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Abstract—This paper describes the active power and frequencycontrol principles of multiple distributed generators (DGs) in a microgrid. Microgrids have two operating modes: 1) a grid-connected
mode and 2) an islanded mode. During islanded operation, one DG
unit should share output generation power with other units in exact
accordance with the load. Two different options for controlling the
active power of DGs are introduced and analyzed: 1) unit outputpower control (UPC) and 2) feeder flow control (FFC). Taking into
account the control mode and the configuration of the DGs, we investigate power-sharing principles among multiple DGs under various system conditions: 1) load variation during grid-connected operation, 2) load variation during islanded operation, and 3) loss of
mains (disconnected from the main grid). Based on the analysis,
the FFC mode is advantageous to the main grid and the microgrid
itself under load variation conditions. However, when the microgrid is islanded, the FFC control mode is limited by the existing
droop controller. Therefore, we propose an algorithm to modify
the droop constant of the FFC-mode DGs to ensure proper power
sharing among DGs. The principles and the proposed algorithm
are verified by PSCAD simulation.
Index Terms—Active power control, distributed generator,
droop characteristics, feeder flow control, microgrid.

I. INTRODUCTION
ISTRIBUTED energy resources (DERs), such as fuel
cells, microturbines, and photovoltaic systems offer many
advantages for power systems [1], [2]. For example, they can
effectively mitigate peak demand, increase reliability against
power system faults, and improve power quality (PQ) via
sophisticated control schemes. Accordingly, distributed generators (DGs) have been installed in power systems and tested
for better configurations and control schemes. The concept of
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a microgrid has been proposed in order to solve the common
interconnection problems of individual DGs in various power
systems [3], [4]. A microgrid is defined as an independent lowor medium-voltage distribution network comprising various
DGs, energy storages, and controllable loads that can be operated in three distinct modes: 1) grid-connected, 2) islanded
(autonomous), and 3) transition mode [5]–[8]. A microgrid
can be thought of as a controllable subsystem to the utility,
and can satisfy customer requirements, such as local reliability
enhancement, feeder-loss reduction, local voltage regulation,
and increased efficiency through the use of waste heat [3].
There are many technical issues related to microgrid operation, including interconnection schemes between microgrids
and the main grid [9]; voltage-control schemes within a microgrid [6], [10], [11]; and frequency control during islanded operation [6]. Among these, this paper focuses on active powerand frequency-control strategies for sound operation of a microgrid with multiple DGs. In terms of active power control, a DG
can be categorized as a dispatchable or nondispatchable unit [8],
[12]. Dispatchable DGs, such as microturbines and fuel cells,
are capable of producing controlled active power on demand
and, thus, are assigned the task of regulating the voltage and
frequency during islanded operation [8], [13]. In contrast, renewable energy-based DGs operate according to the maximum
power-tracking concept, regardless of whether the microgrid
is connected to the main grid [14], [15]. These types of DGs
are nondispatchable since the output power mainly depends on
the weather rather than the load. In this paper, a power-sharing
method is developed for dispatchable DGs, while nondispatchable DGs are considered to be negative loads [16].
Previously, CERTS proposed two active power-control
methods: unit output power control (UPC) and feeder flow
control (FFC) [2], [17]. During UPC, the output power of the
DG is constantly controlled according to the power reference,
whereas during FFC, the power flow in the feeder is manipulated according to the flow reference. A flow versus frequency
droop controller was also introduced for power sharing between
DGs controlled in the FFC mode. Each control mode offers
excellent performance in a well-designed microgrid. However,
the authors found that when several FFC DGs are connected to
a single feeder with series connections, the system frequency
changes significantly, and some of the DGs are excessively
loaded during the transition between grid-connected and islanded operation. The primary contribution of this paper is to
analyze this problem and discover the reason why the DGs
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and
are the nominal values. When the load increases during
islanded operation, the DG output power also increases, and the
frequency decreases according to the droop characteristic, as
given by (1).
B. Feeder Flow Control (FFC) Mode
Fig. 1. Power-control modes of a DG: (a) Unit output power control (UPC).
(b) Feeder flow control (FFC).

are poorly coordinated in this case. Effective methods are then
proposed to improve power-sharing performance taking the
power control modes, configurations, and microgrid operations
into account.
The remainder of this paper is divided into six sections. Section II presents a detailed description of the characteristics of
the two power-control modes. In Section III, the power-sharing
principle for multiple DGs is investigated with respect to load
demand changes. In Section IV, the power-sharing principle
during the transition from grid connected to islanded operation
is analyzed according to the control mode and the configuration
of the DGs. Based on this analysis, an algorithm for determining
the droop constant of FFC DGs is proposed in Section V. Section VI presents simulation results that demonstrate the performance of the proposed power-sharing method, and Section VII
contains concluding remarks.

