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Abstract—In this paper, a reactive power sharing strategy that
employs communication and the virtual impedance concept is pro-
posed to enhance the accuracy of reactive power sharing in an is-
landed microgrid. Communication is utilized to facilitate the tuning
of adaptive virtual impedances in order to compensate for the mis-
match in voltage drops across feeders. Once the virtual impedances
are tuned for a given load operating point, the strategy will result
in accurate reactive power sharing even if communication is dis-
rupted. If the load changes while communication is unavailable,
the sharing accuracy is reduced, but the proposed strategy will still
outperform the conventional droop control method. In addition,
the reactive power sharing accuracy based on the proposed strat-
egy is immune to the time delay in the communication channel.
The sensitivity of the tuned controller parameters to changes in
the system operating point is also explored. The control strategy
is straightforward to implement and does not require knowledge
of the feeder impedances. The feasibility and effectiveness of the
proposed strategy are validated using simulation and experimental
results from a 2-kVA microgrid.

Index Terms—Droop control, microgrid control, reactive power
control, virtual impedance.

I. INTRODUCTION

Distributed generation (DG) has recently received a great deal
of attention as a potential solution to meet the increased demand
for electricity, to reduce stress on the existing transmission sys-
tem, and to incorporate more renewable and alternative energy
sources. Subsequently, the microgrid concept has emerged as a
promising approach to coordinate different types of distributed
energy resources effectively by using local power management
systems. A microgrid also allows the DG units to work in an
islanded configuration, and therefore improves the availability
and quality of power supplied to customers [1]. However, is-
landed microgrids exhibit challenging control problems, such
as the difficulty of maintaining generation/load power balance
and reactive power sharing.

When a microgrid is operating in the islanded mode each DG
unit should be able to supply its share of the total load in propor-
tion to its rating. To achieve this, frequency and voltage droop
control techniques that mimic the behavior of synchronous ma-
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chines in conventional power systems are widely adopted in the
literature [2]–[8]. The reason for the popularity of the droop
control technique is that it provides a decentralized control ca-
pability that does not depend on external communication links
in the control strategy—this enables “plug-and-play” interfac-
ing [3] and enhances the reliability of the system. Communi-
cation can, however, be used in addition to the droop control
method to enhance the system performance without reducing
reliability [9]–[15].

Although the frequency droop technique can achieve accu-
rate real power sharing, the voltage droop technique typically
results in poor reactive power sharing due to the mismatch in the
impedances of the DG unit feeders and, also, due to the differ-
ent ratings of the DG units [16]. Consequently, the problem of
reactive power sharing in islanded microgrids has received con-
siderable attention in the literature and many control techniques
have been developed to address this issue [17]–[30].

A comprehensive treatment of the virtual impedance con-
cept to mitigate errors in reactive power sharing is presented
in [17]–[19]. The focus has been on the mismatch in the output
impedances of the closed-loop controlled inverters that are used
to interface the DG units. With proper design of the voltage con-
troller, the closed-loop output impedances must be negligible at
steady state around the nominal operating frequency. Therefore,
the virtual impedance is dominant, which results in accurate re-
active power sharing. However, the analysis in [17]–[19] did not
consider the mismatch in the physical impedance of the feed-
ers, including transformers, cables, and the interface inductors
associated with each unit.

A unique approach is proposed in [20] to achieve accurate
reactive power sharing. The proposed strategy requires injection
of a small ac voltage signal in the system. Overlaying such an
ac voltage signal may reduce the quality of the output voltage
and line current [21], [24]. Also, extracting and processing this
signal may result in a complicated implementation, particularly
in a noisy environment.

A control strategy employing an inductive virtual impedance
is developed in [21] to ensure accurate reactive power sharing.
The proposed analysis and design is based on the assumption
that the feeder impedance is small and dominated by the virtual
impedance, which is a known parameter. Moreover, the feeder
physical impedance is estimated to improve the accuracy, and
to include the effect of the impedance resistive component. The
estimation technique requires the system to operate in grid con-
nected mode first, before islanding. The technique is validated
for a system with different virtual impedances, but with identical
feeder physical impedances. On the other hand, the analysis and
the control strategy introduced in [22] requires that the feeder
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impedances are resistive. The analysis and the control strategy
results in accurate power sharing if this condition is satisfied.
In practice, however, the feeders may have both nonnegligible
inductive and resistive components [17].

Control strategies are proposed in [23] and [29] to achieve ac-
curate power sharing among the inverters in an islanded micro-
grid. When the inverters are in close proximity an instantaneous
control interconnection becomes feasible and can be used as
an essential component to achieve accurate sharing. In practice,
the DG units might be located in different geographic locations
making this approach ineffective.

An interesting control strategy is proposed in [24]. The con-
trol strategy is composed of two stages: An initial conventional
droop-based control stage and a synchronized compensation
stage. During the synchronized compensation stage, the fre-
quency droop is used to control the reactive power sharing.
Since this action will also disturb the real power sharing, an
integral control term is added to the voltage droop to main-
tain real power sharing accuracy. However, load changes during
the compensation period or between compensation periods may
result in poor power sharing.

