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Abstract—This paper presents a comprehensive and general
nonlinear control/power management strategy for both converter-
and synchronous-machine-based units in microgrids. The pro-
posed controller offers the following advantages as compared to
previously reported controllers: 1) It can fulfill requirements of
both islanded and grid connected microgrids without a need for
reconfiguration; 2) the controller-manager adopts cascaded angle,
frequency and power control loops, which give enhanced power
sharing accuracy and nominal-frequency operation at steady-state
conditions (i.e., permanent frequency drop is eliminated); 3) the
controller provides an emulated performance of synchronous
machines with controllable damping and synchronization power
components, which provide additional degrees of freedom to im-
prove the dynamic performance of the system and easy integration
in systems with multiple converters synchronous machines; 4) the
controller is equipped with a nonlinear supplementary controller
to mitigate large power angle swings associated with large-signal
disturbances; 5) the controller can be easily adapted to con-
ventional synchronous machines; and 6) the controller provides
seamless operation under out-of-phase reclosing. The proposed
controller can realize the concept of plug-and-play of DG units
and micrgrids in smart power environment. The effectiveness
of the controller to damp power oscillations and ensure system
seamless performance in a wide range of operating conditions is
validated by simulation results under various microgrid operating
scenarios.

Index Terms—Droop control, microgrids, power converters,
power management, stability, synchronous machines.

NOMENCLATURE

DG output active power.

DG output reactive power.

Power set-point of synchronous generator’s droop
characteristic.

Power set-point of VSC’s droop characteristic.

VSC voltage amplitude.

Local load bus voltage amplitude.

VSC voltage angle.
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Local load bus voltage angle.

Load angle .

Set angle in drooping control.

Filter resistance.

Filter reactance.

Transformer resistance.

Transformer reactance.

Transformer impedance.

Total connecting resistance.

Total connecting reactance.

Line resistance.

Line reactance.

VSC frequency.

Synchronous generator’s rotor speed.

Local load bus frequency.

Set frequency (rated frequency).

Set frequency of drooping control.

Set voltage of drooping control.

Frequency versus real power slope constant.

Voltage versus reactive power slope constant.

Angle versus real power slope constant.

Power-frequency characteristics slope.

Power-angle characteristics slope.

Power loop integrator gain.

Nonlinear control law gains, .

Rotor momentum of inertia.

Maximum acceptable frequency drop.

Maximum acceptable voltage drop.

Damping power.

Synchronizing power.

System augmented uncertainty.

Estimation of system uncertainty.
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Adaptation law gain.

Control input.

Mapped control input.

Primary source reference power command.

Input mechanical power of synchronous generator.

Output real power of synchronous generator.

Set real power of VSC.

Primary source time constant.

I. INTRODUCTION

T HE development of the distributed generation (DG) con-
cept has changed the paradigm of energy generation and

transfer under the smart grid vision [1]. DG units can be empow-
ered by clean or renewable resources, such as fuel cells, photo-
voltaic (PV), micro-turbines and wind turbines. Due to fast de-
velopment of power electronic devices, the majority of DG units
are interfaced to the grid through power converters. A cluster of
DG units, loads and energy storage systems connected together
form a microgrid (MG) which can operate in three modes of op-
eration, namely 1) grid connected mode, 2) islanded mode and
3) transition between the twomodes [2], [3]. The concept ofMG
has been expanded to overcome the common interconnection is-
sues contributed from individual DG units [4]–[6]. With appro-
priate integration and control of MGs, better reliability, power
quality, customer satisfaction, voltage profile and increased effi-
ciency due to lossminimization can be yielded. TheMG concept
provides a new level of controllability in smart grid paradigm
[7]. However, since DGs and MGs are widely distributed over
the network, their observability and controllability are key is-
sues in distribution system operation and control [8], [9].
Themain issues ofMGoperation are interactions betweenDG

units and the main grid, frequency control and regulation in is-
landed mode [1], [8], [10], accurate power sharing in islanded
mode to avoid circulating current among DG units, seamless
transition between grid-connected and islanded modes, and ro-
bust stable operation during contingencies, such as sudden large
power variations, out-of-phase reclosing and fault conditions.
The stability issues related to MG operation are mainly con-
tributed to the lack of dominant energy resources in autonomous
mode, different response time constants of electronically cou-
pled (EC) DG and conventional generators, lack of inertia for
frequency dynamics in EC-DG units, which may lead to angle/
voltage instability [3], and instabilities due to change of mode
of operation. The main control strategies proposed for micro-
grids are [11], the centralized approach [12]–[14], the master-
slave technique [15] and frequency/angle and voltage droop [6],
[16]–[18]. Among them, since droop control utilizes only local
information, it is the most adopted control technique for MGs to
enhance system reliability and realize a complete autonomous
control structure. Themain objective of the droop control during
islanding mode is to share total MG real and reactive powers de-
mand among DG units according to their power capacities [10],
[16]. In grid connected mode, DG units are required to generate

