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This paper proposes a control strategy for the optimization of the reactive power sharing based on an
iterative adaptive virtual impedance (IAVI). The IAVI includes two elements: the first is proportional
to the reactive power delivered by the distributed generation units at the current iteration, while the
second is proportional to the sum of the reactive power variations at the previous iterations. The
proposed control strategy has been verified under a Matlab/Simulink environment for an islanded
meshed microgrid with three distributed generators. The simulation of different scenarios considering
feeder impedance mismatches, different microgrid configurations, and variable loads has shown a good
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accuracy in the sharing of the reactive power in the microgrid.

The control strategy proposed in this paper can be easily implemented as it does not require any
communication link between the generators, any knowledge regarding the feeder impedances, and
any local load measurement.

1. Introduction

The transition from a centralized to a hybrid centralized/
distributed power system concept is due to the high penetra-
tion of renewable-based distributed generation (DG) [1]. In this
context, microgrids (MGs) were introduced as a very effective
configuration for the integration into power systems of the non-
dispatchable renewable energy sources (RESs) [2]. In the case of
grid-connected MGs, the exchange of active and reactive powers
can be imposed by the grid [3,4]. On the contrary, in the case
of islanded MGs, the load demand should be properly shared
between the different generators operating in the MG [5]. Droop
control is often used to regulate active and reactive powers [6]
without the use of any external communication link [7].

Whereas the sharing of active power is usually easy to achieve
as all the DGs work at the same frequency, the regulation of the
reactive power sharing is more complicated because of the dif-
ferent voltage of the DGs due to the difference in the impedances
of the feeders [7]. Different droop control-based regulators have
been developed and presented in the literature [8]. In [9] a “Q-
V dot droop” method is proposed to improve the sharing of
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the reactive power. In [10] the injection of small real power
disturbances is used to estimate the reactive power control error.
Different methods based on the estimation of the impedance lines
are presented in [11] and [12]. Secondary droop control has been
used in [13-15] in order to eliminate the reactive power sharing
error by compensating the voltage level. A virtual Impedance
(VI) method has been widely used with good results in many
applications including reactive power sharing in MGs [16,17] and
improvement of the power control stability [18].

The VI approach used in [19] differs from traditional meth-
ods because of its capability to prevent high harmonics content.
In [20] a virtual harmonic impedance has been developed to
control the harmonic power sharing in an islanded MG. Vir-
tual impedance-based controllers have been presented in [21,22].
In [23] an Adaptive Virtual Impedance (AVI) based on the integra-
tion of the voltage drop between different distributed generators
is proposed. In [24] the authors introduced a proper inductance
in order to improve the reactive power sharing by estimating
the feeder impedances. In [25] and [26] the voltage is compen-
sated by a secondary controller that optimizes the reactive power
sharing. In this case, the knowledge of the voltage at the Point
of Common Coupling (PCC) is required. A comprehensive review
showing the advantages and the limits of the most common
control methods used for the reactive power sharing in islanding
MGs can be found in [27].
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Fig. 1. Two generators feeding a common load.

It is worth mentioning that the most of the aforementioned
methods have been developed based on a classical MG structure
where the reactive power sharing is related only to the feeders
impedance mismatch.

In this paper, a new control strategy named Iterative Adaptive
Virtual Impedance (IAVI) is presented. The IAVI is adjusted con-
sidering two contributes: the first is proportional to the reactive
power at the previous iterations, while the second is proportional
to the sum of the reactive power variations at the previous
iterations. The investigated islanded meshed MG consists of three
parallel-connected distributed generators. The share of the re-
active power in the MG has been evaluated considering two
different control techniques: the first one is based on a simple
droop control, while the second uses a droop control virtual
impedance. The controllers have been developed without the use
of any communication link between the different DG units. The
performance of the proposed control strategy has been compared
with the well known droopless technique [18].

