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Abstract: Standalone microgrids, which are mainly constructed on island areas have low system
inertia, may result large frequency deviations even for small load change. Moreover, increasing
penetration level of renewable energy sources (RESs) into standalone microgrids makes the frequency
stability problem even worse. To overcome this problem, this paper proposes an active power sharing
method with zero frequency deviations. To this end, a battery energy storage system (BESS) is
operated as constant frequency (CF) control mode, whereas the other distributed generations (DGs)
are operated as an active and reactive power (PQ) control mode. As a result, a state of charge (SOC)
of the BESS is changed as the system load varies. Based on the SOC deviation, DGs share the load
change. The SOC data is assumed to be sent via communication system, hence the communication
time delay is considered. To enhance reliability, controllers of DGs are designed to take account of
the failure of communication system. The simulation results show that active power can be shared
among DGs according to desired ratio without frequency deviations even for large variation of output
power of RESs.

Keywords: constant frequency (CF); renewable energy source; state of charge (SOC)-based active
power sharing; standalone microgrid; zero frequency deviation

1. Introduction

The demand of electric energy has been continuously increased [1], whereas its supply has
been saturated due to geographical, social, and environmental problems, such as spatial limitation,
objection of residents, and pollutions. As a solution for electrical energy balancing problem, distributed
generations (DGs) and microgrids have been increasingly penetrated into power systems. On the other
hand, renewable energy sources (RESs) have also been drastically increased in terms of a solution for
environmental pollutions [2]. Introduction of both a microgrid and a RES has launched many new
projects, such as [3-5], which attempt to interconnect RESs into isolated power systems (e.g., remote
islands, deserts), thereby constructing a standalone microgrid with high RESs penetration level. Island
areas, which are target sites for constructing standalone microgrids, are typically in a circumstance of
abundant energy sources of wind (in case of seashores of islands) and/or solar irradiance (in case of
deserts). However, standalone microgrids have low system inertia and this may cause large frequency
deviation even for small load change. Moreover, increasing penetration level of RESs into standalone
microgrids makes the frequency stability problem even worse.

In conventional power systems, frequency deviation is inevitable if load and/or output power
of RESs are changed. Besides, the active power sharing is based on frequency deviations. Typically,
in remote islands, the grid voltage is formed by diesel generators and hence the system frequency is
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directly related to the inertia generators. Since the inertia of a small isolated power system is low, large
frequency deviations may be occurred by change of load conditions. On the other hand, in standalone
microgrids with inverter-interfaced DGs, active power-frequency (P-f) droop control method has
been used. Though this system has no mechanical inertia, P-f droop control method emulates the
characteristics of synchronous generators, and hence the system frequency is deviated proportional
to both a droop coefficient and the amount of load change. Consequently, the frequency deviation is
inevitable in this case too.

The active power sharing methods in standalone microgrids can be categorized into two
types—whether they use the droop control or not [6]. Most of them adopt the frequency droop
control which has been used in the conventional power system composed of large synchronous
generators [7-10]. However, since standalone microgrids have low system inertia, the frequency
is likely to be largely deviated from its nominal value. As opposed to the conventional method,
Vandoorn et al. [11] and Yu et al. [12] proposed active and reactive power (PQ) sharing method based
on voltage and frequency deviation, respectively. However, it is effective only in low voltage networks.
Moreover, reactive power sharing is based on the frequency, thereby the frequency deviation cannot be
prevented. In [13], non-droop-based power sharing method using the communication infrastructure
was proposed. However, the frequency deviation cannot be prevented if the load change occurs due
to communication time delay. References Lopes et al. [14] and Chuang et al. [15] also proposed a
centralized control method. However, they still adopted the frequency droop control method, thereby
the frequency deviation is inevitable. The frequency variation during load condition change is one
of the main reasons that the penetration level of RESs cannot be grown in standalone microgrids.
However, the frequency deviation is necessary for active power sharing according to the conventional
control method.

In this paper, the active power sharing method without the frequency deviation in a standalone
microgrid with high RESs” penetration level is proposed. To this end, a battery energy storage system
(BESS) acts as constant frequency (CF) control mode, while the other DGs share active power based
on a state of charge (SOC) deviation instead of the frequency deviation. The active power sharing
methods are categorized as a primary and a secondary SOC control, which are to cope with transient
load changes and the SOC deviations, respectively.

