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ABSTRACT With the growing shift toward renewable energy, attention focused on the disadvantages of
current control inverter-based distributed generators, such as lack of grid-forming ability and inertia. To pro-
vide inertia support and grid-forming ability, virtual synchronous generators (VSGs) have been proposed.
Various control methods related to VSGs have been reported, and various research challenges have been
evaluated. However, only a few experimental demonstrations have been addressed. Recommended practices
for VSGs were launched as IEEE Standard Project 2988 on March 25, 2021, with VSGs considered to be
a new technology that is nearly ready to be put into practical use. Therefore, experimental demonstrations
on a real-scale grid are important for establishing a technical standard for VSGs. In this study, a grid was
built by simulating an actual microgrid on an approximately 1:1 power capacity scale. In the simulated grid,
125 kVA was provided by a diesel SG, five 20 kVA inverters with a battery energy system (BES) were used,
and the power generation penetration of the inverter BES units achieved 44.4%. Six different penetration
scenarios for operation of a grid forming inverter with BES (GFM-BES) and a grid following inverter with
BES (GFL-BES) were evaluated comparatively. System inertia, and transient and steady state power sharing
characteristics affected by different degrees of GFM-BES penetration under a sudden load change were
demonstrated. Moreover, characteristics related to grid forming, synchronization, frequency regulation, and
power regulation were demonstrated through field tests. The simulations and experiments also evaluated
the inertia constant of a diesel SG, which is expected to be helpful for future simulations on this topic. The
findings of this paper provide important instructions for engineers to model, design, and test distributed
generators.

INDEX TERMS Distributed power generation, microgrid, diesel synchronous generator, virtual synchronous
generator (VSG), parallel operation, grid-forming, inertia, experiment demonstration.

I. INTRODUCTION
Against a background of concerns about global climate
change due to CO2 emissions and fossil fuel resource
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depletion, distributed renewable energy power generation
systems, such as solar power generation and wind power
generation, have been developed in recent years [1]–[10].
Distributed renewable sources are connected to the grid via
power inverters. Moreover, almost all of the grid-connected
inverters are grid-following inverters (GFLs). GFLs need a
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well-defined external voltage that allow their phase-locked
loop (PLL) to follow the voltage, frequency, and phase in
order to synchronize the inverter to the grid [1]. Although
GFLs have the advantage of a faster response compared with
conventional synchronous generators (SGs), two drawbacks
have been noted for GFLs. First, they do not have an iner-
tial ability and cannot form a grid, and this has limited the
penetration of GFLs in power systems up to now. As the
penetration of GFLs increases, this will reduce the inertial
ability and synchronization force of the entire system. It is
difficult for a low proportion of SGs to maintain the system
frequency, and the stability of the system will be reduced.
Second, GFLs cannot work in a stand-alone mode. Because
the control method for GFLs needs a PLL to synchronize the
inverter to the grid, GFLs are not able to black start.

To maintain a healthy grid, a variety of grid-forming
methods have been developed. Inverters with grid-forming
controllers are called grid-forming inverters (GFMs). GFMs
allow GFLs, other GFMs, and SGs to coexist in the same
system [2]. GFMs can be categorized as droop control invert-
ers [3]–[6], virtual synchronous inverters [7]–[30], and virtual
oscillator inverters [31].

Droop control inverters can imitate the steady-state charac-
teristics of SGs, as originally proposed in [3]. These inverters
introduce a linear trade-off between active-power frequency
and reactive-power voltage [4]–[6]. When applied to micro-
grid systems, droop control inverters usually contribute to the
primary control, in which the steady-state power sharing of
parallel inverters depends on the capacity of the inverters and
the droop slope rate.