The rest of the paper is organized as follows: Section 2 de-
scribes the use of the conventional droop control. To eliminate the
reactive power inaccuracy, an analysis based on reactive power
sharing without and with virtual impedances is presented in
Section 3. The proposed IAVI control strategy, stability analyses,
controller parameters setting, and controller synchronizations are
provided in Section 4. The results are presented and discussed in
Section 5.

2. Droop control

Active power-frequency ( P-f) and reactive power-voltage (
Q-V) droop-based control techniques have been effectively ap-
plied in MGs to control the share of active and reactive powers [7,
12]. These methods have been widely used because they are
simple and they do not require any communication link between
the generators operating in the MG.

Fig. 1 shows a microgrid with two generators feeding a com-
mon load. The currents produced by the two generators are:

Ei/8; — Vy/0°  E;cos8; — Vo + jE; sin §;
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Where E; and §; are the voltage amplitude and angle of ith
generator, Z; and 6; the module and the phase of the ith feeder
impedance, and Vj is the PCC voltage.

The active and reactive powers can be calculated as [4,18]:
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If the feeder impedance is purely inductive, then Eq. (2) and

sin §; sin 6; (3)

. (3) can be written as:
Ei x V, V2
( X700 ssi—-gil> (4)
Xmi Xmi
E; x V,
P = %m@) (5)

Where Xmi is the feeder reactance.
When §; is small, then the active and the reactive powers can
be expressed as [4]:

Ei x Vo — V2
g~ ——2 (6)
Xmi
E;i x V,
P; = ! O(Si (7)
Xmi

Eqgs. (6) and (7) represent the base of the droop control method
and show that the reactive power can be set by varying the output
voltage magnitude, while the active power can be adjusted vary-
ing the voltage frequency being the generator angle a function of
the frequency.

Fig. 2 shows the relationships between the frequency and
the active power, and the one between the reactive power and
the voltage magnitude. These relationships can be expressed as
follows [4,18,24]:

w=aw, —nxP (8)
E=F—-mxQ (9)

Where w and w, are the reference and the nominal frequency,
E and E, are the reference and the nominal voltage, m and n the
active and the reactive droop slopes.

When the MG operates in a stable region, the generators work
synchronously and the sharing of real power is accurate. On the
contrary, there is no reference for the sharing of the reactive
power because the voltage of the generators can be different due
to the line impedances mismatch.

In order to achieve an accurate reactive power sharing, the
line impedances must be modified to be inversely proportional to
both the reactive power rating and the sum of the reactive power
variation.

3. Reactive power sharing analysis
3.1. Conventional droop control

Fig. 3 shows a meshed MG with two generators with the same
nominal power operating in an islanded mode. Each generator
feeds both a local and two common loads. The relationships
between the DGs voltages and their reactive power is given by:

E1=E0—m><Q1 (10)
Ez:Eo—ﬂ’lXQz (11)

If the resistive parts of the feeder impedances are negligi-
ble, then the voltage drops have to be smaller than the 5% of
the nominal voltage (i.e., Eg = E;) in order to avoid system
instabilities [ 16]. The voltage drops are given by [16]:

X —

E, — Vi = 1(Q1 — Qun1) (12)
Eo
X —

Ey, — Viy = 2(Q2 — Qui2) (13)
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Where Vy; and Vy, are the voltages corresponding to the
local load nodes, while Q;;; and Q;;, are the local loads reactive
powers.

The reactive powers through the nodes N; and N, are:

Qvi=—Qv2=Q — Qu1 — Q1 = —Q2 + Quz + Q2 (14)
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By means of Egs. (20) and (21), the considered microgrid can Q 1 —1
be modelled using a classical structure as shown in Fig. 4. In this 1
case, the PCC corresponds to node N; and the line impedances are 4 )y
a function of the reactive power demand. a
The total reactive power load demand can be expressed as ga
follows: N 9z ;
1 EI E o';
Qror = Q1 + Q2 = Qu1 + Qa1 + Quz + Qa2 (22) 5o
[
The equivalent line impedances of the equivalent model are:
N/
X1Q)=X1(1—ay) (23) DG X,(Q)
X2 (Q) =X, (1—az) +X12 (1= by) (24) Q,” i