The rest of this paper is organized as follows. Section 2 shows the details of SOC-based active
power sharing method. Section 3 describes the system configurations. Section 4 shows the case studies
and Section 5 outlines the conclusion.

2. State of Charge-Based Active Power Sharing Method

In order to eliminate the frequency deviations under load condition variations, decoupling of
active power and frequency and coupling of active power and SOC of a BESS are proposed in this
paper. To this end, a BESS must be connected to a standalone microgrid and be operated in a CF
control mode whereas the other DGs must be controlled as a PQ control mode.

2.1. Relationships between Active Power and State of Charge of a Battery Enerqy Storage System

The key idea of this paper is to relate the whole load variation in a standalone microgrid to
the SOC of a BESS. To this end, only a single BESS whose SOC is determined to be related the load
variation should be operated in a CF control mode. The output frequency of the BESS is determined
by the inverter and hence it can change the output voltage angle instantaneously unlike synchronous
generators. In this way, during the load variation of the system, the frequency can be maintained at
the desired value by the BESS, and thereby the output of the BESS follows the load variation. Since the
output of the BESS directly affects the SOC, the SOC is changed as the load varies.
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The relationship between the output active power and the SOC of the BESS can be expressed
as [16]:
PgEss X Prate
X IDC,rate X Crate

M

SOC = SOC; —j v
DC

where SOC; is the initial value of the SOC, Ppgss is the output active power of the BESS, Prate is the
rating power of the BESS, Vpc is the DC-link voltage of the battery, Ipc rate is the rated current of the
battery, and Crate is the rate capacity of the BESS. The initial value of SOC should be estimated by
measuring the battery voltage, however it is assumed that the initial value of SOC is given in this study.
Practically, Vpc varies as the SOC changes but its variation is relatively small and it can be maintained
constantly by a DC/DC converter. Note that for exact analysis, studies on inverter dynamics, the
variation of Vpc must be considered also. For the sake of convenience, Vpc is assumed to be constant
in this paper. The derivative of Equation (1) gives:

dsocC
T —KBgEess PeEss ()

where Kpggg is a constant value since Vpc is assumed to be constant.

From Equation (2), it can be noticed that the SOC is changed only if the output active power of the
BESS is changed. The relationship between active power and SOC is shown in Figure 1, where Ppgss max
and Ppg max indicates the maximum output power of the BESS and a DG unit which shares active
power with the BESS, respectively. Since the output active power of the BESS affects the derivative of
the SOC proportional to Kpgss, the slope 15 can be determined as a droop coefficient of a DG unit. The
DG unit with droop coefficient s shares the transient load with the BESS. The details of the transient
load sharing is discussed in Section 2.3. To keep the SOC level constant, Ppgss at steady state should
be 0 (see Point A of the BESS in Figure 1) since Pggsg other than 0 occurs the SOC deviations. At this
point (the steady state), the output of a DG unit is Ppg 4. Since the BESS is the only unit that controls
frequency, the output active power of the BESS is the only output power that reacts to generation
mismatch. If the mismatch occurs, the output of the BESS and the derivative of the SOC will move to
the point B (Ppgss,p and —SOCg, respectively) in Figure 1. Simultaneously, the DG unit will support the
BESS with the amount of output power inversely proportional to ms. From Equation (2) and Figure 1,
the following equations can be established:

(—=SOCp — 0) = Kpess(Ppessp — 0) ®)

(=SOCg — 0) = ms(Ppg s — Ppg,a) 4)
e |04 (Initial operating point) |
dt ' @ : B (Operating point after load change) :
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Figure 1. Relationship between active power and state of charge (SOC). DG: distributed generation;
and BESS: battery energy storage system.
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Equations (3) and (4) are the basic principles for the primary SOC control unit which will be
discussed in Section 2.3. If the load condition varies, the output power of the BESS moves from 0 to
Pgrss g and the output power of the DG moves from Ppg a to Ppgp. If #1s is 0, which means that
there is no DG unit supporting the SOC, the output and the SOC of the BESS deviate larger. The large
deviation of the SOC may cause fully charged/discharged state of the BESS quickly and this leads the
BESS to trip out from the system.