Droop control inverters can improve the power sharing
ability and stability of a system. However, systems with
droop control inverters still do not have inertial support, and
transient changes are not satisfactorily controlled. To enhance
the inertial ability of power systems, virtual synchronous
machines (VSMs) [7]–[10], synchronverters [11]–[14], and
virtual synchronous generators (VSGs) [15]–[22] have been
proposed. Specifically, these methods imitate mainly the
body model of an SG, active-power and frequency regulation,
and the characteristics of reactive-power voltage regulation.
Therefore, these methods allow inverters to be operated as
traditional SGs in terms of the operating mechanism and
external characteristics. Current-controlled VSMs were first
proposed in [7], which simulated mainly the swing equation
of the SG by external characteristics and did not simulate
the voltage regulation characteristics of an SG. Furthermore,
technology in [8]–[10] can better reflect the whole operating
characteristics of SGs.

However, current-controlled VSMs are equivalent to a
current source, and they cannot easily provide voltage
and frequency support for the system. To make up for
the shortcomings of current-controlled VSMs, voltage-
controlled virtual synchronous inverter technology has been
proposed [11]–[28]. Some proposed synchronverters incor-
porate the dynamic model of the AC side of the inverter,
and at the same time consider the electromechanical and

electromagnetic transient characteristics of the SG [11]–[13].
Such synchronverters realize the physical and mathematical
model equivalent of the SG very well. They can also realize
the self-synchronization operation of the inverters without
a PLL [14]. However, the second-order model used in syn-
chronverters is complex, and a huge number of parameter set-
tings are needed. AVSG [15]–[22] used as a first-ordermodel
that is based mainly on the mechanical transient characteris-
tics of the SG has been reported. It improves the stability of
the system frequency by imitating the inertia of the rotor and
the frequency control characteristics of the SG. In terms of
voltage control, the reactive power and voltage relationship is
considered to stabilize mainly the output voltage. The power
controller and voltage frequency controller give the VSG the
dual functions of power control and frequency modulation.
Although the principle of the VSG is the same, the basic
control method is not unique. Various control methods related
to VSGs have been reported, including frequency and voltage
control [15]–[20], system protection [21]–[24], fault ride-
through and system recovery [25]–[26], and modeling and
simulation [27]–[28].

Various research challenges for VSGs have been discussed
in the literature cited above. However, only a few experimen-
tal demonstrations have been reported. The IEEE Standard
Project 2988 for VSGs was launched on March 25, 2021, and
it is considered to be a new technology that is nearly ready
for practical use. Therefore, experimental demonstrations on
a real-scale grid are important for establishing technical stan-
dards for VSGs. A small-scale microgrid field demonstration
with five VSGs was implemented in [14]. The autonomous
operation of a home grid to achieve tight voltage and fre-
quency regulation was demonstrated without relying on a
communication network. However, the home grid did not
contain an actual SG, the parallel operation characteristics of
VSGs and SGs were not clarified, and control of transient
phenomena were not discussed. Reference [29] discussed the
parallel operation characteristics of VSGs and SGs, and [27]
discussed the transient characteristics of VSGs in parallel
with SGs. However, the SGs in [27] and [29] were motor
generators, which are usually used for experiments in the
laboratory. The characteristics of VSGs with a real SG are
not clear. Referene [30] characterized a real stand-alone gas-
engine generator using a VSG and energy storage system, but
in a small-scale system.

Motivated by the above issues, the following novelties are
presented to contribute to the body of knowledge.

1) We proposed a large-scale microgrid structure for
operational evaluation. The microgrid consists of
VSGs and a real diesel SG, which was constructed
based on a real local microgrid. Almost the same
power generation capacity and load change as a real
local microgrid are used for experiments and eval-
uation. Moreover, the proposed microgrid increased
the penetration ratio of inverters to 44.4%, which
can offer a new style of distributed power generation
system.
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2) Because the rotor inertia constant of a diesel SG is
not clearly established, we inferred the approximate
inertia constant of the diesel SG from the experimen-
tal results in SG stand-alone mode. The SG model
was constructed and the inferred inertia constant is
then compared with the fitted inertia constant in the
simulation for verification. This is expected to be
helpful for simulations by other researchers on this
topic.