Using Eqs. (20)-(22), the reactive power accuracy error can be
expressed as:

1
AQ = 5QT0T -
_ Xi(1—a1) =X (1= a) — X2 (1= Dy)
2Egm + X1 (1 —ay) — X2 (1 —az) + X12 (1 — by)
Considering now Eqs. (23) and (24), the reactive power accu-
racy error is given by:
_ X1(Q) — X2 (Q)
2Egm + X1 (Q) + X2 (Q)

(25)

AQ Qror (26)

Fig. 4. Equivalent model of the meshed microgrid with two generators.

Egs. (25) and (26) show that the reactive power sharing er-
ror depends on the feeder impedances, the local loads reactive
power, the total reactive power, and the structure of the mi-
crogrid. Eq. (26) also shows that the reactive power sharing
accuracy can be achieved both by increasing the equivalent feeder
impedances, and by reducing the equivalent feeder impedances
mismatch. The first approach might lead to large frequency and
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Fig. 5. Reactive power sharing error.

voltage deviations affecting the system stability (the condition for
the stability is AV < 5%E;) and for this reason the second approach
is preferred.

3.2. Virtual impedance

For a microgrid with two distributed generators, the reactive
power can be expressed as a function of the total load demand:

1

Q= EQTOT — AQo—gor (27)
1

Q= EQTOT + AQq_gpor (28)

With reference to Fig. 5, AQq—_qror is the error in the reactive
power that, based on Egs. (18)-(20), can be expressed as:
X1(Q) — X2 (Q)

A0 = SEm 4 X (@) + % @ 29)

When the total reactive power load demand is constant and

the reactive droop slope is small, Eq. (29) becomes:
X1(Q) — X2 (Q)
AQp_gu 0 = —— =2 ‘2 = 30
Qoo = X Q) 1x,@ ¥ (30)

Where AQY;_qror is the reactive power sharing error at time
t=0.
The feeder impedances mismatch can then be written as:

AQq- Qror 0
Qror

If at time t = T4 (i.e. during iteration 1) we connect a virtual
impedance, then the reactive power sharing error becomes:

X X X1 — X2
AQq_org, ™" 1(Q) =X (Q) +Xu1 — 2 0101 (32)
~ X Q) + X2 (Q) + X1 + X2
Where AQ oo, XV1, and Xv; are the reactive power sharing
error at time t = Ty, the virtual impedances of DG1, and the one
of DG2 respectively.
The reactive power sharing is accurate when A QTOT =0,
and this corresponds to the feeder impedances mismatch given

by:
X1(Q)

X1(Q) =X (Q) = (X1 (Q) +X2(Q)) x (31)

—X Q) = —Xu1 + X2 (33)

Based on Egs. (3
calculated as:

1) and (33), the virtual impedances can be

A . 0
X1 + X2 = —(X1(Q) + X3 (Q)) x A% oror_ (34)
Qror
Eq. (34) can be rewritten as:
1 X X
Ko+ X = 5 (2 4 200 01,0 (35)

Q

Thus, for an accurate reactive power sharing, the virtual

impedances should be proportional to the reactive power sharing
error as follows:

X
X1 = l(Q) AQq- QTOT (36)

Xz (Q)
2.0,

4. The IAVI controller

X2 =— AQQ—QTOT (37)

In this section, the proposed controller based on the itera-
tive adaptive virtual impedance control strategy is presented. As
shown in Fig. 6, the controller is made of three stages. The first
stage (named droop control) is used to generate the reference
voltage based on the indirect measurement of active and reactive
powers. The second stage consists of two control loops, one for
the voltage and one for the current. The IAVI controller with its
output (X UI”) represents the third stage. The virtual impedance
is adjusted periodically at each time step and, at the iteration
number n, the adaptive virtual impedance of the ith distributed
generator of the microgrid is:

J
X" = ky x QM —ky XZAQ (38)

Where AQ] is the reactive power variation at the iteration
number j, while k; and k, are two parameters used to regulate
the feeder impedances.