preset real and reactive powers (P-Q bus) or generate preset real
power at constant bus voltage (P-V bus). In spite of their ad-
vantages, the conventional droop controllers have several draw-
backs. Important among these are poor frequency regulation due
to variable frequency operation, poor power sharing because of
unmatched line impedances, low stabilitymargin [10], [19], lack
of ability to work in all operational modes without reconfigura-
tion, and transients associatedwith transitions between grid con-
nected and islanding modes. It is well known that better power
sharing accuracy can be achieved at the cost of lower stability
margin. That is to say, there is a tradeoff between frequency reg-
ulation, system stability and accurate power sharing. Stability of
a droop-controlledMGcanbe improved using either supplemen-
tary control [20] or adaptive droop gains [10], [21]. To mitigate
problems associated with the conventional droop control, an al-
ternative approach is to use load angle droop insteadof frequency
droop [20], [22], [23]. The angle droop provides a constant fre-
quency operation which is the main benefit; however, it suffers
from poor power sharing and low stability margin. This is more
pronouncedwhen the loadangle is large [22].
This paper proposes a general control strategy, for both

converter- and synchronous-machine-based DG units in MGs,
based on a combined angle-frequency droop controller with
improved dynamic performance. As compared to previous
autonomous control strategies [1]–[23], the proposed con-
troller has the following advantages. 1) The proposed strategy
combines frequency and angle droop strategies, therefore
better power sharing accuracy can be obtained. In addition,
designer has more degrees of freedom to select droop gains
since there are two droop loops. Satisfactory static and dy-
namic performances can be simultaneously fulfilled by proper
selection of these two constants. 2) It has a general structure
for grid-connected and isolated modes of operation without
a need for reconfiguration. This helps to mitigate problems
due to islanding detection delay or non-detection zones and
controller strategy changes subsequent to islanding. 3) The
MG presents better power quality with steady-state nominal
frequency operation which is an essential feature for many
applications. 4) A nonlinear controller is designed to assist the
angle-frequency droop controller. It provides a supplementary
additional signal for the voltage control loop. The duty of
the nonlinear controller is to preserve large-signal stability
of the MG when severe contingencies, such as transition to
islanding, out-of-phase closing and DG reconnection occur.
Linear controllers which are designed to account for small
variations around a specific operating point may fail during
these situations, thus a nonlinear controller which guarantees
system stability even during large variations of operating point
is of high interest. 5) Virtual inertia function is embedded
within the control loops; therefore, the frequency and voltage
dynamics of DG units become similar to the corresponding
dynamics of conventional synchronous generators (SGs) [24].
With this approach, converter-based units (e.g., voltage-source
converters (VSCs) mimic the dynamic behavior of SGs. In other
words, the controller presents inertia and damping dynamics
for frequency and angle similar to an SG. This virtual inertia
can significantly improve power system dynamic performance
and frequency regulation especially in converter-dominated

 
 

 

 
 

 

 
 

 



ASHABANI AND MOHAMED: GENERAL INTERFACE FOR POWER MANAGEMENT OF MICRO-GRIDS 2931

Fig. 1. Two-DG microgrid.

grids where grid equivalent rotational inertia is low [25]–[27].
This helps to overcome problems due to fast response of VSCs
and interactions between SGs and VSCs [3], [28]. Further-
more, the frequency inertia mitigates the frequency chattering
phenomenon caused by rapid load power changing in an MG.
Time-domain simulation results are presented to demonstrate
the effectiveness of the proposed controller to damp power
oscillations and ensure MG seamless performance in a wide
range of operating conditions.

II. THEORY OF POWER SHARING

Without loss of generality, the theory of power sharing is ex-
plained using a two-DG MG as shown in Fig. 1. Each DG is
connected to its local load bus through connecting impedance

including filter and transformer im-
pedances , the load bus is connected to the PCC
thorough line impedance . The real and reactive
powers of each DG unit supplied to the bus are given by

(1)

(2)

The connecting impedance ( and ) between each DG and the
load bus consists of filter and transformer impedances, which
indicates that and are highly coupled in resistive lines. In
highly inductive lines, the injected real power is mainly regu-
lated by the load angle whereas reactive power is regulated
by VSC voltage amplitude .
In the conventional droop control, the frequency and

voltage amplitude are obtained as

(3)

(4)