In the subsequent subsections, control methods of the BESS and the other DGs, which couple the
change of load condition and the SOC of the BESS, are introduced. The control methods of DGs to
support the SOC control are also discussed.

2.2. Control of the Battery Energy Storage System

A BESS operated as a CF control mode must be connected in a standalone microgrid in order to
apply the proposed method. In this case, only a single BESS must be operated as a CF control mode.
By applying a CF control mode to the BESS, the output active power of the BESS (and only the BESS)
responds to all changes of load conditions, such as changes of load or RESs” output. If other DGs
or BESSs are operated in a frequency control mode, they also respond to the load change either. To
prevent for them to respond, the other DGs and /or BESSs must be operated in a PQ control mode. The
control scheme of the BESS is shown in Figure 2.

~
.fnom L

s
4 v abe.ref
0 ————— o -
P b 27
BESS.ref e v
3
sin X
PBESS O

Figure 2. Control scheme of the BESS.

Figure 2 shows the BESS controller, where fnom is the nominal frequency, Vpom is the nominal
voltage magnitude, Pprss and Ppgsg ref are the output active power of the BESS and its reference value,
respectively, mp is the frequency droop coefficient, and v,y ref is the reference voltage of the inverter of
the BESS. The droop coefficient my, (which is 0.0083 in this study) is determined by dividing allowable
frequency range (0.5 Hz = 0.0083 pu) by the maximum output power of the BESS (1 MW =1 pu).
In normal condition, switch is connected to node 4, whereas in abnormal condition, such as a case that
the SOC data cannot be sent to other DGs due to communication failure, the switch is connected to
node b. In this way, the BESS is operated to maintain CF in normal condition. By using the BESS as
the only frequency control mode unit, the BESS responds to all changes of load condition. If there are
two or more BESSs in the system, only one BESS must be controlled in CF control and the others must
be controlled in PQ control mode in order to apply the proposed control strategy.

If the communication system fails, the present SOC level of the BESS cannot be delivered to other
DGs. Thus, to enhance the system reliability, the switch is connected to node b if the communication
system fails in order for the BESS to be operated as the conventional P-f droop control mode and then
the other DGs sense the load change by the frequency deviations.

However, the BESS has a capacity limitation which leads the BESS unable to operate consistently
if it becomes fully discharged. To overcome this problem, other controllable DGs are controlled to
maintain the SOC at a certain level and to share the active power of the system. These types of DG units
are categorized as primary and secondary SOC control units as similar as the conventional primary
and secondary frequency control units.
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By using the BESS as a CF control mode unit and the other DGs as PQ control mode units,
two problems related to the rating of the BESS may happen. The first one is that the output power of
the BESS may exceed its power rating if a large transient load change occurs. The other is that the BESS
may be fully discharged since it cannot control its active power directly. To overcome these problems,
some of the controllable DGs in a microgrid have to support transient load change and the others have
to maintain the SOC within an allowable range. The primary and the secondary SOC control units are
for the former and the latter, respectively. Also note that it is profoundly significant for the BESS not to
be fully charged or discharged because the CF control mode cannot be maintained in this case. In this
case, some of other controllable DGs must change their control mode to the conventional P-f droop
control mode. The control scheme of the P-f droop control mode is same as shown in Figure 2 with the
switch connected to node b.

2.3. Primary State of Charge Control

Figure 3 shows the control scheme of the primary SOC control DG unit, where 1 is the droop
coefficient (Figure 1), Ppg , is the dispatched active power, Ppg ref and Qpg ref are the PQ reference,
respectively, v; and v, are d- and g-component output voltage, respectively, i; and i; are d- and
g-component output current, respectively, is rof and iy rof are the reference values of i; and iy, respectively,
0 is the reference angle of the grid-side d- and g-axis voltage, and iy rf is the reference current
of the inverter of the DG. The control principle of the primary SOC control unit is shown in the
following equation:

K
(Pogs — Ppg,a) = %(PBESS,B —0) )

which is given by substituting Equation (4) into Equation (3). Since the PQ (P and Q, respectively) can
be expressed as:

P = 1.5(v4ig + vgig) (6)
Q = 1.5(Uql'd — Z)diq) (7)
ig ref and ig rof can be rearranged as:
) 2 ,
Iiref = (gPDG,ref - Uqlq)/vd (8)
. .2
1q,ref = (Uqld - gQDG,ref)/Ud (9)

dg-abc [
transfo- > Tgpe rof
rmation [

Figure 3. Control scheme of the primary SOC control unit.