Communication is used in [25] to facilitate the estimation
of the feeder impedances which are then used to set the vir-
tual impedances to ensure accurate reactive power sharing. The
feeder impedance is estimated at the local DG controller by uti-
lizing the point of common coupling (PCC) voltage harmonic
data transferred via a communication link. This is based on the
assumption that the phase angle difference between the voltages
at the PCC and at the inverter output is negligible. This assump-
tion may not hold for long feeders or for higher power levels.
The same technique is used in [26] under the same assumption.

Communication links are also used in [27] to enhance the
performance of conventional droop control. The proposed tech-
nique can reduce the sharing error but cannot eliminate it com-
pletely. For example, it reduces the maximum sharing error
from 5.02 % to 3.05 %. Also, the performance of the technique
is sensitive to delays in communication; e.g., a delay of 16 ms
degrades the sharing accuracy significantly. A new droop control
is proposed in [28] to reduce the power sharing error. As in [27],
the sharing error can be reduced but not completely eliminated
and the improvement in performance is not significant if local
loads are connected at the output of each unit.

A distributed secondary control technique is proposed in [30]
to restore the frequency and the voltage, and also to ensure
accurate reactive power sharing. In this technique, the controller
is implemented in each DG unit instead of implementing it in
the microgrid central energy management unit. Communication
data drop-outs/packet losses are briefly discussed in the paper,
however the scenario of a complete communication failure is
not investigated.

In this paper, a control strategy that employs communication
is proposed to enhance reactive power sharing accuracy. Com-
munication is utilized to tune the adaptive virtual impedances
in order to compensate for the mismatch in voltage drops across
feeders. Once the virtual impedances are tuned for a given load
operating point, the strategy will result in accurate reactive
power sharing even if the communication is disrupted. If the

Fig. 1. Islanded microgrid with communication links to an energy manage-
ment system (EMS).

load changes while communication is unavailable, the proposed
strategy will still outperform conventional droop control. The
control strategy is straightforward to implement and does not
require knowledge of the feeder impedances. Also, the reac-
tive power sharing accuracy based on the proposed strategy is
immune to time delays in the communication channel.

In Section II of this paper, an overview of the system
structure is presented along with an explanation of how reactive
power is conventionally shared. The proposed controller is in-
troduced in Section III along with a discussion of the controller
sensitivity to the operating point and discussion of the commu-
nication mechanism. Simulation and experimental results based
on the proposed strategy are presented in Sections IV and V,
respectively, followed by concluding remarks in Section VI.

II. ISLANDED MICROGRID STRUCTURE AND CONTROL

A. Islanded Microgrid Structure

The structure of an islanded microgrid is shown in Fig. 1. The
microgrid considered in this paper operates at the low-voltage
power distribution level (208 Vl−l). Each DG unit is connected
to the microgrid bus through a feeder. The loads connected to
the microgrid bus are lumped into a single load. The focus in this
paper is on the fundamental real and reactive power sharing, as
in [24] and [28], and therefore only linear loads are considered.
Each DG unit consists of a primary energy source, a three-
phase inverter, and an LC filter. The feeder impedance includes
the impedances of the interface inductor, isolation transformer,
and the impedance of the feeder cables.

The local controllers can communicate information, such as
real power and reactive power measured at the DG unit output,
to the central energy management system (EMS) over a com-
munication link. Since the proposed strategy only requires that
the local controllers exchange data periodically at a slow rate,
low-bandwidth communication links are considered adequate
for this application. The local controller consists of the power
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Fig. 2. Simplified model of the microgrid with two inverters.

controller, which generates the output voltage reference, and
the voltage controller to track the voltage reference. Conven-
tional frequency and voltage droop control is implemented in
the controller as follows:

ω = ωo − mPm (1)

V ∗ = Vo − nQm (2)

where ω and V ∗ are the frequency and voltage magnitude refer-
ences, respectively. Pm and Qm are the real and reactive powers
measured at the output of the DG unit, respectively, and are fil-
tered to extract the fundamental power components. m is the
frequency droop coefficient and n is the voltage droop coeffi-
cient. It is worth mentioning that to facilitate the utilization of
the droop control concept in low-voltage distribution networks,
a physical and/or a virtual interface inductor is commonly added
in line at the output of the DG unit in an attempt to reduce the
coupling between the real and the reactive power flows.

B. Reactive Power Sharing Analysis

The effect of the feeder impedance mismatch on the reactive
power sharing is examined in this section by analyzing the volt-
age drop across the feeders. The voltage drop across the feeder
impedance can be approximated as in [24] and [21]

ΔV ≈ XQ + RP

Vo
(3)

where X and R represent the feeder reactance and resistance,
P and Q represent the real and reactive power flowing through
the feeder, respectively, and Vo is the DG unit nominal output
voltage. Without loss of generality, a two unit microgrid as
shown in Fig. 2 is used as a case study in this section. The
voltage drops across Feeder 1 and Feeder 2 in Fig. 2 can be
approximated by

ΔV1 ≈ X1Q1 + R1P1

Vo
(4)

ΔV2 ≈ X2Q2 + R2P2

Vo
. (5)

The mismatch in the feeder impedances is given by

ΔX = X1 − X2 (6)

ΔR = R1 − R2 . (7)

Fig. 3. Detailed network model as seen from DG 1.