In this mode, the DG output power is controlled in order that
) in the feeder
the active power flow remains constant (
where the unit is installed. When the load increases during gridconnected operation, the DGs increase their output to maintain
a constant feeder flow. The power supplied by the grid will then
remain unchanged regardless of the load variation within the microgrid. Hence, the microgrid looks like a controllable load from
the utility point of view [2]. The voltage ( ) at the interconnec) must be measured to caltion point and the line current (
), as shown in Fig. 1(b).
culate the feeder power flow (
During islanded operation, the flow ( ) versus frequency
( ) droop characteristic can be used instead of the – droop
control [2]. The relationship between flow and frequency can be
written as
(2)
is the FFC droop constant. Since the sum of the
and the DG output is equal to the load (represented by
is chosen to have the same magnitude and
(3)), the value of
opposite sign of
(i.e.,
) in the existing droop
controller [2], [17]
where

II. DESCRIPTION OF THE POWER-CONTROL MODES
This section describes the characteristics of the UPC and FFC
control modes. The basic concepts of the two modes are discussed, and the power-sharing principle is analyzed.
A. Unit Output Power Control (UPC) Mode
The objective of this mode is to control the power injected by
) [2]. To accomplish this, the
a DG unit at a desired value (
voltage ( ) at the interconnection point and the DG output current ( ) are measured as shown in Fig. 1(a). The power injection
(
) is calculated from the measured voltage and current and
fed back to the generator controller (GC).
When the microgrid is connected to the main grid, the DG
is able to maintain a constant output power regardless of the
load variation, because the power mismatch can be compensated by the grid. However, during islanded operation, DGs must
follow the load demand exactly. In numerous studies, a power
versus frequency ( – ) droop control has been adopted for DG
power-sharing methods [6], [17]–[21]. This control uses the frequency of the microgrid as a common signal among the DGs
to balance the active power generation of the system [6]. –
droop-based power controllers have proven to be robust and
adaptive to variation in the power system operational conditions,
such as frequency- and/or voltage-dependent loads and system
losses [6], [21]. The relationship between the frequency ( ) and
the power output of a DG ( ) can be expressed as
(1)
where
is the UPC droop constant,
and
are the frequency and DG output power at a new operating point, and

Loads.

(3)

C. DG Active Power Controller
In this paper, inverter-interfaced DGs with dispatchable energy sources are assumed. A sufficient dc-link capacitance of
the inverter is also assumed for various energy sources with different dynamic characteristics to be interfaced. Fig. 2 shows the
active power-control block of a DG, where the inputs are local
measurements of frequency ( ) and power output ( ), or feeder
flow ( ), and the set points are provided by the central controller. The output is the axis current reference signal for the
current controller or the angle of the desired voltage. The control block contains two additional functions: 1) frequency droop
control and 2) output limit control.
and
can be mainDuring grid-connected operation,
tained constant, since the microgrid frequency is nearly the same
as the nominal value. If the microgrid is islanded, the droop control function dynamically balances the power mismatch, and the
, and
system will reach a steady state with new values of ,
according to (1) and (2). In [6] and [22], the methods of restoring
the frequency to the nominal value are proposed, but the secondary load-frequency control function is not considered in this
study.
The output limit control function restricts the steady-state
output power of the DGs to within the limits. Since the energy
sources of DGs have a finite capacity for storing or generating
energy, the output limit should be enforced [2], [20], [22]. The
function will be activated only when the power output violates
the limits, and effectively enforces the output limits [2].
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Fig. 2. Active power-control block diagram of a DG.

Fig. 4.

Fig. 3. Numerical example of DG output control in the FFC mode.