Note that the primary SOC control unit should be installed at the same bus with the BESS since it
should rapidly sense the output power of the BESS (see Figure 3 that the primary SOC control unit
receives Ppgsg as an input) without any communication delay. Consequently, the primary SOC control
unit can share transient load change with the BESS. The amount of power sharing can be adjusted by
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varying ms. With a small ms, which means that the primary SOC control unit takes a large portion
of responsibility for transient load change, the power rating of the BESS can be decreased. However,
too small mg can cause the control instability. So it should be determined appropriately.

By using the primary SOC control solely, the SOC cannot be restored to the desired value.
To maintain the SOC within an allowable range, the secondary SOC control should be adopted to some
controllable DG units.

2.4. Secondary State of Charge Control

Figure 4 shows the control scheme of the primary SOC control DG unit, where SOCy4 is the SOC
value with communication time delay, SOC,. is the SOC reference, and i is the frequency-active
power (f-P) droop coefficient. The load-SOC control in Figure 4 is to restore the SOC to the reference
value if the SOC is deviated from its reference value. The terminology “load-SOC” comes from the
load-frequency control of the conventional power system which restores the frequency if it is deviate
from its nominal value. Multiple secondary SOC control units can share the SOC deviations according
to the PI controller gains. For instance, if the gain ratio of two secondary SOC control units is 2:1, they
share active power with the ratio of 2:1 during the SOC restoration.

PDG.O
_( Load-SOC Control )

/

(soc, 3

|

\soc

UL —— dg-abc >
e transfo- >1pc rof
: i rmation [
| f I

/ QDG,ref

( /=P Droop Control j

Figure 4. Control scheme of the secondary SOC control unit.

The f-P droop control is to cope with the communication failure. In normal condition, the BESS
maintains the CF, and hence the f-P droop control does not activate. If the communication fails, the
load-SOC control cannot be activated since the SOC data cannot be received. In this case, the secondary
SOC control unit shares active power by sensing the frequency deviation as same way as in the case
of conventional standalone microgrids. If the switch of the BESS controller is connected to node b
(Figure 2), the frequency varies as the load condition is changed. With the controller shown in Figure 4,
the secondary SOC control unit can always share active power no matter the communication fails or
not. Moreover, it does not need any switch that converts control modes between the load-SOC control
and f-P droop control.

The coordination process between the BESS, the primary and the secondary SOC control units is
as follows:

(1) The load (or the RESs” output power) varies;

(2) The output power of the BESS and hence the SOC is changed;

(8) The primary SOC control unit supports the BESS by changing its output power based on the
output power deviation of the BESS;

(4) After a small communication time delay, the SOC deviation is sent to the secondary SOC control
units and they restore the SOC to the desired value.
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3. System Configuration

Figure 5 shows the microgrid tested in this paper which is referred from [17,18] with slight
modification. The microgrid’s nominal voltage and frequency are 13.8 kV and 60 Hz, respectively. The
standalone microgrid is composed of the loads, the 1-MW /2-MWh BESS, three controllable 2-MW
DGs, one uncontrollable 2-MW DG, the transformers, the local controllers (LCs), and the microgrid
central controller (MGCC). The MGCC collects the weather and load forecasting data, the SOC data,
etc., and then gives references (which are acquired from optimization algorithms) to the LCs which
control the DGs and the BESS. It operates as an energy management system (EMS) in the microgrid.
However, in this paper, the MGCC is used only for the SOC data exchanging.

i S base =10 MVA : 3.564+i2.66 % 3.564+j2.66 %

:Vbase:13,8kV ] AAAYYY

. . ] \A A

H DG1-3 : Dispatchable

1 DG4 : Non-dispatchable | )
{L1-L3 : Loads i 1.46+0.191 % 1.46+j0.191 % 2.56+j0.332 %

2.0 MVA 2.0 MVA 2.0 MVA 2.0 MVA 20 MVA
138/4.14kV 13.8/4.14kV 13.8/4.14kV 13.8/4.14kV 13.8/4.14kV
0.5+3.0 % 0.5+3.0 % 0.5+3.0 % 0.5+3.0% 0.5+3.0 %
L1 L2 L3
DG1 DG2

™ ) 2.5 MW - a3 7) BESS 1.5 MW ”) S 13 MW

2MW : 2 MW ! 2 MW MW/ MW

= 2 MWh ‘
:( Central Controller ]4 st S S i

Figure 5. Configuration of tested microgrid.

