̇i andP

′
oi hold the same

value while P
′
i decreases at the same pace due to the continuing

reduction of voltage magnitude Vi during t2 and t
′
2. After t

′
2, the

proposed restoration mechanism continuously drives V̇oi to the 0
as can be observed in Fig. 7. At t = t3, V̇oi is reset to be zero and
thenVi keeps constant. During t

′
2 and t3, the proposed restoration

mechanism raises up P
′
oi until it is equal to P

′
i . Comparing

with t = t
′
2, P

′
i(t3) is slightly smaller than P

′
i(t2) owing to the

continuing decrease of Vi and the difference between them is
affected by the convergence rate of the restoration mechanism.
After t = t3, the system has entered into the steady state.

It should be noted that both Fig. 6 and 8 only give the case
of abrupt increase of loads. The opposite case can be analyzed
accordingly and is omitted here.

C. Modified P − V̇ Droop Control Method

Although the originalP − V̇ droop method is able to improve
the active power-sharing accuracy, its transient and steady per-
formance can be further optimized. A modified P − V̇ droop
control method is proposed as follows, where the restoration
mechanism remains the same:

V̇oi = mi(P
′
oi − P

′
i)

Vi = V ∗ + Sp ·
∫
t

V̇oidτ (16)

where Sp > 1 is a proportional coefficient and the difference
between the original and modified P − V̇ strategy will be com-
pared in the following section.
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IV. DISCUSSION ON THE EFFECTS

OF RELATIVE COEFFICIENTS

In this section, the effect of relative coefficients is discussed.
According to (16), one can have

dV̇oi

dt
= mi(Ṗ

′
oi − Ṗ

′
i). (17)

Considering the restoration mechanism (14), it can be trans-
formed into

dV̇oi

dt
= −mikresP

′
NiV̇oi −miṖ

′
i . (18)

The differential form of the P
′
i can be derived from (11)

Ṗ
′
i =

V̇i(Vi − Vo) + Vi(V̇i − V̇o)

R
′
vi

≈ 2(1 − ki)ViV̇i

R
′
vi

(19)

where Vo is assumed to be proportional to Vi, Vo ≈ kiVi.
With (16) and (19), one can have

Ṗ
′
i ≈

2(1 − ki)V
∗

R
′
vi

· SpV̇oi (20)

where the actual voltage deviation Sp ·
∫
V̇oidτ is smaller than

allowed value δVmax = 0.05V ∗ and is thus ignored here. Com-
bine (18) and (20)

dV̇oi

dt
≈ −mi

(
kresP

′
Ni +

2(1 − ki)V
∗

R
′
vi

· Sp

)
· V̇oi. (21)

Thus, the convergency rate is

Crmi = Croi +
2(1 − ki)V

∗

R
′
vi

·miSp (22)

where Croi = mikresP
′
Ni is the convergency rate of the original

droop method (13).
Since the second term of (22) is positive, Crmi is larger than

Croi. Thus, the convergency rate of the modified droop method
is faster than the original one and the difference between them
can be adjusted by kres, Sp,mi, and R

′
vi. Since mi and R

′
vi are

predefined in this article, only kres and Sp are discussed in this
section.

The ultimate expression of V̇oi is listed as follows:

V̇oi(t) = V̇oi(0) · e−Crmi·t. (23)

The total voltage deviation whenever load changes can be
calculated as

δVroi = 1 ·
∫

V̇oi(0) · e−Croi·tdt

=
(
P

′
oi(0)− P

′
i(0)

)(
kresP

′
Ni

)−1

δVrmi = Sp ·
∫

V̇oi(0) · e−Crmi·tdt

=
(
P

′
oi(0)− P

′
i(0)

)(
kresP

′
Ni

Sp
+

2(1 − ki)V
∗

R
′
vi

)−1

(24)

where P
′
i(0) and P

′
oi(0) are the initial value and initial set point

of virtual active power, respectively, when the load changes.