The frequency and voltage droops form a communication-free
medium to share real and reactive power among DG units
proportional to their power capacities. In fact, frequency and
voltage set-points are used as global virtual communication
signals between DG units. The droop constants are obtained
based on this criterion and are given by

(5)

(6)

It is well understood that if droop coefficients are increased in
autonomous mode, power sharing accuracy is improved at the
cost of poor frequency and voltage regulation [21], [22]. It is
also well known that higher droop gains adversely affect system

stability and there are some limits to ensure system good perfor-
mance and stability indicating some inherent tradeoff between
power sharing accuracy, power quality, transient response, and
system stability. An alternative for real power sharing is angle
drooping. Unlike SGs, the output power angle of a VSC can
be changed instantaneously without changing frequency; there-
fore using the angle droop is another way to share real power.
As a matter of fact, since real power is controllable through load
angle, there is no need to vary frequency to regulate power; thus,
frequency is just employed as a medium for angle tuning. The
governing equation in this case is as follows:

(7)

The angle droop provides a constant frequency operation which
is the main benefit; however, it suffers from poor power sharing
and low stability margin which is more obvious when the load
angle is large. To achieve accurate load sharing, a centralized
control strategy using communication infrastructure was devel-
oped in [22] to adjust the load angle preset values online. How-
ever, it is not of high interest to embed communication infra-
structure in decentralized droop control where its main goal
is MG power management based on local information without
data exchange with a centralized controller. Moreover, by in-
creasing the angle droop gain or output power, a DG unit may
be easily destabilized [10], [23].

III. PROPOSED CONTROLLER TOPOLOGY

To overcome the aforementioned problems, a comprehensive
control topology is presented in this paper. All control and
power management requirements of an MG are augmented in
one general control scheme. It involves angle, frequency and
power loops and consequently benefit from their advantages
simultaneously. Constant frequency operation and accurate
power sharing can be realized by combined angle-frequency
droop while large-signal stability of the system is achieved by
a supplementary nonlinear controller.
Fig. 2 represents the block diagram of the overall power

manager-controller proposed for a VSC-based DG unit. The
controller is implemented in polar coordinates and directly
regulates the output voltage vector amplitude and angle. As
shown in Fig. 2, the frequency control loop has two cascaded
angle and frequency loops which determine the reference
power; and a power synchronization loop which adjusts the
VSC output frequency based on the reference and actual active
powers. This power synchronizing loop introduces virtual in-
ertia for frequency as it mimics rotor momentum of inertia of a
conventional SG [24]. The angle and frequency loops play two
various roles; first, they behave like dampers to mitigate angle
and frequency oscillations. Second, they provide synchronizing
power. The damping and synchronizing power components
[29] are given by

(8)

(9)

The synchronizing power attempts to return load angle to
its equilibrium point subsequent to transients while damping
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Fig. 2. Hybrid angle-frequency droop control.

power is responsible for preserving frequency stability and mit-
igating frequency oscillations. Hence, the proposed topology
offers more damped transient behavior as compared to the
conventional frequency or angle-droop controllers because of
these extra loops. In autonomous mode, and act as
angle and frequency droops while the angle droop is the main
power sharing loop.
The frequency dynamics is similar to an SG, in which the

rotating shaft is resisted by a viscous damping proportional to
the frequency deviation and used as damping power. In the pro-
posed topology, an extra damping exists, which is respon-
sible to damp angle oscillations, therefore, the controller offers
better angle stability. The augmented dynamic equation is given
by

(10)

The relationship between the VSC frequency and the load angle
is

(11)

As mentioned, in autonomous mode, two cascaded droop loops
exist which cooperate with each other to share active power
and also damp angle and frequency oscillations. The first angle
droop loop generates the frequency reference for the second fre-
quency droop loop according to the angle error

(12)

Based on this frequency set-point, the frequency droop deter-
mines the power reference

(13)

In stable steady-state conditions, the input to the integrator is
zero. Thus

(14)

where . The angle and frequency droop
gains are equal to and , respectively. From (14) it
is concluded that is proportional to the inverse of frequency
droop and is equal to the inverse of angle droop
.

Fig. 3. Voltage controller.

Fig. 4. Nonlinear supplementary controller.

The adopted topology for voltage amplitude control is shown
in Fig. 3. It involves a voltage versus reactive power droop and
a low-pass filter. The voltage droop is a tool to share the MG
reactive power among DG units proportional to their power ca-
pacities. The voltage amplitude is obtained by processing the
drooped voltage command by a low-pass filter. Actually, the ex-
istence of the low-pass filter presents additional dynamics for
the voltage and resembles the flux decay behavior of an SG. As
it will be shown in the next section, this voltage dynamics is
useful during nonlinear controller design. It is worth noticing
that the low-pass filter helps to eliminate high-order harmonics
generated due to VSC switching behavior.