With reference to Fig. 7, a large variation of reactive power
corresponds to a small variation of the generator impedance and
vice versa.

As an example, we now consider a microgrid with two gener-
ators a constant reactive power load demand, and the possibility
to vary the reactive power produced by the generators. With ref-
erence to Eq. (38), a positive reactive power variation (k; le.’H)
corresponds to the larger production of reactive power and vice
versa. This fact is used in order to cancel the feeder impedances
mismatch and achieve a perfect reactive power sharing as shown
in Fig. 8.

The iterative virtual impedance at the iteration number n+1 is:

AQpg!
QDGI

From Egs. (38) and (39 ), the variation of the adaptive virtual
impedance in two successive iterations is:

W = ki x Qpgi™ — ko x Z (39)

AOne"

Xvi sy XVI = kl X AQDG, — k2 X QiDG’; (40)
Gi

AXy™ = (ki — ky x ——) x AQpgi" (41)

Gi
Then, the variation of the iterative adaptive virtual impedance
and of the reactive power change are opposite only if:

ko
Quax

](1 < (42)
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4.1. Small signal stability

In order to assess the stability of the microgrid as a function of
the coefficients k; and ky, in this section we introduce the small-
signal model of the considered system. In the case of grid-forming
inverters that is the case of the present study, a reactive power
control loop is indispensable [28,29].

The active and reactive powers exchange between a dis-
tributed generator DG and a node N can be expressed as:
p VDGVNSin(S)

- v | v LL

43
X+ Xy 43)
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Q,
Q1
4Q

Q1-QTOT
Jd 1 b=____ AAQ j
) 1
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Fig. 8. Reactive power regulation in a microgrid with two generators.

(Vg* + Vig.VnCos (8))
X + Xy

Q= —Qu (44)

Where X and Xy are the feeder and the virtual impedances, P;;
and Q;; the local load active and reactive powers, § is the power
angle, Vpc and Vi the generator and node voltages.

Table 1 lists the parameters used for the considered system.

From Eq. (38), the virtual impedance can is:

AQ! = AQy—gpy” — Q™' — Q%)
AQQ—QTOTO -(Q-Q9
Q

Where Q* is the desired power sharing.

(45)

1
XV:IQXQ—’QX;X (46)
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= 0.2 s/VAR, and (c) T = 0 s/VAR.

Table 1
System parameters.

Description Parameter Value

Nominal voltage Eo 220 V

Filter RLC 0.5 €, 5 mH, 75 nF
Switching frequency fs 20 kHz

Frequency droop coefficient n 0.002 rad/(W)
Voltage droop coefficient m 0.0035 V/VAR
Voltage loop gains Kpy, Kiy 5500

Current loop gains Kpi, Kii 1.5, 100

Low pass filter frequency Wo 314 rad/s

If we define 7 = kq/ko, then X, can be expressed as:

0_ _N*
XV:‘[XQ—EXAQQ_QTOTQ(Q Q")

Linearizing Eqs. (43), (44) and (47) around the operating point,
we obtain:

(47)

AP = ay, x AVpg + asp X A8 + ayp X AXy (48)

AQ = Oyg X AVps + Qxq X AXy (49)
k

AXy = k(1= 72) x AQ (50)

Where the coefficients a,p, asp, Gxp, Qg axg and ky are calcu-
lated around the previous operating point.