Since neither inverter switching dynamics nor harmonics is considered, inverters in the DG units
and the BESS are assumed as ideal sources. Since the BESS is controlled as to maintain the system
frequency and voltage (CF control mode), it is modeled as an ideal voltage source. The other DG units
are controlled as to adjust reactive power (PQ control mode), and hence they are modeled as ideal
current sources.

In the simulation, the capacity of the BESS is scaled down to 1/400 of its original value (2 MWh)
to see change of the SOC clearly since the total simulation time is about 10 s. The communication
time delay of 300 ms was considered to take account of the worst time delay considering that typical
communication time delay is in the order of 100-300 ms [19].

4. Case Studies

Four case studies were tested to prove the effectiveness of the proposed control method. The
proposed method was compared with the conventional frequency droop control method. Tested cases
will show that by using the proposed control method, the frequency can be maintained constantly at
the nominal value with a good system reliability against the communication failure. They also indicate
that the secondary SOC units can share active power according to the predetermined ratio. Table 1
shows the control methods applied to each DG unit.

As shown in Table 1, the BESS is controlled as P-f droop control mode, and DG1-3 are controlled
as f-P droop control mode in the conventional control method. On the other hand, the BESS is
controlled as CF control mode, DG1 and DG2 are controlled as secondary SOC control units, and
DG3 is controlled as primary control unit. DG4 is uncontrollable unit, such as a RES, in both the
conventional and the proposed control methods.



Energies 2016, 9, 480 8of 13

Table 1. Applied control method for each DG unit. CF: constant frequency; and RES: renewable
energy source.

DG Unit Conventional Method Proposed Method
BESS P-f droop CF control mode
DG1 and DG2 f-P droop Secondary SOC control
DG3 f-P droop Primary SOC control
DG4 Non-dispatchable (such as RES) Non-dispatchable (such as RES)

4.1. Case 1—Load Change

In Case 1, a sudden load change of 0.5 MW is occurred at 1 s and the non-dispatchable DG unit
(DG4) is assumed to output constant power. Under this circumstance, Figure 6 shows the simulation
results with the conventional frequency droop control method.

~
-]
=
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g 3
S 15 DG4 Zo.58
— . o
8 ¥ Do.56
H DG1, DG2, & DG3 f:
& 05 00.54
g %
> %05
£ 0— ,BESS ®
< I 05
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1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 8 7 8 9 10
Time [s] Time [s]
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c
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o
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1 2 3 4 5 6 7 8 9 10
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Figure 6. Simulation results of Case 1 with the conventional method: (a) active power; (b) SOC;
and (c) frequency.

From Figure 6a, it can be noticed that the dispatchable DG units (DG1-3) and the BESS share
active power according to the droop coefficients. Since there is no DG unit that recovers the SOC, the
SOC is deviated from its reference value (0.5 pu) as shown in Figure 6b. Moreover, the frequency is
also deviated from its nominal value as shown in Figure 6c.

Figure 7 shows the simulation results with the proposed method. After a sudden load change at
1's, the BESS responds to the load change and the primary SOC control unit (DG3) shares the transient
load change. After a time delay of 0.3 s (a time that needs for the MGCC to give an SOC signal to the
LCs), the secondary SOC control units (DG1 and DG2) responds to the SOC deviation and activated to
restore the SOC. Since the PI gains of load-SOC controller (Figure 4) of DG1 and DG2 are same with
each other, they equally share the active power. Consequently, the SOC is restored to its reference
value after a few seconds with zero frequency deviation as shown in Figure 7b,c.
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Figure 7. Simulation results of Case 1 with the proposed method: (a) active power; (b) SOC;
and (c) frequency.

4.2. Case 2—Load Change with Different Active Power Sharing Ratio

In the previous case, the roles of the primary and the secondary SOC control units are presented.
The primary SOC control unit shares the transient load change with the BESS and the secondary SOC
control units restore the SOC to the reference value. The secondary SOC control units share the active
power with the ratio of 1:1.

