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ABSTRACT This paper proposes a flexible method for power-sharing control of single-phase AC Microgrid
or sub-system that operate inverters in parallel to supply the demand. The Photovoltaic (PV) system,
coupled with batteries, energized each inverter. Solar power data from the equator city area were included
in the PV system for simulation with its dynamics due to weather fluctuation. The proposed power-sharing
control approach combined with integral action to improve the power quality and power-sharing accuracy.
It conveys three considerations for flexible power-sharing: using virtual load voltage and the frequency at
grid connection terminal (i.e., point of common coupling) in the controller without direct measurement to
avoid using external communication, applying those virtual values to calculate the required parameters for an
accurate power-sharing and proposing a concept of extended traditional droop control coefficient to be able
to apply for various line impedances. The presented case study had two inverters supported by dynamics
coupled sources from a PV system installed in an equatorial city used in the MATLAB experiment and
batteries function block connected in parallel. Those inverters, located in different sub-systems, supplied
two sub-systems (i.e., Microgrids) with different line impedance. The presented approach can also work
for more than two or multiple sub-system scenarios by replicating the same control mechanism for the new

sub-system.

INDEX TERMS Microgrid, smart grid, power-sharing control, PV systems, power electronics.

I. INTRODUCTION
Power-sharing control strategies for the microgrid sys-
tem (MGS) are currently developed to cover the electric-
ity demand that cannot be supplied by only one distributed
energy resource (DER). DER is an electric power source
that includes energy sources and storage that can transfer
active power to the delivery facilities connected to the load(s).
Numerous DER units located in neighboring sub-systems
must collaboratively fulfill the demands using the excess
power, instead of adding new DER(s), which is costly.
A sub-system consists of DER, power interface, and area
electric power system (area EPS).

One electrical type of energy resources is direct-current
(DC) power that must be converted to the prerequisite power
classification, either DC or AC. For AC networks or loads,
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inverters are commonly used to convert DC type of DER to an
AC type. It is one of the main components connected directly
to a DC-source DER as a power interface in an MGS. How-
ever, it has a limited output power capacity. Suppose some
DERs are applied either in the same or different sub-systems
to cover the demand that cannot be covered by only one
inverter. In that case, it is frequently necessary to concur-
rently use more than one inverter to improve the system
reliability, especially with priority loads. According to the
standard, the converted signals should fulfill the power qual-
ity requirements such as voltage magnitude and frequency
(for AC network/load) deviation, maximum total harmonic
distortion (THD). Some standards or recommendations for
the power quality requirements have been considered, such as
IEEE 1547 [1], beside the national standards. The main issue
is how to control the system to achieve those requirements as
the power quality may be affected by the dynamics behav-
ior of the DERs. The controller might implement external
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communication to get the best performance [2]-[6]. However,
its technology may be costly and inflexible regarding invest-
ment and expandability. Other previous works in [7]-[23]
excluded the use of external communication.

Three major power-sharing architectures are master-slave
architecture, centralized control, and decentralized control.
Master-slave and centralized control commonly need com-
munication infrastructure. One of the common decentralized
approaches for power-sharing is droop control. Droop control
is a power-sharing technique that does not involve external
communication and relies on the local measurement at the
generator or electric power source.

The droop control gives advantages to system reliabil-
ity and smooth integration. However, the first droop con-
trol approach should be modified to be suitable for MGS
with various impedance types and load characteristics. In the
beginning, it used to control the power-sharing of par-
allel generators based on the power drop characteristics.
This method focuses on the nature in conventional distri-
bution lines, i.e., high-voltage grid, which involves highly
inductive line impedance. This method was early to control
power-sharing between inverters without external communi-
cation technology in [7] by assuming that the distribution
lines nature is similar to the conventional one. However,
the high use of renewable energies and the continuous devel-
opment in smart grids, in which MGS becomes a significant
role, tends to change the system to be some sub-systems
that can work independently or connected to the primary
grid. The distribution line in the common MGSs becomes
more resistive than the conventional electrical distribution
networks, which more inductive. The distribution line dis-
tance is much shorter, and the voltage grid is much lower
than the conventional one. Therefore, the first droop control
method is inapplicable directly to the common MGS.