Considering (6) and (7), the network as seen from DG 1 is
shown in Fig. 3, where V ∗

1 and V ∗
2 represent the voltage refer-

ences generated by the conventional droop controllers. X and R
are the reactance and resistance of Feeder 2 (X2 and R2), respec-
tively, that are chosen as references to calculate the mismatch
between feeder impedances. Xv and Rv stand for the effect of
any virtual impedance that might be implemented in the con-
troller. δV ∗

1 represents the net change in the voltage reference
that could be added by the controller, as will be seen later, to en-
hance the performance of the conventional droop control. Note
that with proper design of the voltage controller, the voltages
controlled and measured at the output filter capacitors of the DG
units are assumed to match the references V ∗

1 + δV ∗
1 and V ∗

2 at
the steady state. P1 , Q1 , P2 , and Q2 are the powers that can be
measured at the outputs of the DG units. Based on Fig. 3 and (3)

ΔV1 ≈ (X + ΔX)Q1 + (R + ΔR)P1

Vo

=
XQ1 + RP1

Vo
+

ΔXQ1 + ΔRP1

Vo

= ΔV1 + δV1 (8)

where as shown in Fig. 3, ΔV1 is the total voltage drop
across the Feeder 1 impedance represented by X + ΔX and
R + ΔR. ΔV1 is the voltage drop across Feeder 1 due to the
reference reactance and resistance, X and R. δV1 indicates
the voltage drop mismatch between Feeder 1 and Feeder 2
due to the mismatch in feeder impedances, ΔX and ΔR. This
voltage will cause unequal reactive power sharing between the
DG units [16], [21], [22], [24]. One solution to this problem is
to match the feeder impedances by using a virtual impedance
of Xv = −ΔX and Rv = −ΔR, which would result in
Qpcc1 = Qpcc2 . It is important to mention that if the DG units
have different ratings then the feeder reactance and resistance
must be modified to be inversely proportional to the Q and P
ratings, respectively, in order to achieve proper proportional
reactive power sharing [16], [25], [26]. The drawback of this
technique is that it requires knowledge of the feeder impedances
which is often not readily available.

The other way to resolve this issue, as proposed in this pa-
per, is to employ voltage drop compensation instead of match-
ing impedances. Without loss of generality, the case where
both units have the same rating is considered in this analysis.
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When using conventional droop control only, V ∗
1 and V ∗

2 can be
represented as

V ∗
1 = Vpcc + ΔV1 + δV1 (9)

V ∗
2 = Vpcc + ΔV2 . (10)

The effect of the voltage drop mismatch due to ΔX and ΔR
on reactive power sharing can be compensated by modifying
the voltage reference V ∗

1 as follows:

V ∗
1 + δV ∗

1 = Vpcc + ΔV1 + δV1 (11)

assuming that a controller can be designed such that at any time

δV ∗
1 = δV1 . (12)

Consequently, (11) can be reduced to

V ∗
1 = Vpcc + ΔV1 . (13)

Although ΔV1 will still not be equal to ΔV2 , the effect of δV1
on the reactive power sharing will be compensated. For exam-
ple, every time δV1 increases due to an increase in load, the con-
troller will increase δV ∗

1 accordingly. This can be implemented
by using an adaptive virtual impedance and communication as
proposed in the next section.

III. PROPOSED CONTROL STRATEGY

A. Proposed Controller

The feasibility of the condition in (12) can be further in-
vestigated by using the principle of virtual impedance and the
approximation in (3). Considering the use of a virtual impedance
to generate the voltage δV ∗

1 , from Fig. 3

− δVv = δV ∗
1 . (14)

Using the approximation in (3), the condition in (12) can be
approximated by

− XvQ1 + RvP1

Vo
≈ ΔXQ1 + ΔRP1

Vo
. (15)

Satisfying (15) by matching the impedances is not practical as
stated in Section II. However, (15) can be simplified by setting

K̃v = Xv = Rv (16)

where K̃v is called the virtual impedance variable. The condition
in (16) will result in a feasible controller as will be shown later
in this section. Substituting (16) in (15) and rearranging

K̃v ≈ −ΔXQ1 + ΔRP1

Q1 + P1
. (17)

As can be seen from (17), for any given values of ΔX , ΔR,
P1 , and Q1 , there is a corresponding K̃v that matches the volt-
ages to meet the condition in (12). However, (17) still cannot be
used to implement the controller because the feeder discrepan-
cies (ΔX and ΔR) are unknown. Nevertheless, the main goal
of (17) is to show that one value for the virtual reactance and
resistance can satisfy the condition in (12).