With Sp = 5 which are defined later, kresP
′
Ni >

kresP
′
Ni

Sp
+

(1−ki)V
∗

R
′
vi

, thus δVroi < δVrmi, which means the total voltage

deviation of the modified method is larger than the original
one. However, as long as δVrmi is constrained in an allowable
level, the modified droop method is preferred for its transient
performance.

Apart from the convergency rate and voltage difference, the
difference of P

′
oi between DGs is another indicator of the per-

formance of the proposed droop method. According to (14), the
steady state active power-sharing difference δP

′
oio of the original

P − V̇ method and δP
′
oim of the modified one are derived as

follows:

δP
′
oio =

P
′
1(0)− P

′
2(0) +

2(1−ki)V
∗

P
′
NR′

vkres

[
P

′
01(0)− P

′
02(0)

]
1 + 2(1−ki)V ∗

P
′
NR′

vkres

δP
′
oim =

P
′
1(0)− P

′
2(0) +

2(1−ki)V
∗·Sp

P
′
NR′

vkres

[
P

′
01(0)− P

′
02(0)

]
1 +

2(1−ki)V ∗·Sp

P
′
NR′

vkres

.

(25)

With simple manipulation, it can be derived that if

P
′
01(0)− P

′
02(0) < P

′
1(0)− P

′
2(0) (26)

holds, then, δP
′
oim < δP

′
oio. Since condition (26) is easier to

be fulfilled when the load changes, the sharing accuracy of the
modified droop method (16) is better than that of original method
(13). In addition, if P

′
01(0) = P

′
02(0), (25) can be simplified as

δP
′
oio =

P
′
1(0)− P

′
2(0)

1 + 2(1−ki)V ∗

P
′
NR′

v

· 1
kres

δP
′
oim =

P
′
1(0)− P

′
2(0)

1 + 2(1−ki)V ∗

P
′
NR′

v

· Sp

kres

. (27)

It is more clear that δP
′
oim < δP

′
oio as long as Sp > 1. In fact,

the original droop method (13) is a special case of the modified
one (16).

Remark 1: Since droop coefficient mi is not included in (24)
and (25), only the convergency rate of the restoration process
will be affected by mi. In other words, the voltage drop δV and
virtual active power-sharing accuracy δP

′
oi are immune to the

variation of mi.
Remark 2: kres and Sp should be carefully designed to reach

a compromise between δV and δP
′
oi. Considering all the three

equations (22), (24), and (27), if Sp keeps constant, the bigger
the kres is, the faster the convergency rate Crmi will be. Besides,
the total voltage difference δV will be smaller at the expense of
a larger δP

′
oi, which means the active power-sharing accuracy

is deteriorated. Let kres be constant, with the increasing of Sp, it
is interesting that the speed of restoration process is faster and
the active power-sharing accuracy is improved at the same time
at the cost of larger δV .
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Fig. 9. Performance comparison of P − V and P − V̇ droop method. (a) Virtual active power P
′
. (b) Virtual reactive power Q

′
. (c) Injected active

power P . (d) Injected reactive power Q. (e) Changing rate of Voi. (f) Virtual active power Reference P
′
oi.

To ensure the δVrmi is constrained in an acceptable level, the
common code of 5% at most is adopted

δVmax = ΔPmax

(
kresP

′
Ni

Sp
+

(1 − ki)V
∗

R
′
vi

)−1

< 0.05V ∗

⇒
kres

Sp
>

20
V ∗ − 2(1 − ki)V

∗

R
′
viP

′
N

≈ 20
V ∗ ≈ 0.065. (28)

In this study, the main consideration is the tradeoff between
the voltage drop δV and active power-sharing accuracy δP

′
oi.

With the instruction of Remark 2 and several experiments, Sp =
5 and kres = 0.325 are adopted.