TABLE I
RESULTS FOR THE UPC MODE

D. Numerical Example of FFC Mode Operation
The droop control of the UPC mode is similar to the conventional droop control concept. However, the FFC mode is opposite the conventional concept, and is especially complicated
during islanded operation. We investigate the FFC mode operation in detail, using the simple example shown in Fig. 3.
Assume that initially the DG and the grid equally share
100-kW load demand, as illustrated in Fig. 3(a), and the droop
) is 0.01 (Hz/kW). Consider the following three
constant (
cases:
Case 1) load change during grid-connected operation (
);
);
Case 2) loss of mains (
).
Case 3) load change during islanded operation (
For the sake of comparison, the UPC mode results for the
same cases are summarized in Table I.
1) Case 1) Load Change During Grid-Connected Operation:
During grid-connected operation, the frequency is maintained
at its nominal value by the main grid. Since the objective of
the FFC mode is to maintain a constant feeder flow, the DG increases its output until it satisfies the load demand. In the sample
system, the DG output power must increase from 50 to 70 kW.
This has the same meaning as the – droop curve shifting to
the right by 20 kW, with the same slope, as shown in Fig. 4(a).

F L–f and P –f characteristics of the FFC DG.

2) Case 2) Loss of Mains: When the microgrid is disconnected from the main grid, the power flow measured by the DG
drops to zero. In this case, the DG increases its output from 50 to
100 kW to compensate for the decreased feeder flow, as shown
– droop
in Fig. 4(b). This can be achieved by using the
controller shown in Fig. 2. The input to the PI controller can be
and the droop
obtained from the relationship between the
control scheme given by (4). The frequency of the islanded microgrid is determined where the PI control input is equal to zero.
59.5 Hz, which is the same as in the UPC
In this example,
mode, since the magnitudes of the droop constants are identical
in the two control modes
input

(4)

3) Case 3) Load Change During Islanded Operation: In the
UPC mode, the operating point moves along the single droop
curve and, therefore, the frequency is changed whenever the
unit output changes in order to comply with the load variation.
On the contrary, in the FFC mode, the frequency changes only
if the DG cannot maintain a constant feeder flow. During islanded operation, the feeder flow is always zero, and the frequency will not change even if the load varies. That means that
FFC is a constant frequency controller during islanded operation. In this case, the change in the unit output can be explained
in a manner analogous to Case 1). Specifically, as the –
droop curve moves to the right, the unit output changes from
100 to 120 kW with the same frequency (59.5 Hz), as shown in
Fig. 4(c). Therefore, the DG can automatically follow the load
changes without frequency variation.
Table II summarizes the results of the case studies. In the
table, the “O” and “X” marks, respectively, denote whether the
variable will change in each specific case. Differences between
the two modes are highlighted with a gray background.
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TABLE II
COMPARISON BETWEEN THE UPC AND FFC MODE

Fig. 5. Sample system for the analysis of power sharing during load variation.

previous section, the frequency will not change during either
islanded operation or grid-connected operation.
changes its power
During grid-connected operation,
output to match the load variation while the other DGs maintain
constant output. If the load variation exceeds the reserve power
, the remainder of the variation will be compensated by
of
the main grid. This means that there is an inevitable change in
the feeder flow.
has sufficient reserve, it
During islanded operation, if
can adjust its output to compensate for the load variation while
the output of the other DGs remains constant. The frequency
does not have sufficient
also will not change. However, if
reserve, it can supply up to its power limit, and the remainder
of the load variation will be shared by the other DGs with an
appropriate change in frequency. The power-sharing principle
among the three DGs is the same as in Section III-A.
C. Two or More DGs Operating in the FFC Mode

The FFC mode is advantageous for power system operators
because they can predict and control the amount of power
flowing to/from the microgrid. In other words, a microgrid can
be thought of as a controllable load, since the load variation
inside the microgrid can be compensated by the FFC DG.
Moreover, FFC is also beneficial to the microgrid itself due to
the fact that the frequency can be held constant even though the
load demand varies during islanded operation.
III. ANALYSIS OF POWER SHARING DURING LOAD VARIATION
In this section, power sharing among multiple DGs is investigated with respect to the load variation. When a microgrid consists of multiple DGs, power sharing among the DGs is mainly
dependent on their output control mode. Fig. 5 shows a sample
system for investigating the power-sharing principle with various combinations of control modes. We will investigate three
combinations as follows.
1) All of the DGs operate in the UPC mode.
operates in the FFC mode, while the others op2) Only
erate in the UPC mode.
and
operate in the FFC mode, while the others
3)
operate in the UPC mode.
Power sharing among the DGs during the transition from
grid-connected to islanded operation will be analyzed in detail
in the following section.
A. All DGs Operate in the UPC Mode
When all DGs operate in the UPC mode, the power-sharing
principle is the same as the conventional droop control of synchronous machines. During islanded operation, all DGs share
the load variation, regardless of the location of the load. The
power picked up by each DG is proportional to the inverse of its
droop constant. The system frequency also changes according
to the load variation.
B. Only One DG Operates in the FFC Mode
(FFC mode) tries to compensate for
In this scenario,
the variation of all loads in the microgrid. As discussed in the