Because of the low-pass filter, the power angle and the varia-
tions in the output generator voltage can be expressed as:

—m.wo
A = — AP 51
s(s + wo) G
AV = o (52)
s+ Wo

Using equations from (48) to (52), the system can then be
described using the following characteristic equation

aco + aciS + acas® + acss® + acas* = 0 (53)
Where the system characteristic equation coefficients are:

aco = —2kkimrwo®(ayy — Asplyg) (54)

ac1 = wo? <avpmn + aspm (augn + axgky (KT + wp))

k
— axpm—l (kt + wo) + aqul<1r> (55)
Wo
ac; = wo (aspm (axgks + 1) — ayymky + aygnwo
+ 2aqu1kr + aqu1 wo + wo) (56)
ac3 = wo (Gugn + 2) + aygki(2wo + kt) (57)
Acs = Oxgk1 + 1 (58)

Based on Eq. (53), Fig. 9 shows the influence of the con-
troller parameters k; and t on the system stability, rapidity and
precision.

Fig. 9 shows that for larger 7, the dominant poles move away
from the imaginary axis resulting in a fast dynamic response
and good stability of the system. On the other hand, in order to
eliminate the effect of the sampling, the speed of the controller
has to be not too fast. Thus, in order to eliminate the effect of the
sampling period without affecting the system stability, 7 is set to
0.2 s/VAR. The coefficient k; is set to 0.0012 so that the dominant
poles are purely real. In this way, there are no oscillations in the
reactive power sharing and the condition of convergence given
by Eq. (42) is verified.
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4.2. Synchronization and sampling period

The proposed technique works iteratively with the sampling
period T, while the controllers of each generator must operate
synchronously without the use of any communication link. When
the period T starts, the controllers receive the values of the
reactive power at times T and (T+1), and calculate the value of
the virtual impedances according to equation 38. Nevertheless,
the major problem is how to synchronize the controllers without
any communication link.

As shown in Fig. 10, the generators in the microgrid operate
at the same frequency f,. Due to the fact that the three power
angles 81, §; and 85 are very small if related with the pulsation
of the low-pass filter and with the one of the generator voltages
then these can be assumed synchronized.

With reference to Fig. 10, in order to synchronize the three
controllers in the microgrid, the iteration rising edge time of these
controllers must be synchronized. The sampling period T is then
set to the same value as the period of the output voltage so that
the effect of the power angle on the controllers synchronization
can be eliminated. This choice also allows tracking the rapid
variations in the load demand, and ensures a reliable measure of
the reactive power variation since the period T is similar to the
low-pass filter time constant.

5. Results and discussion

In order to verify the performance of the IAVI controller de-
picted in Fig. 11, the meshed microgrid with three distributed
generators shown in Fig. 12 has been considered.

The performance of the developed controller has been simu-
lated in a Matlab/Simulink environment for the following three
case studies:

(1) Case study 1: The power demand is kept constant, while
the structure of the microgrid together with the parameters of
the IAVI controller are kept fixed;

(2) Case study 2: The power demand is variable, and the
structure of the microgrid is flexible. Again, the parameters of the
IAVI controller are kept fixed;

(3) Case study 3: As in the first case study, the power demand
is kept constant and the structure of the microgrid is kept fixed.
In this case, the performance of the IAVI controller is assessed
using different adaptation coefficients.

5.1. Case study 1

In the first case study, the performance of the IAVI controller
has been compared with the one of a traditional droopless con-
troller. This latter has a reference virtual impedance equal to 0.5
Q and ad adaptation coefficient equal to 0.0024. As shown in
Fig. 12, the three feeder impedances have different values. In this
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Fig. 12. Islanded microgrid with three distributed generators.

case, the local loads LL2 and LL3 together with the common loads
CL1 and CL3 are connected, while the total load demand is kept
constant.

Fig. 13 depicts the virtual impedance together with the active
and reactive powers. Here, at the beginning of the simulation,
during the period [0-0.5 s], the microgrid operates with a conven-
tional droop control technique. On the contrary, during the period
[0.5-2.5 s] the microgrid is controlled using a droopless method.
Fig. 13(a) reveals a better share of the reactive power sharing
for the droopless method. However, the error is still important.
Fig. 13(c) shows that the both the controllers do not affect much
the share of active power.