IV. NONLINEAR SUPPLEMENTARY CONTROLLER DESIGN

To design the supplementary nonlinear controller, the state-
space model of the system is required. The supplementary non-
linear controller is illustrated in Fig. 4. As shown, this controller
generates an additional signal for the linear controller of the
voltage loop. The concept of supplementary voltage control has
been originally derived from the power system stabilizer [29] in
which an additional signal is added to the rotor excitation ref-
erence voltage to improve angle stability under system distur-
bances. In its conventional version, the power system stabilizer
adopts power deviations as its input and it is processed by a
lead-lag compensator to obtain the supplementary voltage-ref-
erence [29]. By proper tuning of the lead-lag controllers at a
given operating point, angle stability can be enhanced; however,
since the relation between the load angle and power is nonlinear,
the linear controller may fall-short to ensure system stability in
all operating points, particularly under large-signal transients.
Similarly, according to (1), the load-angle equation is highly
nonlinear and in an MG system, the nonlinearity is more pro-
nounced because there is no base power. Therefore, DG output
power and load angle may vary in a wide range. In this paper, the
concept of power system stabilizer is adopted for VSCs where
a nonlinear controller is designed to assure large-signal stability
of each DG unit. The load angle, frequency and power are se-
lected as state-space variables and the DG state-space model is
given by

(15)
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(16)

(17)

where is related to the control input by

(18)

and

The term is added to (17) to account for system uncertainties
including local and inter-area ones. This augmented disturbance
rejection yields a more robust system and is estimated during
nonlinear controller design using adaptive estimation technique.
The adaptive backstepping technique is employed to design the
nonlinear controller and overcome system uncertainties. The
control design procedure is based on the following steps.
Firstly, the frequency reference is calculated to stabi-

lize the load angle . The Lyapunov function is selected as

(19)

To stabilize should be negative definite. Now, if

(20)

then

(21)

where . According to (21), there is no guarantee
that . In the next steps, by proper selection of
is made negative definite [30], [31].
To stabilize the frequency dynamics, is chosen ac-

cording to the Lyapunov function

(22)

The derivative of along its trajectory is

(23)

where . Using (16) and (20), it follows that

(24)

If

(25)

where

(26)

(27)

then becomes

(28)

From (28), it is concluded that system (15)–(17) still is not fully
stabilized and hence should be designed in the next step to
make negative definite.
Finally, to obtain control input , the Lyapunov function is

defined as

(29)

where and are the lump-sum uncertainty and its estimated
value, respectively, and is the adaptation law gain. To ensure
that , the Lyapunov function involves , global sta-
bility of frequency is not confirmed, so in this step is obtained
in such a way that it guarantees stability of the Lyapunov func-
tions and simultaneously. Now, consider the dynamics of

(30)

is given by (17) and

(31)

where and are defined in the Appendix. Thus, is
given by

(32)

If the adaptation law is chosen as

(33)

and the control input is selected as

(34)

then is given by

(35)

Since is negative definite, global stability of the system
(15)–(17) is confirmed. This globally asymptotically stability
means that system is stable during large-signal transients
regardless of the operating point.
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Fig. 5. SG control with angle-frequency control.

V. DISCUSSION ABOUT PRACTICABILITY
OF THE PROPOSED CONTROLLER

As As shown in Fig. 4, the proposed controller has two main
parts which are 1) a linear cooperative angle-frequency droop
control, and 2) a supplementary nonlinear controller aiming
at stabilizing the load angle dynamics during large-angle
transients. The only inputs to the linear controller are real and
reactive powers which are directly available at the output of
the converter. Another advantage of the controller is that the
frequency and angle signals are internally available. Moreover,
the controller has internal power synchronization and damping
dynamics [as defined in (8) and (9)], which provide inherent
synchronizing during steady-state and automatically tracks
grid frequency and angle deviations, similar to a synchronous
machine. This shows that the linear controller can be easily
implemented and a supplementary nonlinear signal is gener-
ated using (34). To calculate the supplementary control input
of the nonlinear controller, according to (34), the perturba-
tions of signals of load angle, frequency and output power

are required. Toward this, a wash-out filter is
employed which adopts angle, frequency and power as input
and detects their perturbation. The VSC frequency is available
internally and output power can be easily calculated using the
measured output current and voltage of the VSC. Using the
calculated state variables , the control law can
be easily implemented in a commercial-grade digital-signal
processor (DSP). In other words, all the required variables and
control laws can be directly calculated using local information
without a need for complex operations or communication.
Other practical aspects, such as the presence of conventional
SGs in the MG system and noise sensitivity are addressed in
the following subsections.