If there are two or more FFC-mode DGs, the power-sharing
principle depends on the location of the varying loads, which
is not an important factor in the previous combinations. For example, variation in
can be picked up by
, while varican be compensated by the other FFC mode unit
ation in
.
During grid-connected operation, the variation in
can
. Therefore, the other DGs can maintain
be picked up by
their outputs, and the frequency will not be changed. If
has insufficient reserve, the main grid will compensate for the
remainder, as in the previous scenario. If
changes and
has sufficient reserve to accommodate the variation, the other
units can preserve their outputs unchanged. Otherwise,
will supply power up to its limit and
will attempt to compensate for the remaining variation. If the output of
also
reaches its limit, the main grid will participate in the power baland
and the system
ancing. In any case, the outputs of
frequency will remain unchanged.
During islanded operation, the power-sharing principle for
variation is similar to that of grid-connected operation.
the
However, when the load variation is larger than the reserve of
, the other three DGs will share the remainder of the load
variation, since the main grid is unavailable. In this case, the
varies, the prinsystem frequency will be changed. When
ciple is similar to that of grid-connected operation only if the
and
is larger than the load varisum of the reserves of
ation. In this case,
and
(if needed) compensate for the
variation with unchanged frequency. If the reserves are inand
will participate in the power-sharing
sufficient,
control, and the frequency will then change according to the
– droop characteristics of
and
.
D. Discussion
From the viewpoint of a system operator, the UPC-only
configuration is not advantageous, since the power from the
main grid will always change during grid-connected operation.
During islanded operation, the continuously varying frequency
is also harmful to the loads in the microgrid. In order to
overcome the aforementioned limitations with a single FFC
configuration, the first DG should be dominant (i.e., have a very
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Fig. 6. Simplified microgrid configurations. (a) Series configuration. (b) Parallel configuration.

Fig. 7. F L–f droop curve of two FFC DGs with different configurations. (a)
Parallel configuration. (b) Series configuration. The circle and square represent
the operating point before and after islanding, respectively.

large capacity). Consequently, a multiple FFC configuration is
the most suitable for a microgrid in which none of the DGs are
dominant.

(9)

B. FFC Mode

IV. ANALYSIS OF POWER SHARING DURING TRANSITION
This section describes the power-sharing mechanism among
DGs when the microgrid switches from grid-connected operation to islanded operation. For the analysis, two basic configurations are considered: 1) DGs installed on a single feeder
and 2) DGs installed on multiple feeders, as shown in Fig. 6.
The former will be referred to as a series configuration, and the
latter as a parallel configuration. All other configurations of DGs
are combinations of the two basic configurations [2]. The frequency deviations and the output-power changes of DGs during
the islanding process are quantitatively analyzed according to
the control modes and configurations.
A. UPC Mode
When the microgrid is disconnected from the main grid, the
DGs adjust their power outputs until they reach a new steady
state with a frequency deviation
depending on the droop
characteristics as follows:
(5)
where is the DG index;
and
are the change in the
is the
frequency and DG output power, respectively; and
droop constant of the th unit. The superscripts and denote
the initial and the new operating point, respectively.
Assuming that the loads are unchanged during the transition from grid-connected to islanded operation, the total power
picked up by the DGs is equal to the power injected from the
)
main grid before the disconnection (
(6)
In the UPC mode, the power-sharing principle is unrelated to
the configuration of the DGs. From (5) and (6), the frequency
deviation ( ) and the power-output change of each DG
(
) can be calculated as follows:
(7)
(8)