The new structure of the early method, which in the fol-
lowing text is called as Conventional Droop Control (CDC)
method proposed in [8]-[23], considers the nature of resis-
tive lines with or without communication technology. The
boosting method [8]-[10] modifies the traditional structure
of the droop method, P-w and Q-V droop, to P-V droop
and Q-w. However, this improvement still leads to impre-
cise active power-sharing, limiting the applicability of the
method [24]. Another modification can be seen in [11]-[13]
that implements robust control using integral control to
increase the sharing accuracy for active and reactive power.
A problem may arise as the feedback signal uses the load
voltage, which is hard to obtain because it is not locally
measured, as mentioned in [24]. Another method in [14] has
an effort to avoid its dependency on the information of line
impedance value and various load conditions. However, its
control structure may be complicated, and a high computa-
tional process is needed since the method applies an adaptive
neuro-fuzzy inference system. Other approaches consider the
virtual impedance method to deal with the conventional struc-
ture by modifying the resistive impedance characteristics to
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be more inductive [15]—[21]. In [21], this method is used for
hybrid AC-DC microgrid.

Nevertheless, it needs to design carefully if the system
is primarily for an islanded microgrid with a high resis-
tive line. The large virtual inductive line impedance can
severely drop the output voltage and decrease the invert-
ers’ power output capacity. This lack has also been iden-
tified in [24], regarding microgrid with high resistive line
impedance.

The extended droop control approach, which maintains
its conventional structure represented as P-w and Q-V, has
been proposed in [22], [23] to be applicable for a domi-
nant resistive line impedance. The control approach in [22]
considers both active and reactive currents instead of using
power delivery data. However, there is no detailed explana-
tion of its application in dominant resistive networks since
the description focuses more on the inductive line, which is
uncommon for MGS. The implementation of the method may
work for a similar power-sharing proportion case. Its appli-
cation for a different proportion may lead to inaccurate
sharing. Another approach combines voltage and phase con-
trol for power-sharing in MGS, considering the dominant
resistive network [23]. This method gave a good result on
power-sharing accuracy, as well as voltage and frequency
regulation, at a distributed generator. However, it cannot guar-
antee the power quality of loads, such as voltage magnitude
frequency, voltage harmonic distortion, and rated-current
distortion, according to its set point and the load sharing
accuracy.

Our previous study in [25] introduces a preliminary
approach for an accurate power/load sharing among power
sources in a stand-alone MGS that maintained a good quality
of power parameters. It proposes three new features devel-
oped from the traditional droop control for the dominant
resistive network in an islanded MG. However, the system
still considered the fixed DC source without PV system
dynamics and the same line impedance.

The presented paper is the extension of the one presented
in [25] to control the power-sharing between sub-systems
with different DER and inverter. The DERSs involve real PV
data taken at the Universitas Tanjungpura area in Pontianak
combined with a battery-based storage system to supply a
small area EPS in MATLAB-based simulation. The real data
show the electric power supply. The controller has to regulate
the voltage magnitude and frequency along with the effort
to maintain a high quality of harmonics level and power-
sharing accuracy. A simple calculation generates the virtual
load voltage and frequency with the local measurement at
the interface or inverter’s filter output in the power source
area. Therefore, load measurement that usually needs external
communication at the implementation level is unnecessary.
In case the line dominant type changes, the control structure
remains the same, and only modification according to the line
new impedance approximation values is needed. The remain-
ing paper will be in the following structure: the proposed idea
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of the power-sharing control method, control system analysis,
followed by a case study as an illustration to use the proposed
method as well as its analysis result regarding the power
quality recommended in [1] and power-sharing accuracy, and
finally, the conclusion.

Il. POWER-SHARING CONTROL

A. CDC AND ITS PREVIOUS IMPROVEMENT

In the beginning, the first droop control method has been
used for power-sharing. This method assumed that the line
impedance is dominantly inductive, which means a lagging
power factor between the power source and load is about 90°.
Its design was firstly for a grid-connected system, in which
the area EPS used to connect to the primary distribution/
transmission grid, with typically having a high inductive
distribution line. The EPS framework (see IEEE 1547 [1])
currently tends to apply more in MGS to pave the way for a
smart grid system. Hence, the droop control concept should
be extended.

In MGS, the use of DERs and storage with the short
distance distribution line are more common, in which the
line impedance tends to be more resistive. MGS mostly uses
inverters for AC loads. The power rating of each inverter may
not cover the total load due to its limitation. Therefore, several
inverters have to work simultaneously to be able to supply the
demand. The well-known traditional droop control method
for stand-alone MGS is described in [7] as active power (P) -
angular frequency (w) and reactive power (Q) -voltage (V)
droop relationship.