If the proper reference for Q1 is available to the local con-
troller, the variable K̃v can be tuned to the required virtual
impedance value as proposed in this paper. To achieve this, each

Fig. 4. Proposed adaptive virtual impedance controller.

unit shares its actual reactive power load with the microgrid
EMS over the communication link. The EMS calculates the
proper share for each unit based on its rating and the total load
and sends it back to each unit, along with a controller enable
signal (EN). Note that the communication link is not used here
within the closed loop of the tuning control, but instead it is
used to set the reactive power reference that will be used in the
tuning process. Therefore, the sharing accuracy at steady state
is unaffected by time delays in the communication channels.

Consequently, each unit will utilize the received reactive
power share reference Q∗ to adaptively tune K̃v . The received
Q∗ value will not vary with transients in the reactive power of
each unit caused by the tuning process, since it is calculated
based on the total reactive power load. Therefore, Q∗ will be a
fixed reference until the total reactive power load changes.

Once K̃v is tuned for a given load condition, accurate reactive
power sharing will continue even if the communication channel
becomes unavailable, as long as the load does not change. Even
if the load changes while communication is disrupted, there will
be a smaller sharing error in comparison to the conventional
droop control case, as will be shown in Sections IV and V.

The proposed controller to tune the virtual impedance variable
K̃v is shown in Fig. 4. A simple integral control loop can be used
to tune K̃v by regulating Q indirectly to match Q∗. The virtual
impedance is implemented in the dq-frame where θ represents
the phase angle of the unit output voltage. Note that the objective
of the controller is not to regulate the reactive power directly
but to tune the virtual impedance to a value that compensates
for the effect of the feeder mismatch on the reactive power
sharing. Therefore, once the virtual impedance is tuned for the
current load conditions it will result in accurate sharing, and in
reasonable sharing if the load changes and communication is
disrupted. More details regarding the communication loss and
delay will be discussed in Sections III-C, IV, and V.

For a microgrid of two DG units, the controller can be im-
plemented in one unit only or in both units. A similar analysis
to that presented in Section II-B can be developed for DG 2
considering that the network seen by the second unit can be rep-
resented similarly to that in Fig. 3. In general, for a microgrid
with two or more DG units, the controller implemented at each
unit tunes the virtual impedance in the same way as described
previously for DG 1.
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Fig. 5. K̃v sensitivity based on the parameters of DG units 1 and 2 from Table I (ΔX = 0.94 Ω, ΔR = 0.5 Ω). (a) K̃v as a function of the load operating
point. (b) Sv in the considered operating range.

TABLE 1
SYSTEM PARAMETERS

The integral control is chosen such that the integration time
is much longer than the information update period, e.g., the
integration time Ti = 1/Ki is chosen to be 200 s·var/Ω, versus
an information update period of 0.2 s (see Table I). Therefore,
the time delay in the received Q∗ sample, due to the fact that
reference Q∗ is updated periodically, will have no effect on
the reactive power sharing at steady state. This time delay is
called the information update delay. Moreover, the tuning loop
is slow enough that the interaction is negligible with the mi-
crogrid dynamics, which are dominated by the power low-pass
filter dynamics [31], [32]. A detailed small-signal model of the
virtual impedance tuning loop is developed and presented in the
Appendix.

Note that the reference Q∗ is calculated by the EMS based
on the total reactive power load in the microgrid, therefore Q∗

stays unchanged during the tuning action unless the total load
changes. This part of the strategy can be considered to be a
supervisory control system, which reacts only when the total
load in the microgrid changes (a disturbance).

B. Tuned Controller Sensitivity to Operating Points

The proposed controller is designed so that the tuned virtual
impedance is held at its most recent value after a communication
failure occurs, as will be illustrated in the following section. If

the operating point remains unchanged after the communication
failure, the sharing error will remain zero since the controller
is already tuned for that operating point. However, an operating
point change will result in a sharing error because K̃v can no
longer adapt to the new operating point. The change needed in
K̃v to adapt to the new operating point defines the sensitivity of
K̃v with respect to the change in the operating point. To gain
insight into the K̃v sensitivity, the approximated relation in (17)
is used. Rearranging the terms in (17)

K̃v ≈ −ΔX + ΔR(P/Q)
1 + (P/Q)

. (18)

It is clear from (18) that K̃v depends on the ratio P/Q rather
than on the value of P or Q separately. Therefore, any new
operating point with the same ratio P/Q (the same power factor)
will result in the same K̃v . Define the variable KP Q as P/Q. The
nonlinear relation in (18) can be linearized around the operating
point as follows:

K̃v ≈ K̃vo +
∂K̃v

∂KP Q

∣
∣
∣
KP Q o

ΔKP Q (19)

where K̃vo is the virtual impedance variable tuned at the oper-
ating point and KP Qo is the associated P/Q ratio. The slope of
K̃v in (19) is defined as the sensitivity Sv around the operating
point. Therefore, Sv can be written as

Sv =
−∂

∂KP Q

(
ΔX + ΔRKP Q

1 + KP Q

) ∣
∣
∣
KP Q o

=
−(1 + KP Qo)ΔR + (ΔX + ΔRKP Qo)