Assume that the droop constants of the FFC mode are set up
and
), and the
as proposed in [2] (i.e.,
initial feeder flows are
and
, respectively. When the
microgrid switches to islanded operation, the DGs cannot control the feeder flows at the desired values. Therefore, the feeder
– droop characteristics,
flows will change according to the
until the system reaches a new steady state. The feeder flows in
the new steady state can be obtained from (2) as follows:
(10)
1) Parallel Configuration: In the parallel configuration, the
sum of the flows in the two feeders is equal to the power from
the grid
(11)
Since the power exchanged with the grid is zero during islanded
operation, the frequency is determined when the sum of the
two flows is zero, as shown in Fig. 7(a)
(12)
Using the initial condition stated in (11), the frequency deviation
can be determined from (13), and the result is the same as that
of the UPC mode. Therefore, the power shared by two DGs can
also be calculated from (8) and (9) in this case

(13)
2) Series Configuration: In this configuration, the power in. Therefore, the
jected by the main grid is controlled by
is determined when the flow closest to the main
frequency
) is zero, as shown in Fig. 7(b)
grid (
(14)
The frequency deviation in this case is solely determined by the
(rather than
or the interacdroop characteristics of
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TABLE III
POWER AND FREQUENCY VARIATION ACCORDING TO THE CONFIGURATION
AND CONTROL MODES OF THE DGS

Fig. 8. Diagram of series-configured FFC-mode DGs.

tion between the DGs), as expressed by (15). The power-output
changes of the units are calculated via
(15)
(16)
(17)

UPC mode. Next, we analyze the relationship between the droop
gains of the UPC mode and the series-configured FFC mode
constants. We then utilize the UPC-mode constants to determine
the FFC-mode droop constants that produce stable and appropriate power sharing.
Fig. 8 shows a diagram of a system with series-connected
) to
FFC-mode DGs. Each DG controls its power output (
) at some reference
regulate the power flow of the line (
value.
The power output and feeder flow controlled by the th DG
th unit,
are influenced by the feeder flow regulated by the
in accordance with (18). Therefore, the power flow in the next
section of the feeder should be determined before calculating
the power output of a DG
(18)

C. Summary and Discussion
Table III summarizes the power-sharing characteristics of the
microgrid according to two control modes and two configurations. Note that the results of the series-configured DGs in the
FFC mode differ from the other cases. First, the absolute value
of the frequency deviation is larger. This is because the frequency deviation is determined solely by the droop of
,
rather than the combined droop of the two DGs. Second, the
is (
) times
amount of power picked up by
greater than that of the other cases, whereas the power shared
decreases. In addition,
may control its output
by
power in the opposite direction to
when the magnitude of
is larger than that of
. For exthe droop constant of
will increase its output when the output of
ample,
is decreased, and vice-versa. In that case, the deviation in the
power output of
exceeds the initial power flow from the
main grid.

From the basic equation (18), we propose a new method for
determining the droop constant for stable steady-state line flows
and DG outputs, backward from the end of the feeder to the
point of common coupling (PCC). In the following equations,
the subscripts , , etc. represent the indices of the DGs, and the
superscripts , , and represent the values before islanding
(initial state), the values in the UPC mode, and the values in the
FFC mode, respectively.
A. Droop of the th DG
The objective is to make the frequency deviation the same in
the two cases (
), and the new steady-state
power output of the th DG the same regardless of the control
). The relationship between the power output
mode (
DG can then be rewritten
and feeder flow controlled by the
as follows:

(19)

V. METHOD FOR DETERMINING THE DROOP
CONSTANT OF THE FFC-MODE DGS
From the previous investigation of power-sharing methods
during mode changes, it is clear that the existing droop controller has significant limitations, especially in the series-configured FFC mode, due to the possibility of large frequency variation and excessive output changes in the downstream DGs. On
the other hand, power sharing in the UPC mode is well understood and more straightforward because the amount of power
sharing is inversely proportional to the droop constants.
We propose a new method for determining the droop constants of FFC-mode DGs, which yield the appropriate amount
of power sharing. To develop this method, we first design the
droop constants under the assumption that all DGs are in the

The initial state values
,
, and
can be eliminated
from (19). Consequently, the FFC droop constant of the
DG
can be determined from
(20)
and is the same as the value obtained when only one DG is
installed in a feeder.
B. Droop of the

th DG

th DG that were
If we apply the same conditions to the
applied to the th DG (i.e., the same frequency deviation and
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Fig. 9. Single-line diagram of the microgrid test system.