Common stand-alone MGSs, nonetheless, seem to have
resistive line impedance; hence, the first droop control
method is inapplicable. Thus, the efforts to develop the CDC
concept can make it feasibly applied in a resistive distribution
network. Some CDC developments, either using the same
or different structures, can be seen in [24]. The inverter
control must be precise and flexibly modified to achieve
proper flexibility in power-sharing. The seamless integra-
tion of sub-systems in terms of power-sharing needs higher
flexibility in control mechanisms. Therefore, the presented
paper extends the previous method to have more flexibility
in structure and achieve a higher degree of power-sharing
accuracy and the desired power quality.

B. PLANT MODEL IN A SUB-SYSTEM

Fig. 1 shows an Electric Power System (EPS) that integrates
several sub-systems, where each sub-system has its DER
involving controller in it. A microgrid can apply one or
more sub-systems. The term of EPS is adopted from IEEE
1547 [1]. The Point of Common Coupling (PCC) is to con-
nect DER to the local load(s) in the sub-system during the
stand-alone mode and also to the other sub-systems dur-
ing sub-system/microgrid interconnected or grid-connected
mode (connected to the main grid from the utility). Since
the controller is distributed in each DER or sub-system, then
the plant model’s discussion for a sub-system is prominent
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FIGURE 1. Microgrid systems are consisting of several sub-systems.

for control design. The controller should have a similar
mechanism for the same type of microgrid/sub-system (ac
or dc network) to ease the control design and reduce the
implementation’s fault.
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FIGURE 2. Single-phase representation of inverter, filter and line
connection in a sub-system.

Fig. 2 presents the uncompensated system consisting of the
Inverter system (PWM and VSC), LCL filter, and distribution
line connected from the Point of Connection (PoC) to PCC.
Line impedance can vary, such as a combination of Ry,
and Ljjze, dominant inductive (Lj,.) (a long-distance line
from PoC to PCC with high voltage), or dominant resis-
tive (Rjine) (short distance line from PoC and PCC with
low/medium voltage).

In our approach, we can choose either to use LCL
and LC filter. For the LC filter, we can eliminate R
and L,. Equation (1)-(2) shows the state-space model for
the inverter, LCL filter, and line to the grid connection
as a sub-system/microgrid in a stand-alone mode, while
Equation (3)-(4) in on-grid mode. The output to be con-
trolled is the sinusoidal waveform of the power interface
output (i.e., Vic) connected directly to the PCC voltage.
Then, a sinusoidal waveform with a particular phase degree
(i.e., uyer) is an input of a PWM connected to an inverter
as a reference for its gate signal. The controller output will
provide this input value. In on-grid mode, u,.f, along with
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C. CONTROL APPROACH FOR A SUB-SYSTEM

A sub-system presented in Fig. 2 should have its indepen-
dent control scenario, especially when it is off from the
primary grid (i.e., stand-alone mode). The controller must
work properly when the MGS is in this mode because it is
not like an on-grid feature where the utility drives voltage
and frequency regulation. The control should deal with the
dynamics of energy sources and also the load at the same
time. Mostly Proportional-Integral (PI) control is used for
this purpose. Our extended method for single DG in a micro-
grid, considering the load and DC source dynamics using
Integral-Proportional Derivative (I-PD) and Fuzz-PI based
controller, can be seen in [26]-[28]. However, the approaches
have not considered the power-sharing mechanism yet.

D. THE PROPOSED POWER-SHARING CONTROL
APPROACH BETWEEN SUB-SYSTEMS

The concept for power-sharing that considers the modifica-
tion of traditional droop control using the fixed-rate of DC
source in a stand-alone mode is in [25]. It has not yet been
considered using real PV data combined with battery in the
simulation results.

The presented paper considers using real PV data com-
bined with battery in the simulation and proposes a flex-
ible method for proportional power-sharing between the
sub-systems. The proposed control deals with voltage and
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frequency regulation with accurate power-sharing among
sub-systems. It simplifies the previous work presented in [25]
by using only one power-sharing coefficient for each volt-
age and frequency control feedback. Each sub-system has a
flexible and formal control mechanism once it is connected
or disconnected to other sub-systems, either work in sharing
or stand-alone mode. Furthermore, it can also work either in
stand-alone or grid-connected mode.

. |
L]
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.<:€ =g ﬁLCalculatian: Wy i
E £ Viria Vo o)
3] & B * -
’Tg P Wgria(@o 1);
< E" 2 Veria Py, Qi3 V”—"
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FIGURE 3. Block diagram of the proposed power-sharing control in
Sub-system i.