In this case, the active power sharing ratio among the secondary SOC control units is adjusted to
2:1 in order to show the active power sharing ratio can be controlled as desired. This means that the
active power sharing ratio can be adjusted based on the power rating or the generation cost of each
DG unit, the line restriction, etc. The rest of the simulation environment are same as Case 1.

Figure 8 shows the simulation results of Case 2. As shown in Figure 8a, the active powers of the
BESS, DG3 and DG4 are same as those of Case 1, whereas DG1 and DG2 does not equally share active
power anymore. DG1 decreases its active power twice as much as DG2 does after the load change
since their PI controller gains’ ratio is adjusted to 2:1. The SOC and the frequency are well maintained
at the desired values as shown in Figure 8b,c, respectively.
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Figure 8. Simulation results of Case 2: (a) active power; (b) SOC; and (c) frequency.
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4.3. Case 3—Intermittent Output Power of Renewable Energy Sources

The main purpose of this study is to drastically mitigate frequency deviations during RESs output
power fluctuation, thereby to stably increase the penetration level of RESs. In this case, the active
power of RES (DG4) fluctuates from 0.5 MW to 1.5 MW.

Figure 9 shows the active power comparison between the conventional method and the proposed
method. In the conventional method, DG1-3 share active power change with the BESS by the frequency
droop control, whereas only DG3 shares active power change with the BESS in the proposed method.
Since the output power of RES changes intermittently, it is hard to distinguish the role of each DG unit.

2
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Figure 9. Simulation results of Case 3—Active powers: (a) conventional method; and
(b) proposed method.

The advantages of the proposed method are clearly shown in Figure 10. It shows the SOC and the
frequency comparison between two methods. The conventional method and the proposed method are
denoted as conv. and prop., respectively, in the graph. By using the proposed method, the SOC can be
maintained near the reference value with a small fluctuation. On the other hand, the SOC is dropped
continuously in the conventional method. Figure 10b shows the key result of this study, that is the
frequency can be maintained near the nominal value despite of a large fluctuation of the RES power.
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Figure 10. Simulation results of Case 3: (a) SOC; and (b) frequency.

4.4. Case 4—Communication Failure

Though the frequency deviation is dramatically mitigated by using the proposed method, the
reliability may be degraded by the dependence of the communication system (remind that the SOC
data has to be exchanged via communication system, whereas the frequency data can be acquired
anywhere in the grid). In order to increase the system reliability, the control mode change of the
BESS by switching (Figure 2) and the f-P control term is incorporated into the secondary SOC control
unit (Figure 4). To prove its effectiveness, this case tests the communication failure. The simulation
environment is same as that of Case 1 except that the communication failure occurs and the BESS
changes its control mode from CF control mode to P-f droop control mode at 1.6 s. However, in
this simulation, it is assumed that the communication failure is able to be detected by the BESS. The
detection of the communication failure in the real case must be discussed further in future works.

Figure 11 shows the simulation results of Case 4. As shown in Figure 11a, even though the
communication fails at 1.6 s, the secondary SOC control units (DG1 and DG2) can share active power
by f-P droop control term. Regardless of the communication failure, the primary SOC control unit
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(DG3) can share active power since its active power sharing mechanism is based on the deviation of
Pggss, which is measured directly by DG3 (note that the primary SOC control unit has to be installed
at the same bus where the BESS is installed). Since the BESS changes its control mode and the SOC
data cannot be exchanged anymore, the SOC and the frequency are deviated from their desired value
as shown in Figure 11b,c, respectively. Though the SOC and the frequency cannot be maintained at the
desired value, the system reliability is enhanced by incorporating the frequency droop control with the
proposed control method.

2

z

15- | DG4

&

DG1&DG2

DG3

o
o
<
T
L

s0C

Reference

BESS /
- 05 £

A

Active Power [MW]
State of Charge [p.u.]

0.5 0.49
0.5 1 15 2 25 3 35 4 45 5 1 15 2 25 3 35 4 45 5

Time [s] Time [s]

(a) (b)

60.1

60.05

e
@
w0
=]

Frequency [Hz]
@
=

Time [s]

(c)

Figure 11. Simulation results of Case 4: (a) active power; (b) SOC; and (c) frequency.