DG output in the two control modes), the relationship between
and
can be rewritten as

the feeder flow during transition is inversely proportional to the
droop constant, the magnitude of the constant should be smaller
for a DG installed closer to the main grid.

(21)
After eliminating the initial state terms from (21), the droop
th DG can be obtained from (22). It has
constant of the
the same magnitude and opposite sign of the equivalent droop
of the system where the two DGs operate in the UPC mode

VI. SIMULATIONS AND RESULTS

(22)

C. Droop of the th DG
Applying (21) and (22) to the general th unit, we can calrecursively by using the
and
culate the droop constant
as follows:
(23)
As in the case of the
th DG, the droop constant of the th
values of the
DG can be extracted from (24) by using the
th DG itself and the downstream DGs

(24)
We can infer that the droop constant is smaller for DGs installed closer to the main grid. This is appropriate because the
total output changes of the downstream DGs are equal to the
change in the flow of the upstream feeders. The closer the DG
is installed to the main grid, the more the feeder flow will vary
when proper power sharing is achieved. Since the change in

A. Test System and Simulation Scenarios
Fig. 9 shows a single-line diagram of the microgrid test
system model, which is connected to a 13.8-kV, 60-Hz main
grid system by a static switch. The system parameters are
similar to [6] and [7], with slight modifications in the line
connections and parameters. The test model contains three
DGs with voltage ratings of 4.14 kV, and maximum power
generation limits (arbitrarily chosen to be 2.5, 3.0, and 2.0 MW,
respectively) are included in the simulations. We set the UPC
droop constants of the DGs to be equal to 1.2, 1.0, and 1.5
Hz/MW, respectively, which means that 0.05-p.u. frequency
deviation causes a 1.0-p.u. change in the power output of
each DG [23]. Three lumped balanced loads represent the
sensitive loads, whose demands are arbitrarily chosen. The test
system modeled with DG controllers was modeled by using the
PSCAD program.
was deThe simulation sequence was as follows.
creased from 3.0 MW and 0.9 MVAr to 2.4 MW and 0.6 MVar
at 1.2 s to investigate power sharing in terms of load variation
during grid-connected operation. At 2.0 s, the static switch
was opened so that the microgrid was islanded from the grid.
To demonstrate the effect of load variation during islanded
was increased from 1.8 MW and 0.6 MVAr
operation,
to 2.4 MW and 1.2 MVAr at 3.0 s.
In order to demonstrate power sharing of DGs according to
the control mode of the DGs, and to verify the performance
of the proposed method for determining droop constants, we
simulated three cases as follows.
Case 1) All DGs operate in the UPC mode.
through
are FFC,
Case 2) The control modes of
values
UPC, and FFC, respectively, and the
and
are set equal to
and 1.5
for
Hz/MW, respectively.

2014

Fig. 10. Simulation results for Case 1 – all DGs operate in UPC mode. (a)
Active power output of each DG. (b) Power flow in the feeders and (c) system
frequency.

Case 3) The control modes of DGs are the same as Case 2,
values are determined by the proposed
but the
method.
B. Results for Case 1)
In this simulation, the initial power references of the DGs
were set at 1.3, 2.2, and 1.2 MW, respectively, and approximately 2.15-MW power was imported from the main grid to
match the loads and losses in the microgrid. Fig. 10 shows the
DG power outputs, feeder flows, and system frequency. Since
all DGs were operated in the UPC mode, the output of each DG
was maintained at its reference value until 2.0 s. At 1.2 s, the
, so that the
main grid compensated for the variation of
) was reduced to 1.55 MW.
power flow from the main grid (
This demonstrates the drawback of the UPC-only configuration
under load variation during grid-connected operation.
After islanding at 2.0 s, all DGs increased their output to
match the load demands. In the new steady state, the outputs
of the DGs were approximately 1.83, 2.83, and 1.62 MW, respectively, and the system frequency dropped to 59.37 Hz. The
output changes of the DGs were, as expected, almost in proportion to their ratings.
At 3.0 s, the outputs of the DGs were increased to the new
steady-state values of 2.08, 3.00, and 1.83 MW to compensate
. Since the output of
reached
for the variation of
and
were
its maximum limit, the output changes of
greater than they would have been if no DG output limit had
been violated. The system frequency was decreased to 59.07 Hz,
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Fig. 11. Simulation results for Case 2: FFC-UPC-FFC configuration with
. (a) Active power output of each DG. (b) Power flow in the
feeders. (c) System frequency.