V. SIMULATION RESULTS

To verify the effectiveness of the proposed P − V̇ method
and the modified version, simulations based on MG of Fig. 1
is presented in Sections V-A and V-B. A complex MG case
as shown in Fig. 11 is also analyzed in Section V-C. The line
impedance and controller parameters of Fig. 1 are listed as
follows.

1) The system voltage, frequency, switching frequency are
V ∗ = 311 V, f0 = 50 Hz, and fsw = 10 kHz.

2) The converter-side and grid-side inductor, filter ca-
pacitor, and damping resistor are Lgi = 1 mH, Loi =
40 uH, Ci = 30 uF, and Rci = 1.6 Ω. The mismatched

line impedance are RL1 = 0.1 Ω, LL1 = 40 uH, RL2 =
0.3Ω, and LL2 = 1 mH.

3) The controller parameters are Kp = 0.15,Ki =
200,KI = 5.55, and virtual resistor is Rvi = 1 Ω.

The different parameters of Fig. 11 compared with Fig. 1 are
listed as follows.

1) The line impedance are R12 = 0.1 Ω, L12 = 0.4 mH,
R23 = 0.2 Ω, L23 = 0.6 mH, R34 = 0.4 Ω, and L34 =
0.8 mH.

A. Performance Comparison of
P–V and P − V̇ Droop Method

DG1 starts at t = 0 s while DG2 starts at t = 0.2 s and
synchronizes with DG1 through PLL. At t = 0.5 s, DG2 is
connected to PCC and both DGs are controlled under tradi-
tional P − V droop method. The initial regulation process is
deliberately presented in Fig. 9 and 10 for completeness.

Since the line impedance of DGs are different, it is obvious
that the generated active power of DGs is unequal although their
rated power is set to be same, which is the intrinsic flaw of
traditional P − V droop strategy [27].

Fig. 9(a) and (b) are the calculated virtual power while
Fig. 9(c) and (d) are the power injected into PCC. It shows that
the virtual power is larger than the injected power. For example,
at t = 2 s, the injected active powers are P1 = 3069 W, P2 =
1397 W, while the virtual active powers areP

′
1 = 3281 W, P

′
2 =
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Fig. 10. Performance comparison of P − V and modified P − V̇ droop method. (a) Virtual active power P
′
. (b) Changing rate of Voi. (c) Virtual

active power Reference P
′
oi. (d) Voltage magnitude Vmi.

1580 W. The injected reactive powers areQ1 = Q2 = 4140 Var
while the virtual reactive powers areQ

′
1 = Q

′
2 = 4132 Var. This

example verifies the opinion in Section II-C that the virtual
power is different from the injected power and thus the decou-
pling of virtual power is not equal to the decoupling of injected
power.

At t = 3.5 s, the proposed P − V̇ droop method is activated.
Compared with t = 2 s, the virtual active powers of DGs at t =
8 s are P

′
1 = 2945 W, P

′
2 = 1973 W. Thus, the active power-

sharing has been improved from 48% at t = 2 s to 67% at t =
8 s. Besides, the reactive power is accurately shared among the
regulation process.

According to Fig. 9(e), V̇oi is zero before t = 3.5 s. After
the P − V̇ is activated, V̇oi regulates the magnitude of voltage
according to (13). After the initial dynamic regulation, V̇o1 and
V̇o2 reach the same value and turn back to zero at the same pace.
During the restoration process, the virtual active power reference
P

′
oi increases until V̇oi reaches zero, as shown in Fig. 9(f). The

difference between P
′
o1 and P

′
o2 is the root cause that the active

power cannot be shared equally at the same power rating.
Remark 3: Before t = 3.5 s, the traditional droop equation

(12) is adopted and the voltage reference Vi deviates from its
nominal value V ∗. After t = 3.5 s, the droop method (12) is
substituted by (13) and thus the initial voltage reference Vi is
equal to V ∗ since the integral term is set to be zero initially.
Therefore,there exists a sudden change of output power at t =
3.5 s as shown in Figs. 9 and 10.