(1 + KP Qo)2 . (20)

To gain insight into the sensitivity of K̃v to the operating
point, feeders 1 and 2 from Table I are considered, where
ΔX = 0.94 Ω and ΔR = 0.5 Ω. As can be seen from Fig. 5(a)
and (18) when KP Q is zero (PF = 0) then K̃v equals −ΔX .
However, when KP Q approaches infinity (PF = 1) K̃v equals
−ΔR. Consequently, for high KP Q values (high power factors)
the sensitivity of K̃v is low as shown in Fig. 5(b). From Fig. 5(b),
|Sv | is less than 0.1 for power factors higher than 0.74 and K̃v
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Fig. 6. Sensitivity of K̃v for different values of ΔR (ΔX = 0.94 Ω).

Fig. 7. Reactive power setpoint enable logic in each local controller.

changes from −0.646 Ω to −0.521 Ω when KP Q changes from
2 (PF = 0.89) to 20 (PF = 0.998). To examine the effect of
different impedance pairs, ΔX is fixed at 0.94 Ω and ΔR is
changed as shown in Fig. 6. Again, Fig. 6 shows low sensitivity
for high KP Q (high PF), e.g., |Sv | is less than 0.1 for KP Q

higher than 1.65 (PF = 0.85).

C. Information Management Structure

The EMS periodically polls the inverters for their internally
measured reactive power output. The update rate for the reac-
tive power data can be chosen based on the specifications of
the available communication link. The collected reactive power
measurements are then summed and weighted such that each
inverter is responsible for sharing the reactive power in propor-
tion to its rating. The resulting values are then passed back to
the inverters as setpoints for the tuning control loop.

The receiver is capable of detecting a communication time
out, in which case the control loop is disabled and the integra-
tor output will remain constant until a valid setpoint is again
received. The timeout/enable logic is shown in Fig. 7. Note that
when the EMS detects a communication timeout from one DG
unit it blocks further setpoint updates to all the DG units until
communication is restored. Since the updates are not sent to the
remaining DG units their timeout/enable logic disables the tun-
ing control loops until communication is restored. A binary EN
is also sent along with the setpoint to allow for remote enabling
and disabling of the tuning control loop.

IV. SIMULATION RESULTS

A microgrid with three DG units is simulated in the
PSCAD/EMTDC environment to validate the proposed con-

trol strategy, and to demonstrate the feasibility of the proposed
controller for microgrids with more than two units. The micro-
grid system parameters are shown in Table I. The three DG units
are identical in rating and filter parameters to highlight the ac-
curacy of the proposed strategy in the presence of mismatched
feeder impedances. The discrepancy in the feeder impedances
is chosen to be significant in comparison to values used in the
existing literature [23], [24], [28].

To evaluate the performance of the proposed system a per-
centage accuracy measure Qer is defined as in [28]

Qer,i% =
Qi − Q∗

i

Q∗
i

× 100 (21)

where Qi is the reactive power measured at the output of unit
i and Q∗

i is the desired reactive power share of unit i. Simu-
lation scenarios that validate the performance of the proposed
controller are presented in the following sections.

1) Performance of Conventional Controller: The performance
of the system using only conventional droop control is illustrated
in Fig. 8 for two different loads. The total reactive power load
is changed between 1030 and 388 var while the real power
load is changed between 1215 and 910 W. These load settings
represent a larger change in reactive power load as compared
to the change in the real power load to show the low sensitivity
of the tuned virtual impedance to the P/Q ratio factor (KP Q )
of the operating point as discussed in Section III-B. Also, this
will help to evaluate the control strategy for a wide range of
load power factors, from 0.76 for the higher load to 0.92 for the
lower load.

From Fig. 8, the reactive power sharing accuracy under con-
ventional droop control is as poor as 45 % for Unit 3 and 44%
for Unit 1 while it is 2.9 % for Unit 2, calculated at the higher
load operating point.

2) Performance of the Proposed Controller: The perfor-
mance of the proposed controller is demonstrated in Fig. 9.
The controller is enabled at t = 1 s which reduces the re-
active power sharing error to zero in 2 s as can be seen in
Fig. 9(b). Also, Fig. 9(a) shows that the controller action has
only a small transient effect on the real power supplied by
each unit. Moreover, Fig. 9(c) illustrates the low sensitivity
of the tuned virtual impedances to a change in the operating
point.

The behavior of the microgrid bus voltage Vpcc , when the
controller is enabled at t = 1 s, is shown in Fig. 10. As can be
seen, the voltage drop introduced by the proposed controller is
negligible (0.0015 pu). This is due to the fact that controllers
reduce the total feeder impedance for the unit with the higher
physical impedance (Unit 1), and increase it for the unit with
the lower physical impedance (Units 2 and 3), as can be noticed
from Fig. 9(c). The latter voltage change, when the load stepped
down, is mainly due to the change in the voltage drop across
the feeders and the conventional voltage droop action, since the
virtual impedances did not change significantly [see Fig. 9(c)]
when the load changed.