A. Application of Cooperative Angle-Frequency Droop to SGs

As mentioned earlier, one of major advantages of the
proposed controller is mimicking the behavior of SGs. Accord-
ingly, the proposed angle-frequency droop can be extended
to SGs to ensure nominal steady-state frequency operation
whereas power sharing is also achieved. The regular approach
for power sharing among SGs is frequency versus real power
and voltage versus reactive power droop. In the regular fre-
quency droop of SGs, as the output power of SG is increased,
a permanent offset in frequency occurs. Apparently, the droop
control is an external control function and is not part of SG
behavior. The static equation of SG is given by

(36)

where is the reference power of the primary source of
the SG. Usually, the primary source model is presented by a
first-order transfer function [32], [33]. Similar to VSCs, it is pos-
sible to deploy the load angle as drooping variable. In this case,
the load angle of the SG is directly regulated such that the de-
sirable output power is achieved without permanent frequency
offset. In a similar manner, cooperative load angle-frequency is
an alternative for power sharing in SGs. In this case, the input
power to the SG is governed by

(37)

Fig. 5 presents the implementation of cooperative droop control
for an SG. The perturbation of the SG rotor speed is ob-
tained by processing the measured rotor speed. The load angle
is calculated by integration of . Since the main droop is
applied to the load angle, the frequency is maintained constant
after the load angle is adjusted. The primary power is applied to
the primary source which can be a diesel generator as it gener-
ates the reference power with a delay.

B. Effect of Measurements Noise on the Controller

Another issue that the controller may face is the presence
of noise in the measured signals. If the proposed cooperative
angle-frequency droop control is adopted for VSCs, since only
the real and reactive powers are measured through sensors and
filtered using a low-pass filter to remove switching effects and
obtain the average power, effects of high frequency noises on
the powers are automatically eliminated by the low-pass filter.
However, if the cooperative angle-frequency droop controller
is applied to a real SG, the frequency is not internally avail-
able and a speed sensor is necessary to measure the rotor speed.
In this case, noise superimposed on the measured speed signal
may affect the controller performance because has usually
large values; therefore noise effect is intensified and appears in
the reference power of the SG. It is worth noticing that is
equal to the inverse of . Since in the conventional frequency
droop method, has small values, usually has large value,
thus its effects on the system operation should be investigated.
The positive point is the existence of a large rotor with high
momentum of inertia which acts as a low-pass filter, and fil-
ters out the impact of high frequency noises. In other words,
when a white noise with zero average appears in either the input
power or measured frequency, its effect is highly attenuated by
the rotor dynamics.

VI. CASE STUDIES

To evaluate the validity and effectiveness of the proposed
controller, it is applied to two different systems shown in Figs. 6
and 12, which are simulated under the MATLAB/SIMULINK
environment. System parameters are given in Tables I and II,
respectively. The first system consists of a conventional SG
and a VSC-interfaced DG unit. The cooperative droop control
without the supplementary nonlinear controller is applied to
both units, where power sharing accuracy, constant frequency
operation and system transient behavior are investigated. Both
units supply a local load and a common load through a trans-
former and connecting lines. The SIMULINK-based average-
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Fig. 6. Configuration of system A.

Fig. 7. Real power waveforms of the MG with SG and VSC, (a) with cooper-
ative droop and power loop, and (b) without the angle loop.

model of a VSC and detailed SG model are adopted. The loads
consume their rated real and reactive powers at the rated voltage.
In this case, the goal is to investigate the practicality of the co-
operative droop for SGs and VSCs in various conditions. In the
second system (shown in Fig. 12), the MG has three DG units
and is connected to a medium-voltage level power system at the
PCC through matching transformer. A three-phase matching/
isolation transformer is also installed in each DG unit. Each DG
has a local load. At the PCC, a sensitive load exists. The MG
should supply both sensitive and local loads without interrup-
tion. Four scenarios are taken into account; disconnection and
reconnection of one unit during islanding, grid restoration and
transition to islanding. Static power sharing performance of the
MG during islanding is also studied. It should be noted that in
all conditions, the controller topology and parameters are not
changed.

A. Application of Cooperative Droop to the MG With
Conventional SG and VSC

The simulated system in this case is shown in Fig. 6 and it
involves two units. The system parameters are given in Table I.