5. Conclusions and Future Works

This paper presents a novel method of the active power sharing in a standalone microgrid.
Commonly, most of the conventional methods have been used the frequency droop control. However,
by using the frequency droop method, the system frequency is inevitably deviated from its nominal
value if the load and/or the RESs power are changed. Standalone microgrids are vulnerable to the
frequency deviation since they have low system inertia. Hence, the active power sharing method
without the frequency deviation is necessary for a standalone microgrid. To this end, the BESS is
employed to implement a CF control mode without any droop control. However, the BESS has a
capacity limitation which makes the BESS unable to operate consistently. To overcome the capacity
limitation problem, other controllable DG units maintain the SOC at the desired value and share the
active power based on the SOC deviation. These DG units are categorized as the primary and the
secondary SOC control unit. The primary SOC control unit responds instantly as the active power
of the BESS is deviated from 0. The secondary SOC control unit receives the SOC data from MGCC.
Though sending SOC data has communication delay, the SOC can be well maintained at the desired
level with the coordination of the primary SOC control unit. The communication system failure is also
considered to enhance the system reliability. If the communication system fails, with the change of
the BESS control mode, the system is operated as same as the conventional droop-based microgrid.
The effectiveness of the proposed method was proved by the simulation, which is tested and modeled
with MATLAB/SimPowerSystems (MathWorks, Natick, MA, USA).

One of the future works is that the proposed control method should test small-signal stability
considering communication time delay. In the proposed method, the DG units need communication
system which inevitably accompanies time delay. Since the time delay influences the system stability,
small-signal analysis should be implemented for robust control.
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Determining the PI controller gains of secondary SOC control units may be another future work.
In this study, the PI controller gains were arbitrarily determined to show that the secondary SOC
control units share active power as per predetermined ratio (ratio among PI gains of secondary SOC
controllers). However, they need to be determined with careful consideration, such as generation cost,
size of BESS, and power loss.

Furthermore, some experiments have to be implemented to apply the proposed method to the real
case. During the implementation of experiments, developing a method to detect the communication
failure will be one of the main tasks to be solved.

Acknowledgments: This work was supported by the Power Generation & Electricity Delivery Core Technology
Program of the Korea Institute of Energy Technology Evaluation and Planning (KETEP) granted financial resource
from the Ministry of Trade, Industry & Energy, Korea (No. 20143010011830).

Author Contributions: Yun-Su Kim conceived and designed the simulations; Eung-Sang Kim performed the
simulations; Chul-Sang Hwang and Chang-Hee Cho analyzed the data; Chul-Sang Hwang revised the manuscript;
Yun-Su Kim wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.
References

1. Chen, LY, Yin, Y.T,; Ho, T.Y.; Chen, Y.Z. Sensitized solar cells via nanomaterials: A recent development in
quantum dots-based solar cells. IEEE Nanotechnol. Mag. 2014, 8, 16-21. [CrossRef]

2. Thresher, R.; Robinson, M.; Veers, P. To capture the wind. IEEE Power Energy Mag. 2007, 5, 34-46. [CrossRef]

3.  Saastamoinen, M. Case Study 18: Samso—Renewable Energy Island Programme; National Consumer Research
Centre: Samso Island, Denmark, 2009.

4. Ottewell, S. Ireland’s renewable island. IET Power Eng. 2003, 17, 10-11. [CrossRef]

5. Wang, K.L.; You, Y.G.; Zhang, Y.Q. Energy management system of renewable stand-alone energy power
generation system in an island. Autom. Electr. Power Syst. 2010, 34, 13-17.

6. Olivares, D.E.; Mehrizi-Sani, A.; Etemadi, A.H.; Canizares, C.A ; Iravani, R.; Kazerani, M.; Hajimiragha, A.H.;
Gomis-Bellmunt, O.; Saeedifard, M.; Palma-Behnke, R.; et al. Trends in microgrid control. IEEE Trans.
Smart Grid 2014, 5, 1905-1919. [CrossRef]

7.  Gao, F; Iravani, M.R. A control strategy for a distributed generation unit in grid-connected and autonomous
modes of operation. IEEE Trans. Power Deliv. 2008, 23, 850-859.