Fig. 3 shows a block diagram of the proposed control
method, where each controller is located in DER in each
sub-system. Therefore, the i-th parameter in the equations
of the proposed method is related to the i-th controller. The
universal constant (without i index) will be set the same for
all controllers. Reference and actual angular frequency are
represented as w, and w,_; respectively, while V, represents
the rated voltage in RMS and V,, ; is the voltage on the output
terminal, either PoC (in case MGS does not have a distribu-
tion line) or PCC in a stand-alone state. In on-grid mode, the
utility drives the PCC voltage. Therefore, the regulation of
V,_i will drive grid current (/4,i4_;) flowing through the MGS
(i.e., sub-system). The i-th sub-system represents the sub-
system’s number and their specific parameters, while the vari-
ables and gain without the i-th number are constant with the
same values in all sub-systems.

F,, i and F, ; represent the power values calculated based
on the measured grid current in sub-system i (Igriq_;), cal-
culated RMS grid voltage, and the impedance, shown in
Equation (5) and (6). Those values are used to generate
power-sharing parameters for the phase difference and volt-
age regulation accordingly. In resistive dominant impedance
line, F,, ; will be strongly affected by the reactive power
value and F, ; by the active power. The dominant resistive
line is common cases in stand-alone MGS, where a particular
controller independently controls the power. The controller
is located modularly in each MGS. In contrast, in the system
where the power supply is dominated by the utility with a high
voltage transmission line, the distribution line becomes more
inductive. In this case, F), ; will be strongly dominated by the
reactive power, while F, ; by the active power.

X2 i + Xiine_i R i + Riine i
F w_i = [

= - 0i ©)
Y i+ Zinei ' Zoit Ziinei
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_ Roi+ Riine_i X2_i + Xiine_i
v_i

= j Oi (6)
- Zo i+ Ziine i ' Zo i+ Ziine i

Calculation of voltage references (Uyes_;) for the PWM,
which subsequently determines the gate signal for inverter,
are formulated in Equation (7) and (8). For highly dominant
resistive line impedance (the impedance between Vyc and
Vgrid)» m,'Fw_,' ~ —m,-Qi and n,-FV_,- ~ n;Pi, while in highly
dominant inductive line impedance, m;F,, ; =~ m;P; and
n;iF, ; = n;Q;. In the case of the line impedance is a highly
dominant capacitive, then m;F,, ; ~ —m;P; and n;F, ; ~
—n;Qi due to the negative value of the reactance. The refer-
ence of angular frequency (w,) at PCC should be determined,
where this point is the closest connection to the common grid
that is connected to the loads (see Fig. 1 — 2). The actual
angular frequency at PCC (wg/q) is calculated since it may be
located in a long distance from the power interface. Thus, the
local measurement cannot be done, and the communication
technology requirement cannot be avoided, which will bring
another cost. The virtual or calculated angular frequency at
the i-th terminal (a);‘ri ;) of the grid connection to the load
is called w, ;. Similarly, the voltage reference of the output
terminal is represented as v, and the i-th actual output voltage
(Vgria) is calculated and expressed as V;ri 4 or V, i, which is
the virtual output voltage.

SWip_j = Wy — miFw_i + Kew (a)r - wo_i) @)
SVin_i =V, - niFv_i + Koy (Vr - Vo_i) )
In steady-state condition, sw;, ; = 0 and sV}, ; = 0, then

from Equation (7) and (8), we can get the value of m; and n; by
replacing F, ; and F,_; with the maximum apparent power (S)
that has to be shared with all loads, as shown in Equation (9)
and (10), respectively. The previous references mostly use
the maximum power source to calculate the m; and n;, but
it leads to unproportioned load sharing. Ensuring the total
power from the integrated distributed energy sources is more
than the determined maximum load demand will accurately
share the power according to the proposed approach. More
details about this motivation are described in [25].

wr —e,K,,

mp= ——= )
s

n = vr— ek, (10)
s

To get the value of m; and n;, the required phase error
(eyy) and RMS voltage error (e,) must be determined as
part of system requirements. We need to know the value
of line impedance to determine the maximum active and
reactive power of the load network for value P; and Q;. If we
have two inverters and the same sharing proportion, then
m1(Sub-system 1) equals my (Sub-system 2). If we require
Sub-system 1 to supply double power (P; = 2P; and Q1 =
20») than Sub-system 2, then my =2 my. It is similar for
setting n;.
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IIl. CONTROL SYSTEM ANALYSIS

Microgrid stability is an essential aspect of having high
reliability. However, there are several levels and focuses in
a microgrid that makes it more complicated to obtain the
whole mathematical model for sub-systems or even sys-
tem level and investigate the stability and other control
analysis for state-space models, such as controllability and
observability. In [29], the stability analysis is divided into
two categories: an electric machine and converter stabil-
ity while the stability analysis divers into two techniques:
large-perturbation and small-perturbation analysis. In the
presented paper in the following discussion, the control anal-
ysis is categorized based on the functionalities: power inter-
faces’ performance in sub-systems and the power-sharing
precision.