TABLE I
TWO-DG MICROGRID PARAMETERS (ALL PARAMETERS ARE IN SI UNITS)

TABLE II
THREE-DG MG PARAMETERS (ALL PARAMETERS ARE IN SI UNITS)

The cooperative droop is applied to both the SG and VSC to
evaluate its practicality for different types of generation units.
Two controllers topologies are taken into account to study the
effect of frequency restoration; the first controller involves both
angle and frequency droops whereas in the second controller,
only the frequency loop exists and the angle drooping is re-
moved (i.e., only frequency droop is enabled). Ini-
tially, DG units supply a common 180 kW load. At s, the
common load power is increased to 450 kW and at s,
a 100 kW single phase load is connected to the PCC. Figs. 7
and 8 exhibit the power and frequency waveforms before and
after the load power variation for both cooperative droop control
and frequency droop methods. As it can be seen, power sharing
error for both controllers before and subsequent to load power
change is less than 0.5%. Nevertheless, in the system in which
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Fig. 8. Frequency waveforms of the MG with SG and VSC, (a) with coopera-
tive droop and power loop, and (b) without the angle loop .

cooperative droop is employed, the rated frequency is recovered
in less than 0.5 s whereas in the system with pure frequency
drooping control, a permanent frequency offset equal to 0.2 Hz
is occurs. This is because when , system characteris-
tics equation converges to (36), which yields a permanent fre-
quency drop. From the power quality perspective, it is important
to have constant frequency operation because most of modern
loads are sensitive to frequency deviations and it may adversely
affect their operation. Whenever frequency droop in an MG is
employed, proper operation of sensitive loads, when steady state
frequency varies in a wide range, is a major concern. In this case,
the system without the angle droop loop still presents satisfac-
tory dynamic performance similar to the cooperative angle fre-
quency controller which is due to existence of the extra power
loop. Further, the maximum overshoot in the SG’s real power is
reduced from 475 kW to 445 kW with the hybrid droop control
due to the improved dynamic performance.
1) Effect of Speed Sensor Noise on Controller Performance:

The controller performance with and without the presence of
white noise in the SG’s speed sensor are compared. Toward this,
a white noise with average amplitude between 0.2–0.3 Hz is
added to the measured speed as shown in Fig. 9(a). The actual
rotor speed and output power waveforms are shown in Fig. 9(b)
and (c), respectively. It is obvious that noise doesn’t have a con-
siderable effect on the output power and actual rotor speed as the
rotor inertia filters out high-frequency disturbances.
2) Unbalanced System: In this scenario, it is supposed that

the system initially supplies the common 450 kW load and at
s, a 25 kW single phase load is connected to the phase

at PCC. The power waveforms after this event are shown in
Fig. 10. The single phase load causes power oscillations with
amplitude of 7 kW with the average power equal to 416 kW.
The real power is still shared equally between DG units. The
ratio of negative and positive components of voltage is less than
2.6% which is within the acceptable typical unbalance limits.
System stability is also preserved during unbalanced condition.
It should be noted that in this scenario, the positive sequence of

Fig. 9. Effect of noise on the system performance, (a) measured rotor fre-
quency, (b) actual rotor frequency, and (c) output power.

Fig. 10. Effect of switching of a single phase load at PCC.

the real and reactive powers are used for control purposes rather
than the total real and reactive powers. It should be noted that
unbalanced condition is out of scope of this paper. Although
the controller presents satisfactory performance, to get better
power sharing accuracy and lower negative-sequence voltage,
virtual impedance shaping can be integrated into the negative
voltage control loop [34] or online set-point adjustment [35] can
be employed which can be addressed in future work.
3) Effect of SG’s Primary Mover: In the previous studies, for

the sake of simplicity, the dynamics of the primary source was
ignored, i.e., . However, as shown in Fig. 5, in reality,
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Fig. 11. Effect of the SG’s primary source with s on system perfor-
mance, (a) real power and (b) frequency.

the SGs are supplied by a primary mover that generates its ref-
erence power with some delay. In this case, the dynamics of the
primary source is taken into account, and it is supposed the SG is
fed by a slow diesel engine with time constant equal to 0.5
s to study the effect of the primary source on power sharing and
system dynamics. Other parameters are similar to those given
in Table I. The simulation results with consideration of primary
mover dynamics before and after load power change are given
in Fig. 11. Fig. 11 reveals that accurate power sharing with error
less than 0.5% is achieved at nominal steady-state frequency op-
eration. The frequency recovery time is about 1.0 s. It is also no-
ticeable that the dynamic performance is degraded as compared
to the previous case. Also during the transient period, since
VSC’s source is considered as an ideal one without delay, the
VSC mainly provides MG’s power causing more overshoot in
its output power. In other words, the degraded dynamic perfor-
mance is mainly caused by different time constants and dynamic
behaviors of primary sources of VSC and SG. Simply speaking,
the higher the time constant of the SG’s primary source, the
worse dynamic performance andmore interaction between units
is yielded.