8.  De Brabandere, K.; Bolsens, B.; Van den Keybus, J.; Woyte, A.; Driesen, J.; Belmans, R. A voltage and
frequency droop control method for parallel inverters. IEEE Trans. Power Electron. 2007, 22, 1107-1115.
[CrossRef]

9. Li, Y, Vilathgamuwa, D.M.; Loh, P.C. Design, analysis, and real-time testing of a controller for multibus
microgrid system. IEEE Trans. Power Electron. 2004, 19, 1195-1204. [CrossRef]

10. Sao, C.K.; Lehn, PW. Autonomous load sharing of voltage source converters. IEEE Trans. Power Deliv. 2005,
20, 1009-1016. [CrossRef]

11.  Vandoorn, T.L.; Meersman, B.; Degroote, L.; Renders, B.; Vandevelde, L. A control strategy for islanded
microgrids with DC-link voltage control. IEEE Trans. Power Deliv. 2011, 26, 703-713. [CrossRef]

12.  Yu, X.; Khambadkone, A.M.; Wang, H.; Terence, S.T.S. Control of parallel-connected power converters for
low-voltage microgrid—Part I: A hybrid control architecture. IEEE Trans. Power Electron. 2010, 25, 2962-2970.
[CrossRef]

13. Kahrobaeian, A.; Mohamed, Y.A.R.I. Network-based hybrid distributed power sharing and control for
islanded microgrid systems. IEEE Trans. Power Electron. 2015, 30, 603-617. [CrossRef]

14. Lopes, ].A.P; Moreira, C.L.; Madureira, A.G. Defining control strategies for microgrids islanded operation.
IEEE Trans Power Syst. 2006, 21, 916-924. [CrossRef]

15. Chung, 1.Y.;; Liu, W,; Cartes, D.A.; Collins, E.G., Jr.;, Moon, S.I. Control methods of inverter-interfaced
distributed generators in a microgrid system. IEEE Trans. Ind. Appl. 2010, 46, 1078-1088. [CrossRef]

16. Gao, L.; Liu, S.; Dougal, R.A. Dynamic lithium-ion battery model for system simulation. IEEE Trans. Compon.
Packag. Technol. 2002, 25, 495-505.

17. Katiraei, F; Iravani, M.R.; Lehn, PW. Micro-grid autonomous operation during and subsequent to islanding
process. IEEE Trans. Power Deliv. 2005, 20, 248-257. [CrossRef]


http://dx.doi.org/10.1109/MNANO.2014.2314182
http://dx.doi.org/10.1109/MPE.2007.906304
http://dx.doi.org/10.1049/pe:20030302
http://dx.doi.org/10.1109/TSG.2013.2295514
http://dx.doi.org/10.1109/TPEL.2007.900456
http://dx.doi.org/10.1109/TPEL.2004.833456
http://dx.doi.org/10.1109/TPWRD.2004.838638
http://dx.doi.org/10.1109/TPWRD.2010.2095044
http://dx.doi.org/10.1109/TPEL.2010.2087393
http://dx.doi.org/10.1109/TPEL.2014.2312425
http://dx.doi.org/10.1109/TPWRS.2006.873018
http://dx.doi.org/10.1109/TIA.2010.2044970
http://dx.doi.org/10.1109/TPWRD.2004.835051

Energies 2016, 9, 480 13 of 13

18. Katiraei, F,; Iravani, M.R. Power management strategies for a microgrid with multiple distributed generation
units. IEEE Trans. Power Syst. 2006, 21, 1821-1831. [CrossRef]

19. Milano, E; Anghel, M. Impact of time delays on power system stability. IEEE Trans. Circuits Syst. I Regul. Pap.
2012, 59, 889-900. [CrossRef]

® © 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1109/TPWRS.2006.879260
http://dx.doi.org/10.1109/TCSI.2011.2169744
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	State of Charge-Based Active Power Sharing Method 
	Relationships between Active Power and State of Charge of a Battery Energy Storage System 
	Control of the Battery Energy Storage System 
	Primary State of Charge Control 
	Secondary State of Charge Control 

	System Configuration 
	Case Studies 
	Case 1—Load Change 
	Case 2—Load Change with Different Active Power Sharing Ratio 
	Case 3—Intermittent Output Power of Renewable Energy Sources 
	Case 4—Communication Failure 

	Conclusions and Future Works 