A. SUB-SYSTEM'’S INTERFACE STABILITY

The system’s interface is the conversion of U,y to Vic
consisting of the inverter with its signal reference and filter
(either LC or LCL). Equation (1)-(2) presents the mathe-
matic model in a state-space of this interface. For instance,
the state-space is for islanded MGS with the various val-
ues used in the case study (Table 1 in Section IV) has
three eigenvalues for various line dominant impedances:
(1) L-impedance (—11,007, 0, and —1,031) when Ry, =
0  and Lj,. = 0.01 mH; (2) R impedance (—11,203,
40, and —1,014) when Ry, = 1 Q. and L, = 0 mH;
and (3) RL impedance (—11,184, —40, and —1,014) when
Riine = 1 Q and Ly, = 0.01 mH. The parameter values of
the system in Table 1 may be different from other systems.
The sub-system interface is stable either for transfer function
vic/Urer OF igrig/rer, as we can see in the root locus plot
in Fig. 4. The sub-system interface is also completely state
and output controllable.

B. SUB-SYSTEM STABILITY IN SHARING POWER
Power-sharing involves interconnection among sub-systems
as power sources that work together to supply the demand.
This sharing mechanism is not just to make sure whether
the power quality fulfills the requirements, but also
to achieve an accurate power-sharing among the sub-
systems. Equation (11)-(12) represent a state-space model of
Equation (5)-(8) with more details. The dynamics of errors
formulate the disturbance of the i- th sub-system (d), such
as K,yey or K,(w, — w, ;) for angular frequency error
dynamics (dy;) and K,e, or K., (V, — V, ;) for the voltage
error dynamics (dy;).

<L2i + Xlinel- ) <R2i + Rline,- )

—mi\ —— ) mi|o——

s| @i | = Z; + Ziine, Zy; + Ziine,
Ving L <R2,- + Riine; ) . <Lz,- + Xiine; )
' ZZ,‘ + Zlinei ' ZZ,‘ + Zlinei

P; 10| w dy;
Lol o)) [a] o
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FIGURE 4. Root Locus plot of transfer function V¢ /urer and igriq/uref
(in Fig. 2) with various line impedance.
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IV. CASE STUDY WITH PV DATA MONITORING

A. DESCRIPTION OF THE SYSTEM

Fig. 5 shows a schematic diagram of a power-sharing system
consisting of two sub-systems used as a case study. The
priority task is to achieve the power quality according to the
IEEE recommendation and a very accurate power-sharing by
controlling the sub-systems. Each sub-system has its con-
troller with the same control mechanism, DER with energy
source (ESO) and energy storage (EST), inverter with the
filter (LC or LCL), and the local load network, that may vary
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FIGURE 5. AC Microgrid system with two sub-systems as a case study
including DERs, Load, and the area EPS.

depending on the system’s dynamics (e.g., connection time).
The sharing mechanism includes the other sub-system’s load
dynamics when several sub-systems operate in parallel and
the desired power-sharing proportion for each sub-system.

A sub-system that is not connected to the main grid
(i.e., stand-alone mode) must have independent control to
ensure the desired power quality at the PCC during the
power-sharing scenario. The distributed controllers located in
each sub-system need to work in a particular mechanism to
fulfill all sub-systems’ power quality requirements.

Table 1 provides information on the system’s parameters
described in Fig. 5 as a case study in this paper. A DER
in the system basically can work independently or collab-
oratively with other DER, where the power to supply the
demand can be delivered from each sub-system or through
a power-sharing scenario.

In the presented paper, each controller located in each sub-
system, but the constant values for all the inverters involved
in the sharing are the same, such as voltage and frequency
reference, and error gains. For power-sharing/droop control
coefficients, the value will be the same if the sharing propor-
tion, otherwise they are different according to the proportion.
The status of the circuit breakers (CBs) determines whether
the system is in sharing or non-sharing mode. The connection
between ESO and EST has two modes: DC-DC coupled and
DC-AC coupled. The presented system used the first mode.
In the implementation, the DER voltage should be about 30%
of the rated voltage (i.e., 220 Vrms) and the DC-DC converter
is needed to regulate the voltage to the DC-link voltage.