Fig. 11 demonstrates the enhancement in the current sharing
accuracy provided by the proposed control strategy as compared
to the conventional droop control.
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Fig. 8. Simulated performance of conventional droop control. (a) Real power. (b) Reactive power.

Fig. 9. Simulated performance of the proposed controller (activated at t = 1 s). (a) Real Power. (b) Reactive Power. (c) Real-time tuning of the virtual impedance
variables.

Fig. 10. Behavior of the microgrid bus voltage (Vp cc ) when the controller is
enabled at t = 1 s.

3) Effect of the Communication and Information Update De-
lays: To show the main concept of the controller, two factors
were neglected in the simulation of Fig. 9. The first is the time
delay mismatch among the communication channels, and the
second is the information update delay. In Fig. 9, the load is
intentionally changed at the same moment Q∗ is updated so
there is no information update delay. A second simulation is
performed to include these effects. A delay of 0.1 and 0.05 s
has been included in the communication links of units 2 and 3,

respectively, while no delay is considered for unit 1 to empha-
size the delay time mismatch. Also, the load changes have been
introduced exactly in the middle between the Q∗ update times,
which results in a 0.1 s information update delay. Note that the
time delay is significant with respect to the 0.2 s update rate of
Q∗. Taking into account these changes, the performance of the
proposed control strategy is shown in Fig. 12. As can be seen
the information update delay and the time delay mismatch has
no effect on the sharing accuracy of the proposed controller. The
same time delay in the communication channels will be used
for the remainder of the simulation scenarios.

4) Controller Performance During a Communication Disrup-
tion: The scenario of a communication failure is illustrated in
Fig. 13. A communication failure is sensed at t = 5 s causing
a timeout signal issued by the serial receiver block (see Fig. 7)
to disable the controller. The virtual impedance variables are
held at the last value before the failure occurred due to the
integral action of the controller. As can be seen in Fig. 13(a)
when the load changes the sharing error is still acceptable. A
noticeable change in the operating point power factor from 0.76
to 0.92 is considered here to give insight into the sensitivity
of the virtual impedance to a change in the load. The shar-
ing error accuracy (Qer,i%) is 6.2%, −1.87%, and 1.87% for
DG units 1, 2, and 3, respectively, as compared to −46.8%,
2.92%, and 45.48% when using conventional droop control only.
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Fig. 11. Simulated feeder currents. (a) Under conventional control (before
enabling the controller). (b) Under the proposed control strategy.

Associated feeder current waveforms for the three DG units
are shown in Fig. 13(b) which demonstrate accurate sharing
compared to the current waveforms in Fig. 11(a). Finally, Fig. 14
shows the system transient performance during the restoration
of communication at t = 9 s. The sharing mismatch is reduced
once communication is restored.

V. EXPERIMENTAL VALIDATION

A. Experimental Setup

The experimental setup consists of two three-phase inverters
with Ethernet interfaces, a networked computer running the
EMS software, and a load with adjustable real and reactive
power levels. The primary power sources for the inverters are
two Chroma 62050H power supplies. The inverters are based
on Powerex PS22A78-E IGBT modules. Current and voltage
sensing are implemented using LEM LA 20-PB and LV-20-
P Hall effect sensors, respectively. Other experimental system
parameters including the LC filter values and feeder impedances
are shown in Table I for units 1 and 2.

The inverter controllers are implemented in Simulink, com-
piled using the Embedded Coder toolchain, and run on
Spectrum Digital eZdsp boards containing Texas Instruments
TMS320F28335 32-bit floating-point microcontrollers. The net-
work interfaces are implemented with Texas Instruments serial-

Fig. 12. Simulated performance of the controller considering the effects of
time delay mismatches among the communication channels and the information
update delay. (a) Real power. (b) Reactive Power.

to-ethernet modules connected to the serial communication port
of the eZdsp boards.

Each unit in the prototype microgrid is connected to the bus
through a 3 mH interface inductor, an isolating transformer
with a leakage inductance of 1 mH, and a resistance of 1.1 Ω.
Moreover, an additional 2.5 mH (0.94 Ω) inductor and 0.5 Ω
resistor are added in line with Unit 1 to generate the mismatch
in the feeder impedances.

The EMS software that receives the measured reactive powers
and calculates the reactive power setpoints is programmed in the
Python language and hosted on a PC running Ubuntu Linux. A
photograph of the experimental apparatus is shown in Fig. 15.

Two load operating points are considered to validate the pro-
posed controller. At the high load point, Pload is chosen as
1170 W and Qload as 1330 var which results in a PF of 0.66.
At the low load point, Qload is stepped down to 890 var while
Pload is stepped down only by 32 W to 1136 W (PF = 0.79) to
emphasize the change in P/Q ratio. Moreover, the power factor
is deliberately chosen to be low at both operating points to val-
idate the proposed controller in the lower power factor region
where sensitivity Sv is higher as discussed in Section III-B.