B. MG With Three DG Units and Supplementary Control

1) Case 1: Disconnection of DG2: The model shown in
Fig. 12 is simulated to evaluate the performance of the control
system with nonlinear cooperative droop control. The controller
parameters are given in Table II. It is supposed that the MG ini-
tially works in islanding mode, and then it is reconnected to the
grid. The sequence of events is as follows: at s, DG2
is disconnected and DG1 and DG3 supply the total MG load
demand. At s, DG1 is again connected to the MG. At

s, the static switch is closed and the grid is restored.

At s, again an islanding event occurs. All these sce-
narios are considered as large-signal disturbances, where DGs
output powers, frequencies and load angles rapidly change in
a wide range. It is assumed that the MG initially works in is-
landing mode and all DGs and loads are connected. At
s, DG2 is disconnected from the MG and DG1 and DG3 supply
local load of DG2. The power waveforms with the supplemen-
tary control are shown in Fig. 13. Before DG2 disconnection,
the generated power of DG1, DG2 and DG3 are 2.06, 2.43 and
1.645 MW, respectively, which are very close to their desirable
ratio (4:5:6) and the maximum error in power sharing is less
than 1.5%. It should be noted the main assumption here is that
DG units have enough power capacity to supply the total MG
load demand. As it can be seen from Fig. 13, after DG2 discon-
nection, the output power of DG1 and DG3 still remain within
their power capacities. If this is not the case and DG units cannot
provide the load power demand, a load shedding strategy, as
presented in [36], should be applied to shed non-critical loads.
However, this paper just deals with stability issues of MG under
generation-load matching conditions, which is a necessary but
not sufficient condition for overall MG stability. After the DG
outage, the system with the supplementary control exhibits fully
damped behavior without any overshoot.
2) Case 2: Reconnection of DG2 With Out-of-Phase Re-

closing: In this section, the transient behavior of the MG after
reconnection of DG1 is investigated. Again, this scenario is
considered as a large-signal disturbance because DG2 which
forms 40% of the total MG power capacity is reconnected
without any synchronization process. Note that any consid-
erable difference between voltage angle of DG2 and the MG
at the point of connection is considered as large disturbance
and results in severe transients. The power waveforms with
and without the supplementary nonlinear controller are shown
in Fig. 14. The effectiveness of the nonlinear controller in
this case is obviously pronounced and the system with the
supplementary nonlinear controller offers much better transient
performance compared to the linear system. Actually, the
nonlinear controller adjusts VSC voltage such that it damps
angle, frequency and power fluctuations.
3) Case 3: Grid Restoration With Out-of-Phase Reclosing:

In the grid connected mode, DG units are required to inject their
reference powers and there is no need to share power. Thus,
the output powers of DG units are abruptly changed subsequent
to connection to the grid to their reference values. During grid
connection, DG1, DG2 and DG3 generate 2.38 MW, 2.86 MW
and 1.9 MW, respectively. In this scenario, the static switch
at the PCC is suddenly closed and the utility grid is restored.
The power waveforms are illustrated in Fig. 15. Note that no
synchronization process is applied and connection is abrupt
without any information from the grid voltage. In fact, to con-
nect the MG to the main grid seamlessly, the angle and voltage
mismatch between two sides of the static switch should be near
to zero. Any considerable error between phase, frequency and
amplitude of the MG and the utility grid voltages at PCC may
cause severe oscillations, high currents and even instability.
High current may flow to the circuit subsequent to grid connec-
tion. This scenario is similar to the out-of-phase reclosing event
that might take place when a DG unit (or a micro-grid) is not
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Fig. 12. Configuration of system B.

Fig. 13. Power waveforms of case B1.

disconnected upon a temporary fault in a feeder equipped with
auto-recloser. Nevertheless, by proper adjustment of voltages
of the DG units during grid connection using the supplemen-
tary controller, power, frequency, angle and current are kept
within the acceptable limits. Fig. 16 shows the current wave-
forms of DG3, as a sample, during grid connection, which
clearly confirms that no considerable current overshoot oc-
curred; only for one cycle some minor overshoot in the phase
current is observed. On the contrary, any instability in the load
angle and frequency may result in high current flowing to the
circuit. In fact, the duty of the nonlinear controller is to ad-
just the voltage amplitude such that the load angle and fre-
quency stability is preserved, which automatically results in
smooth current waveforms during grid connection. In other
words, the “plug and play” concept is achieved via the pro-
posed nonlinear cooperative control. Otherwise, grid connec-
tion without verifying the synchronization process and without
using the nonlinear controller may cause severe overshoot in
power and current. The same problem also exists in Case 2,
where voltage angle and amplitude mismatch between DG2
and the MG at the point of their connection generates severe