K = 0K

which is also lower than the value that would have been attained
without DG output limit violation.
C. Results for Case 2)
Fig. 11 shows the simulation results for Case 2. The values of
for
and
and
for
were set at 1.5, 0.6,
and 2.2 MW, respectively. Therefore, the DGs initially generated approximately 1.9, 2.2, and 1.2 MW, respectively, and the
imported power from the grid was 1.5 MW. In this simulation,
the feeder flows remained constant before islanding, despite the
. Instead, the output of
(the FFC-mode
variation of
) decreased to 1.3 MW after
DG installed just upstream of
1.2 s.
and
reached their maximum
After islanding,
limit, whereas
decreased slightly to 1.2 MW. This means
that more power sharing was imposed on the downstream DGs,
as discussed in Section V. If the power output limits are not
through
applied in the simulation, the power outputs of
should be 0.2, 4.0, and 2.4 MW, respectively, which
reveals even worse limitations of the existing droop controller.
Moreover, the system frequency dropped to 58.2 Hz (i.e., the
frequency deviation is about three times greater than that of
Case 1). Although not simulated in this study, some of the
loads should be shed during the islanding process to avoid such
a severe frequency drop. If appropriate load shedding were to
fail, DGs would be tripped by the underfrequency relays, which
could make the system unstable [22], [24], [25].
had already reached its limit,
At 3.0 s, since the output of
was compensated by the other FFC-mode
the variation of
, without changing the system frequency.
unit
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VII. CONCLUSION
The power-sharing principles of multiple DGs were examined according to their control modes and configurations. The
principle of the FFC mode was not as straightforward as that of
the UPC mode, but it was advantageous for the main grid and the
microgrids. FFC-mode DGs could automatically match the variation of downstream loads within their capacity limits during islanded and grid-connected operation. We also determined from
analyzing power sharing during load variation that a configuration with multiple FFC DGs was most suitable for a microgrid.
However, FFC-mode DGs connected in series could not share
power properly with the existing droop controller during transition from grid-connected to islanded operation. To overcome the
limitations of the existing FFC droop controller, we proposed
an innovative method for determining the FFC droop constants,
which yields the same results as the UPC droop controllers.
Using this method, we can now effectively design droop controllers for series-connected FFC units or FFC-and-UPC-mixed
microgrids, which provide appropriate and stable power-sharing
schemes. The simulation results indicated that all DGs shared
the proper amount of power via the proposed method, and the
system frequency was also maintained within acceptable limits.

K

Fig. 12. Simulation results for Case 3 – FFC-UPC-FFC configuration with
values calculated by the proposed method. (a) Active power output of each DG.
(b) Power flow in the feeders. (c) System frequency.

D. Results for Case 3)
In this case, the initial power and flow references of the DGs
values of
were the same as in Case 2). However, the
and
were calculated by the proposed method.
was still
1.5 Hz/MW, since the
was installed at the end of the
was changed to 0.4 Hz/MW by using (24).
feeder, but
As Fig. 12 indicates, the power outputs of the DGs and the
feeder flows were the same as Case 2) while the microgrid was
connected to the main grid. However, unlike Case 2), all DGs
increased their outputs after 2.0 s to the amount of power need
to compensate for the loss of the mains. The outputs of the
DGs changed to approximately 1.79, 2.80, and 1.61 MW, re:
:
was
spectively. The power change ratio of
1.195:1.463:1, which is almost the same as the ratio of power
ratings of the DGs (1.25:1.5:1). The new steady-state system
frequency was 59.40 Hz, which is almost the same as in Case
1). Therefore, the system can be stably operated without any
load shedding or DG tripping. These results prove that DGs can
share power properly via the proposed method, even when there
are multiple series-configured FFC-mode DGs.
attempted to compensate for the variation of
At 3.0 s,
in order to hold
constant. However, because the
amount of variation exceeded the reserve of
, its output
reached the maximum limit. To compensate for the remainder
increased its
of the variation, the other FFC-mode unit
output to 2.04 MW, while the output of the UPC-mode unit
was unchanged. We also found that the system frequency remained at 59.40 Hz, although the load changed during islanded
operation.
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