B. Experimental Results

Experiments were performed to validate the effectiveness of
the proposed controller. The results for a conventional controller,
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Fig. 13. Simulated performance of the tuned controller in response to a load
change after a communication failure. (a) Reactive Power. (b) Phase-a feeder
currents.

Fig. 14. Simulated system performance during communication restoration.

the proposed controller, and the enhanced controller in the
presence of communication failures and time delays are pre-
sented and discussed.

The real power and reactive power are measured internally in
the controller platform and are output as analog signals using
PWM-DACs. The scaled P and Q values are then captured and
displayed.

Fig. 15. Experimental apparatus.

Fig. 16. Power and current sharing under conventional droop control. (a) Real
and reactive power from each inverter with step changes in the load. P1 , P2
start at 584 W and drop to 568 W; Q1 starts at 498 var and drops to 298 var;
Q2 starts at 825 var and drops to 522 var. (Vert: 150 VA/div; Horiz: 1 s/div) (b)
Phase-a currents from each inverter for two different load operating points. (Vert:
2 A/div; Horiz: 20 ms/div).

1) Performance of the Conventional Controller: In
Fig. 16(a), the real and reactive powers from each inverter
operating under a conventional droop control scheme are
shown. While the droop mechanism ensures that the real power
is shared evenly between the inverters, the different feeder
impedances of the units result in reactive power being shared
unevenly. At the higher reactive load, the sharing accuracy
errors are Qer,1 = −25% and Qer,2 = 25%.
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Fig. 17. Real and reactive power sharing. (Vert: 150 VA/div) (a) As the proposed control loop is enabled. P1 , P2 are each 584 W. Q1 and Q2 are initially 498 and
825 var, respectively, and each converge to 665 var when the controller is enabled. (b) A step change in the load operating point with the controller enabled. The
steady-state reactive power for each inverter steps from 665 to 445 var and back.

Fig. 18. Improvement in current sharing accuracy (phase-a). (a) Conventional controller (before enabling the proposed controller). (b) Proposed controller
enabled. (Vert: 2 A/div; Horiz : upper 500 ms/div, lower 20 ms/div).

The currents are shown in Fig. 16(b) and clearly demonstrate
the mismatch between the inverters. Each current is measured
at the transformer secondary and therefore does not include
the portion of the associated reactive power absorbed by the
transformer, which is approximately 200 var.

2) Performance of the Proposed Controller: When the pro-
posed controller is enabled the virtual impedances for the two
inverters are adjusted so that they share Qload evenly as shown
in Fig. 17(a). The system behavior when there is a step change
in the load power is shown in Fig. 17(b), demonstrating that the
controller is effective at different load operating points. Imme-
diately after the step there is a slight reactive power mismatch
while the virtual impedances are adapted to the new operating
point.

The currents before and after the enhanced control loop are
enabled as shown in Figs. 18(a) and (b), respectively, and show
accurate steady-state sharing after the controller is enabled.

3) Performance During a Communication Failure: Fig. 19
shows the reactive power from each inverter along with an
active-high signal that indicates whether the enhanced con-
troller is enabled. To create a realistic failure scenario, the Eth-
ernet cable is unplugged from one of the DG units. The virtual
impedance has adapted for the higher level of reactive power
prior to the communication failure. When the Ethernet cable is

Fig. 19. Performance of the tuned controller in response to a load change after
a communication failure. The lower trace shows the controller enable signal.
Q1 , Q2 are even at 665 var each and continue at this level after communication
is lost. When the reactive load is changed Q1 drops to 439 var and Q2 drops to
405 var. (Vert: 150 var/div; Horiz: 1 s/div).

unplugged the receive block detects the timeout and disables
the control loop as shown in Fig. 7, thus holding K̃v at its last
tuned value. When the reactive load drops this results in some
mismatch between the shared Q due to the inactive enhanced
control loop. The sharing accuracy errors are Qer,1 = 4.0% and
Qer,2 = −4.0%. When Q increases back to its original level
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Fig. 20. Phase-a current sharing during a communication failure with a change
in reactive power load. (Vert: 2 A/div; Horiz: upper 1 s/div, lower 20 ms/div).

Fig. 21. Reactive power from each inverter when communication is lost and
restored (upper traces). The lower trace shows the controller enable signal. (Vert:
150 var/div; Horiz: 1 s/div).

Fig. 22. Real and reactive power sharing with a time delay mismatch in the
communication channels. (a) As the proposed control loop is enabled. (Vert:
150 var/div; Horiz: 500 ms/div) (b) A step change in the load with the controller
enabled. (Vert: 150 var/div; Horiz: 1 s/div).

the reactive power is again shared accurately. Fig. 20 shows the
phase-a current sharing during a communication failure with a
change in reactive power load.

In Fig. 21, the effect of restoring communication is illustrated.
When communication with the EMS is restored the enhanced
controller is reenabled and the error between the two reactive
power outputs is rolled up as the virtual impedance is adapted
to the lower reactive power level.