Fig. 14. Power waveforms of case B2, (a) with, and (b) without the supple-
mentary controller.

transients. Similar to case 2, nonlinear-controlled DGs have
smooth and well damped performance during grid connection
while the linear controller-based MG exhibits poor transient
behavior. Again, in this case, the nonlinear controller adjusts
the DG voltage reference such that angle, frequency and power
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Fig. 15. Power waveforms of case B3, (a) with, and (b) without the supple-
mentary controller.

fluctuations are minimized. It should be noted that frequency
and angle oscillations depend on damping and synchronizing
powers, respectively. The damping and synchronizing powers
are proportional to and , respectively, according to (8)
and (9). By increasing these constants, more damped power
and frequency with faster convergence can be obtained at the
cost of poor static performance and power sharing. However,
the nonlinear supplementary controller provides the necessary
damping under wide range of operating conditions and droop
parameters without loss of stability. The synchronization prob-
lems and out-of-phase reclosing are the best scenarios to test
nonlinear controllers because any large difference in angle and
frequency between two sides of switch at the moment of con-
nection is a large-signal disturbance and leads to severe tran-
sients.
4) Case 4: DG2 Reconnection and Grid Restoration—DG1

and DG2 Without and DG3 With Nonlinear Controller: In this
section, the ability of the nonlinear controller to overcome in-
teractions between DG units is investigated. Toward this, a sce-
nario is taken into account in which DG 1 andDG2 use the linear
angle-frequency droop whereas DG3 uses the nonlinear supple-
mentary controller. Similar to case 2 and 3, at s, DG2
is connected to the MG and at s, the static switch is
closed. It is evident from Fig. 17 that at the moment of recon-
nection of DG2, its output power starts to oscillate and due to

Fig. 16. Current waveforms of DG3 during grid connection using supple-
mentary nonlinear controller.

Fig. 17. Power waveforms of case B4. DG1 and DG2 without nonlinear con-
troller and DG3 with the supplementary nonlinear controller.

its interaction with DG1, power of DG1 also fluctuates. That is
to say that instability and oscillations propagate within the MG.
On the contrary, DG3 has smooth operation in both scenarios.
This case shows the ability of the nonlinear supplementary con-
trol to mitigate instabilities due to interaction between DG units
which is one of its remarkable features.
5) Case 5: Islanding: Another scenario that frequently oc-

curs in an MG system is transition from grid connection to
islanding mode. When a fault occurs in the grid, it is neces-
sary to disconnect the MG from the main grid. The proposed
angle-frequency droop control has the ability to work in both
modes without change in the controller structure. Consequently,
the problems due to islanding detection are inherently elimi-
nated. The power sharing is automatically achieved by droop
constants and , whereas these constants are employed
as damper and synchronizer during grid connection. The power
waveforms of DG units subsequent to islanding are presented
in Fig. 18. In this case, the transition to islanding is seamless
with minimum fluctuation, which proves the effectiveness of the
combined droop controller. In the cases such as synchronization
issues, in which any large angle and frequency error between
two sides of connection results in large signal disturbance the
supplementary nonlinear controller can significantly enhance
system stability and realize the concept of DG plug and play.
Frequency waveforms of different DG units between s
and 3.0 s in the system with the nonlinear controller are shown

 
 

 

 
 

 

 
 

 



2940 IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 28, NO. 3, AUGUST 2013

Fig. 18. Power waveforms subsequent to islanding.

Fig. 19. Frequency variations in MG with the supplementary control.

in Fig. 19, which shows fixed nominal-frequency steady-state
operation of the MG in both modes, which is one of benefits of
the proposed hybrid controller.

VII. CONCLUSION

A comprehensive and general power management/control
strategy for both converter- and synchronous machines-based
DG units in islanded and grid-connected MGs has been devel-
oped in this paper. The proposed combined angle-frequency
droop control can fulfill accurate power sharing, constant nom-
inal-frequency operation at steady-state and stable performance
in a wide range of operating conditions. However, in large
sudden contingencies such as connection and disconnection of
DG units and out-of-phase closing, using a linear controller
cannot ensure stable MG operation. To overcome this problem
and guarantee large-signal stability of the MG, a nonlinear
supplementary controller has been developed for the linear
droop control. The adaptive backstepping technique has been
employed to design the nonlinear controller and overcome
modeling uncertainties. The effectiveness of the proposed
controller is evaluated by simulation results under typical MG
operating conditions.

APPENDIX

Definition of constants and :
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