B. THE SYSTEM WITH PV DATA MONITORING AND
INTERCONNECTION SCENARIOS

Fig. 6 shows the monitoring system based on a microcon-
troller (i.e., Arduino) and voltage-current sensors built to
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TABLE 1. List of parameters.

Elements Notation Details
DER 1 ESO 1 PV array (4 Series x 10 parallel modules),
each module has Pmax 125 W, Vmp 17.8 V,
Imp 7.023 A, Voc 21.36 V, Isc 7.444 A,
maximum system voltage 1,000 V.
EST 1 Lithium Ion, Nominal Voltage 48 V, Rated
capacity 140 Ah, Initial State of Charge
90%.
DER 2 ESO 2 PV array (4 Series x 15 parallel modules),
each module has Pmax 125 W, Vmp 17.8 V,
Imp 7.023 A, Voc 21.36 V, Isc 7.444 A,
maximum system voltage 1,000 V.
EST 2 Lithium Ion, Nominal Voltage 48 V, Rated
capacity 150 Ah, Initial State of Charge
85%.
Interface 1 INV 1 IGBT 2 arms
PWM 1 Single-phase full-bridge (4 pulses)
Filter 1 RI1=0.001 Q, L1 =20 mH, Cf=22 pF,

Rf=48.2288 O, R2 =0.0001, L2 =5 mH

Interface 2 INV 2 IGBT 2 arms

PWM 2 Single-phase full-bridge (4 pulses)
Filter 2 R1=0.001 ©, L1 =20 mH, Cf=22 pF,
Rf=48.2288 Q, R2 =0.0001, L2 =5 mH
CB CB Switching times: CB 1 (2s ON, 10s OFF),
switching  CBI1.1 (4s ON, 10s OFF), CB 1.2 (8s ON,

times 10s OFF), CB 2.1 (6s ON, 10s OFF), CB 2.2
(8s ON, 10s OFF)

Impedance Line 1 Rgl =0 Ohm, Lgl =0.01 mH

line Line 2 Rg2=10hm, Lg2=0.01 mH

Load Load 1.1  2.5kW, 200 VAR (Q.), 50 VAR (Qc)
Load12 750 W, 75 VAR (Qv), 25VAR (Qc)
Load 13 1.3kW, 50 VAR (Qu), 25 VAR (Qc)
Load2.1  2kW, 150 VAR (Qv), 50 VAR (Qc)
Load22 750 W, 75 VAR (Q.), 25 VAR (Qc)
Load23 600 W, 50 VAR (Qy), 25 VAR (Qo)

FIGURE 6. Developed monitoring system to collect data from PV system.

record the required data from PV systems. The sensors pre-
viously were calibrated in the laboratory before being used
for measurement by comparing it to the standard electrical
measurement tool. The monitoring data was from a PV array
module placed on the Electrical Engineering Laboratory’s
rooftop, Universitas Tanjungpura, Pontianak. In the simula-
tion, one-week data from a 125 Wp solar panel had been
multiplied to some number of modules with the same power
characteristic as the case for a larger size of a PV-system as
detailed in Table 1. Power calculation from field V-I measure-
ment for one day (24 hours) and seven days (24 hours x 7) for
one module are shown in Fig. 7(a) and (b) respectively.
The Simulation followed these scenarios:

1. At 0 — 2s, Sub-system 1 and Sub-system 2 had their
local load, 2.5 kW/150 VAR (Load 1.1. in TABLE 1)
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and 2 kW/100 VAR (Load 2.1) respectively without
power-sharing,

2. At 2 - 4s, both sub-systems were connected with
2:1 power-sharing proportion, where Sub-system 1 sup-
plied double power than Sub-system 2,

3. At 4 — 6s, more load (Load 1.2) were connected to
be 5.25 kW/300 VAR in total with the same sharing
proportion,

4. At 6 — 8s, Load 2.2. was connected and the total load
increased to 6 kW/350 VAR,

5. At 8 — 10s, Load 1.3 and Load 2.3 were con-
nected which increase the total sharing load to
7.8 kW/400 VAR in total,

6. At10-12s, the power-sharing switch was disconnected
where each Sub-system 1 and Sub-system 2 were con-
nected to load with the same scenario at 0 — 2s.