B. Improved Performance Brought
by Modified Droop Method

As analyzed in Section IV, the transient performance of the
modified P − V̇ droop method can be improved with the pro-
portional termSp. WithSp = 5 and kres = 0.325, the simulation
result is presented in Fig. 10.

With the modified P − V̇ droop method, the virtual active
power-sharing accuracy at t = 8 s is 89%, which witnesses a

Fig. 11. Complex MG consists of four DGs and local loads.

32% improvement compared with that in Fig. 9(a). The total
time consumed before V̇oi reaches the same value since t = 3.5 s
in Fig. 10(b) is smaller than that of Fig. 9(e), which means that
the transient performance of the modified method is better than
that of the original one.

According to Fig. 10(c), the difference between P
′
o1 and P

′
o2

at steady state decreases compared with that of Fig. 9(f), which
means the steady performance of the modified method is also
improved compared to the original one. After the regulation
process, the voltage level still satisfy the operation code which
requires that 295 V < Vmi < 326 V, as shown in Fig. 10(d)

The above observation is consistent with Remark 2.

C. Performance Comparison Based
on a Complex Microgrid

Thanks to the anonymous reviewer’s advice, a complex mi-
crogrid as shown in Fig. 11 has been established in Mat-
lab/Simulink. The starting process is the same as that in Sec-
tions V-A and V-B. In Fig. 12, the traditional P − V droop
method is utilized for the decentralized control of four DGs.
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Fig. 12. Performance of P − V droop method under a complex microgrid. (a) Virtual active power P
′
. (b) Voltage magnitude Vmi.

Fig. 13. Performance of modified P − V̇ droop method under a complex microgrid. (a) Virtual active power P
′
. (b) Virtual active power Reference

P
′
oi. (c) Changing rate of Voi. (d) Voltage magnitude Vmi.

The regulation process of the proposed modified P − V̇ droop
method is shown as Fig. 13.

To test the plug and play capability, DG4 is disconnect from
microgrid at t = 8 s and is reconnected at t = 13 s. In Fig. 13,
the microgrid is controlled under P − V droop method before
t = 3 s, then it exchanges to the modified P − V̇ droop method.
Comparing Fig. 12(a) with Fig. 13(a), the active power-sharing
accuracy of DGs has been apparently improved. The initial P

′
oi

is set to be 5 kW. Thus, when DG4 is disconnected from MG,
its value is reset to be 5 kW as shown in Fig. 13(b) during
8 s < t < 13 s. Fig. 13(c) illustrates that whenever the load
changes, V̇oi will converge to a same value and then regulate
the voltage at a same pace. During the whole regulation process,
the voltage magnitudes satisfy that 295 < Vmi < 326, as shown
in Fig. 13(d). However, the voltage difference of Fig. 13(d) is
slightly larger than that of Fig. 12(b), which is the cost of the
improved active power-sharing accuracy.

In conclusion, the proposed modified P − V̇ droop method
still promise improved power-sharing accuracy under complex
microgrid and is capable of dealing with plug and play incident.

VI. CONCLUSION

In this article, a virtual positive resistor and negative inductor
impedance strategy was adopted based on the analysis of the

output impedance of DG in LVMG. With the equivalent
impedance between VPS and PCC reshaped to be purely resis-
tive, an original and a modifiedP − V̇ droop methods were pro-
posed to improve the active power-sharing accuracy, where the
decoupled virtual power injected by VPS was adopted in droop
equation rather than ordinary P/Q. A parameter Sp, which can
accelerate the restoration process and reduce the sharing error at
the same time, was incorporated in the modified P − V̇ droop
methods. Besides, the effect of mi and kres was also discussed.
A simple MG consisting of two parallel DG with common load
and a complex MG consisting of four DGs with local loads
were constructed in MATLAB/Simulink. The simulation results
demonstrated that the strategies proposed here were effective.
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