With reference to Fig. 14, during the period [0.5-2.5 s] the
control of the microgrid has been enhanced with the introduction
of the iterative adaptive virtual impedance. In this case, the
adaptation coefficient has been set to 0.0012 that is half of the
one used in the case of the droopless controller. Fig. 14(a) clearly
shows the capability of the proposed method to obtain a perfect
share of the reactive power in the microgrid.

The impedance mismatch is always present in the case of
the droopless control because it introduces big values of vir-
tual impedances, while for the proposed control technique the
impedance mismatch is negligible as shown in Fig. 13(b) and
Fig. 14(b).

Fig. 14(c) shows that as for the other methods, also the IAVI
controller does not have a significant effect on the share of the
active power.

5.2. Case study 2

In order to assess the dynamic behaviour of the proposed
control strategy, the IAVI controller has been tested considering
a variable reactive power demand. During the period [0-0.5 s],
the system operates using a droop control, and the total reactive
power demand is kept constant and equal to 2.9 kVAR. The local
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Fig. 13. Case study 1 — droopless and droop controllers: (a) reactive power,
(b) virtual impedance, (c) active power.

load LL1 and the common load CL2 are disconnected, while all
the other loads are connected.

During the period [0.5-4.5 s], the drop control is replaced by
the IAVI controller, and the reactive power together with the
configuration of the microgrid remain unchanged. During the
period [4.5-7.5 s] the common load CL1 is added, and during the
period [7.5-10.5 s] the local load LL1 is connected too. Finally,
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Fig. 14. Case study 1 — IAVI controller: (a) reactive power, (b) virtual
impedance, and (c) active power.

during the period [10.5-13.5 s] the total amount of the reactive
power demand is reduced to the 15% of the initial request.

Fig. 15(a) reveals that the designed IAVI controllers maintain
an optimal reactive power sharing during all the considered in-
tervals of time thanks to the adaptation of the virtual impedances
that is shown in Fig. 15(b).
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Fig. 15. Case study 2 (a) reactive power and (b) virtual impedance.

5.3. Case study 3

In order to evaluate the effect of the IAVI coefficients on the
reactive power sharing, the operations of the microgrid depicted
in Fig. 12 have been simulated for three different cases. Fig. 16(a)
and Fig. 16(b) show that when the dominant poles are real, the
share of the reactive power is always acceptable despite the value
of coefficient k; is changed. On the contrary, Fig. 16(c) shows that
when the dominant poles are complex, the sharing of reactive
power is less accurate. This fact is due to the oscillations in
the system response, which do not allow the IAVI controller to
receive the true values of the variations in the reactive power.

6. Conclusion and future work

In this paper, an iterative adaptive virtual impedance (named
IAVI) control strategy for the elimination of the mismatch be-
tween the impedances of the feeders in a meshed microgrid
powered by a certain number of distributed generators has been
presented.

The iterative virtual impedance consists of two elements: one
proportional to the reactive power delivered by each genera-
tor, and a second that depends on the reactive power variation
between two iterations. The proposed strategy is of particular
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Fig. 16. Case study 3: (a) k; = 0.0012 and t = 0.2 s/VAR, (b) k; = 0.008 and
v = 0.2 s/VAR, (c) k; = 0.0012 and 7 = 0.3 s/VAR.

interest as it does not need any communication link between the
generators in the microgrid.

The behaviour of the IAVI controller has been simulated in a
Matlab/Simulink environment, and the results show that the IAVI

10

controller outperforms one of the most used control techniques
such as the droopless one.

In addition, the method showed that the error in the share
of the reactive power can be eliminated with a large margin of
stability.

Further work will focus on the experimental verification of the
proposed controller. In addition, in order to completely eliminate
the dependence on the operating point, metaheuristic methods
(such as ant colony optimization, particle swarm optimization,
and genetic algorithm) will be used to accurately adjust the
controller parameters.
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