Based on recommendations in [1], when DER is con-
necting to EPS, then the following recommendation must
be fulfilled for voltage rating 0 — 500 kVA: frequency dif-
ference <0.3 Hz, RMS voltage difference <10% from the
nominal rate, and Phase angle difference <20°. Short-term
flicker (<600 s) emission should be less than 0.35 and
long-term (<2 h) emission <0.25. The individual odd har-
monic order (h) <11 is less than 4.0 %. Furthermore, tran-
sient overvoltage limits (maximum overshoot) at 0-1.6 ms
is <2 pu, at 1.6 - 3 ms is <1.7 pu, at 3-16 ms is <1.4 pu,
and at 16-166 ms is <1.3 pu. The power quality analysis in
the presented case is based on some requirements in these
recommendations.

Fig. 8-13 show the curve comparisons of the simula-
tion results from three methods with the system parame-
ters in Table 1. The results and discussion only present the
sub-systems with LC filter due to the limited space. Nev-
ertheless, the result of the sub-system with the LCL filter
was similar in overall. The nominal frequency is 50 Hz,
and the RMS voltage reference is 220 V. The impedance
line of Sub-system 1 is the dominant inductive line, while
Sub-system 2 is the dominant resistive line. The figures
present the power quality in non-sharing (0-2 s, 10-12 s)
and sharing (2-10 s) mode. The CDC method is the conven-
tional method developed to be applicable for the dominant
resistive impedance line, with the mathematic model: wj, =
or + mjAQ; for angular frequency related to the reactive
power and Vi, = V; — m;AP; for the voltage related to
the active power [8]-[13]. This model improved the more
conventional method presented in [7], which is more suitable
for a system with the dominant inductive line impedance
during power-sharing but not to the modern microgrid system
where the grid tends to be resistive especially when it is
in a stand-alone mode. The more improvement was to add
robustness to the CDC method (called as CDC-robust in the
following text) in order to have more accurate power-sharing,
the steady-state condition, and add gain (K.) were involved
in the voltage control: n,P; = K, (V, —V,) [12]. These
two previous methods have different structures depending
upon line impedance, which is dominant in the system.
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FIGURE 7. Power generated from one solar panel based on V and I data measured by loT-based sensor in Pontianak city: (a) 7 days (168 hours),

(b) the first day (24 hours).
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FIGURE 8. Comparison of active power (P) at the output terminal of
sub-system 1 (top) and sub-system 2 (bottom).

The proposed method can work properly, even when two
sub-systems has a different type of line impedance. It is also
suitable if the sub-system is not dominant to only one type,
such as the type of a line impedance is resistive and inductive
without the dominant one.

The relevant active power (P) curves in Fig. 8 shows
that the CDC method is not entirely applicable for shar-
ing mode, especially when the line impedances are differ-
ent. It produces lousy curves, especially when the sharing
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FIGURE 9. Comparison of reactive power (Q) at the output terminal of
sub-system 1 (top) and sub-system 2 (bottom).

mode is applied. The sharing quality of this method is
not decent, either even the impedance lines are the same.
The proposed method shows more accurate in an active
power-sharing than the other two methods, once we compare
them to the required power-sharing proportion (red line).
A similar feature appeared for reactive power (Q) shown
in Fig. 9. By zooming in the CDC-robust and the proposed
method results, their reactive power curves have been nearly
accurate to the required proportion, where reactive power of

177991



IEEE Access

S. D. Panjaitan et al.: Flexible Power-Sharing Control for Inverters-Based MGSs

300 T T

250 T
3 b '
> W
200 1
CDC ——— CDC-robust proposed reference
150 I | | L |
0 2 4 6 8 10 12
time (s)
300 T T
250 1
3 L
$ ¥ | T
il i T "
200 l g
CDC ——— CDC-robust proposed reference
150 I 1 I 1 .
0 2 4 6 8 10 12
time (s)

FIGURE 10. Comparison of grid RMS voltage (vg,;q) of sub-system 1 (top)
and sub-system 2 (bottom).
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FIGURE 11. The most dynamics grid RMS voltage overshoots: around 0s
when the sub-systems started to run (top) and around 10 s when the
sub-systems (bottom) disconnected from the sharing mode.
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FIGURE 12. Comparison of grid current (/g,i4) of sub-system 1 (top) and
sub-system 2 (bottom).