4) Performance in the Presence of Delays in Communica-
tion: The effects of a delay of 0.1 s in the communication
channel to DG 1 and 0.05 s in the communication channel to
DG 2 are shown in Figs. 22(a) and (b). As can be seen, the time
delay does not affect the sharing accuracy and the difference in
the transient behavior is negligible in comparison to the case
shown in Fig. 17(a).

VI. CONCLUSION

A control strategy to improve reactive power sharing in an is-
landed microgrid has been proposed and validated in this paper.
The strategy employs communication to exchange the infor-
mation needed to tune adaptive virtual impedances in order to
compensate for the mismatch in feeder impedances. The control
strategy does not require knowledge of the feeder impedances,
and is straightforward to implement in practice. It is also in-
sensitive to time delays in the communication channels. It has
been shown that the proposed technique is tolerant of disrup-
tions in the communication links while still outperforming the
conventional droop control method. The sensitivity of the tuned
controller parameters to changes in the system operating point
has also been investigated. It has been shown that the system op-
erating point is mainly determined by the power factor, and the
higher the load power factor, the less sensitive the parameters
are to the operating point. The control strategy has been simu-
lated and implemented in a 2-kVA experimental system and has
been verified to be effective under operating point changes and
realistic communication failures.

APPENDIX

SMALL-SIGNAL MODEL OF THE VIRTUAL IMPEDANCE TUNING

LOOP

The real and reactive power flow can be described as in [33]

P =
1

R2
t + X2

t

(RtV
∗2 − RtV

∗Vpcc cos δ + XtV
∗Vpcc sin δ)

(22)

Q =
1

R2
t + X2

t

(XtV
∗2 − XtV

∗Vpcc cos δ − RtV
∗Vpcc sin δ)

(23)

where the angle δ is the power angle. Rt and Xt represent the
resistive and inductive components of the total feeder
impedance, respectively, including the virtual impedances as
follows:

Rt = R + K̃v (24)

Xt = X + K̃v (25)



1616 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 3, MARCH 2015

Fig. 23. Linearized model.

where K̃v is the virtual impedance variable generated by the
controller as

K̃v =
Ki

s
(Q − Q∗). (26)

Linearizing (22), (23), (26), along with the frequency and
voltage droop (1) and (2), around an operating point

ΔP =
(

∂P

∂V ∗

)

ΔV ∗ +
(

∂P

∂δ

)

Δδ +
(

∂P

∂K̃v

)

ΔK̃v

= KpvΔV ∗ + KpδΔδ + KpkΔK̃v (27)

ΔQ =
(

∂Q

∂V ∗

)

ΔV ∗ +
(

∂Q

∂δ

)

Δδ +
(

∂Q

∂K̃v

)

ΔK̃v

= KqvΔV ∗ + KqδΔδ + KqkΔK̃v (28)

ΔK̃v =
Ki

s
ΔQ = Gc(s)ΔQ (29)

Δω =
−m

Ts + 1
ΔP (30)

ΔV ∗ =
−n

Ts + 1
ΔQ = Gv (s)ΔQ (31)

where Kpv , Kpδ , Kpk , Kqv , Kqδ , Kqk are calculated around
the operating point, and T is the time constant of the low-pass
filter used in the P and Q measurement channels. Considering
that Δω = sΔδ, (30) can be rewritten as

Δδ =
−m

s(Ts + 1)
ΔP = Gδ (s)ΔP. (32)

Substituting for ΔP from (32) in (27), Δδ is given by

Δδ = Gδt(s)[KpvΔV ∗ + KpkΔK̃v ] (33)

where

Gδt(s) =
Gδ (s)

1 − KpδGδ (s)
. (34)

Equation (33) represents the coupling of the reactive power
controller with the real power control dynamics. Using (28),
(29), and (33), a block diagram of the system with the proposed
controller can be realized as in Fig. 23. This model can be further
simplified as in Fig. 24. Accordingly, the characteristic equation
of the system is given by

1 − KqvGv (s) − KpvGv (s)Gδt(s) − KqkGc(s)

− KpkGc(s)Gδt(s) = 0. (35)

Fig. 24. Simplified block diagram of the linearized model.

Substituting for Gc(s), Gv (s), Gδ (s), and Gδt(s) from (29),
(31), (32), and (34), respectively, the characteristic equation is
given as

a4s
4 + a3s

3 + a2s
2 + a1s + a0 = 0 (36)

where

a4 = T 2 (37)

a3 = 2T + nKqvT − KqkKiT
2 (38)

a2 = 1 + mKpδT + nKqv − 2KqkKiT (39)

a1 = mKpδ + nmKqvKpδ − nmKpv

− KqkKi(1 + mKpδT ) + KpδKimT (40)

a0 = −KqkKimKpδ + KpkKim. (41)

The characteristic equation (36) is used to calculate the poles
of the system around the considered operating points for differ-
ent values of Ki . Consequently, the integral gain Ki is chosen
so that the dominant poles result in much slower dynamics in
comparison to the reference Q∗ update rate. Therefore, time de-
lays in communication have a minor effect on the system tran-
sients when the total reactive load changes significantly (see
Section III-A).
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