sub-system 1 doubled than sub-system 2 in sharing mode
(2-105).
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Grid terminal voltage like PCC should be maintained to
have a small deviation with the RMS voltage reference (i.e.,
220 V). Fig. 10 presents that the proposed method can regu-
late the grid RMS voltage, better than the other two methods.
There are some overshoots once the sub-system is connected
or disconnected to other loads, or when it changes from shar-
ing mode to non-sharing mode and vice versa. In the figure,
the highest overshoot in transient is on two points: 1) around
0 s (when the system just started) and 2) around 10 s when
the system changed from sharing mode, where all loads are
connected, to non-sharing mode, where sub-system 1 discon-
nected Load 1.1, 1.2 and 1.3, and sub-system 2 disconnected
Load 2.1, 2.2 and 2.3. As shown in Fig. 11, the zoomed-in
curves of these transients focused on only CDC-robust and
the proposed method because the CDC shows poor quality.
In the curves, the maximum overshoots (over-voltage) of the
transients are still in the range mentioned before (0 — 166 ms)
according to IEEE 1547 [1], in which the proposed method
reveals better results since it has less deviation with the set
point. The settling time due to the connection or disconnec-
tion is also acceptable during the transient on connecting and
disconnecting the loads.

Furthermore, Fig. 12 depicts the grid current waveform
during power-sharing and non-sharing scenarios. The CDC
method shows inconvenient results with more fluctuations,
while either CDC-robust and the proposed method give more
stable results with a slightly different value.

Frequency needs to fulfill the required limit of deviation
to its set point, i.e., 50 Hz (Indonesia electricity standard).
Fig. 13 presents the related frequency curves on the grid
connection, such as PCC. All presented methods could fulfill
the deviation standard requirement (i.e., 0.3 Hz). There were
spikes during connection and disconnection, but they are
still acceptable. The CDC results show continuously higher
deviations during power-sharing compared to the other two
methods.
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TABLE 2. Performance comparison of the system with LC filter.
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Performance CDC r((:)]lgfs-t P;Z)e;lgzzd Required
RMSE P, (W) 1,088.70 295.52 208.59 smaller
RMSE P, (W) 425.51 174.41 144.30 smaller
RMSE Q, (VAR) 509.35 77.87 87.67 smaller
RMSE Q, (VAR) 508.16 77.48 83.24 smaller
RMSE fgrid_1 (Hz) 0.0385 0.0327 0.0304 <0.3
RMSE fgrid_2 (Hz) 0.0375 0.0313 0.0288 <0.3
RMSE Vegrid_1 (V) 27.30 7.38 5.04 <11
RMSE Vegrid_2 (V) 17.53 8.22 421 <11
THD Vgrid_1 (%) 3.511 2.108 2.443 <3
THD Verid 2 (%) 2.199 1.886 2.326 <3
THD Igrid_1 (%) 3.505 2.906 2.449 <4
THD Igrid_2 (%) 2215 1.885 2.347 <4

More performance analysis of the curves for the sub-
systems applied LC filter is in Table 2. In general, the pro-
posed method shows a better performance, although there is
one parameter (i.e., Q1) with slightly lower performance than
CDC-robust, they fulfill the requirements much better as a
whole system. In terms of Root Mean Square Error (RMSE)
between the actual active power (P1 and P2) and the desired
active power-sharing, the proposed method shows more accu-
rate power-sharing overall with significant value, while for
reactive power-sharing, the RMSE values are slightly higher
than the CDC-robust. For the other performance indicators,
the proposed method shows better results than the other two
methods. From the curves and tabulation analysis above,
the proposed method shows better results in overall during
the sharing and non-sharing mode. The overall results of the
system using LCL filter were similar.

V. CONCLUSION

A new control method to deal with accurate power-sharing
and high-power quality based on the requirements has been
described in this paper. This method works mainly for sub-
systems (i.e., MGS) that operate inverters in parallel. The
simulation results compared CDC, CDC with robustness, and
the proposed method, show that the proposed one has better
results in overall performances, either in power-sharing or
non-sharing mechanisms, including transient during connec-
tion and disconnection. The references for grid voltage devi-
ation/THD, current deviation/THD, and frequency deviation
were based on the IEEE recommendation (IEEE 1547). For
a case study, two inverters have been considered, where each
located in different sub-systems. Both can work in parallel
or independent depending on the circuit breaker status. They
have to supply the local loads either in sub-system 1 or 2,
according to connection and disconnection scenarios. One
of the advantages of the proposed method is its flexibly use
in different line impedances without changing the control
structure, while the other two methods, the droop control
structure must be modified depending on the dominant type
of impedance. The proposed method also offers the flexibility
to determine various power-sharing proportions by consider-
ing the capacity of the power source as the constraint.
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