3) A sudden-load-change demonstration experiment was
implemented, and the characteristics of grid forming,
synchronization, frequency regulation, and power shar-
ing were demonstrated through field tests.

4) We proposed an evaluation scheme. The inverter with
battery energy system (inverter-BES) could operate in
grid forming inverter with BES (GFM-BES) mode or
grid following inverter with BES (GFL-BES) mode.
Under the parallel operation of the five 20-kVA
inverter-BES and the 125-kVA SG, six different com-
binations of GFM-BES and GFL-BES operation were
evaluated comparatively. Different cases demonstrated
that the system inertia was improved by increasing the
penetration ratio of GFM-BES.

5) Autonomous operation of the simulated grid to achieve
frequency and power regulation were demonstrated
without relying on a communication network.

6) We verify the inertial frequency step response by eval-
uating the frequency nadir and rate of change of fre-
quency (RoCoF) of the experimental results, which
demonstrate the actual inertial characteristic in the
microgrid contained a diesel SG.

7) The actual transient and steady-state power sharing
characteristics in the microgrid under different pene-
tration ratios of GFM-BES are analyzed and demon-
strated.

8) There were some findings learned from the actual tests
that were not predicated by the simulations. Because
the inertia constant of the 125-kVA SG is very small,
a large load change may cause the inverters to shut
down for protection in low GFM-BES penetration ratio
cases. The step response delay of the diesel SG is
not constant because of its actual mechanical charac-
teristics, and the delay varies between different load
changes. The high quality BES can recharge very
quickly to provide inertial energy

The remainder of this paper is organized as follows. The
architecture and control scheme of GFM-BES are introduced
in Section II. The simulated microgrid used for the demon-
stration is shown in Section III. In Section IV, the inertia of
the diesel SG used in the demonstration experiment is tested,
and the inertia constant is inferred by experimental results
and simulation tuning. In Section V, parallel demonstration
experiments of SG and inverter-BES are implemented. Sys-
tem inertia, and transient and steady state power sharing are
discussed for different SSI-BES penetration ratios. Finally,
conclusions are made in Section VI.

FIGURE 1. Basic topology of GFM-BES.

II. PRINCIPLE OF VOLTAGE-CONTROLLED GFM-BES
A. BASIC TOPOLOGY OF GFM-BES
In this paper, the GFM-BES consists of a 15-kWh lithium-
ion battery (Toshiba SCiBTM), a DC/DC converter, and a
three-phase 202-V/20-kVA inverter. These were installed in
a 1,200 × 530 × 1,715 mm frame. The main circuit of the
GFM-BES is shown in Figure 1, where uabc, eabc, and iabc
are the GFM-BES three-phase output voltage, induced elec-
tromotive force, and three-phase output current, respectively;
Rs and Ls are the equivalent stator resistors and equivalent
synchronous inductors, respectively; and Pe and Qe are the
real power and reactive power output by the GFM-BES,
respectively.

The control system consists mainly of themain bodymodel
and a control algorithm. The main body model simulates
the mechanical motion characteristics of the synchronous
generator from the operating mechanism, and the control
algorithm simulates the external characteristics of the SG,
such as the active power-frequency adjustment characteristics
and the reactive power-voltage adjustment characteristics.

B. CONTROL SCHEME OF GFM-BES
Figure 2 shows a schematic block diagram of the GFM-BES
control algorithm [21]. The inertial force and braking char-
acteristics of the rotor are simulated based on the equation
of motion of the SG rotor in (1). The active power and
frequency control operation by the droop governor can be
represented by (2), where J is the inertia moment, ωmea is
the system angular frequency, ωref is the command value
of system angular frequency, Tm is the mechanical torque,
Te is the electrical torque, Td is the braking torque, Pref is
the command value of active power, Pmea is the output active
power, kdroop is the droop rate of the governor, and 1P is the
load sudden change.

Tm − Te − Td =
Pref + Pdroop − Pmea

ω
= J

dωmea

dt
(1)

1P = (ωref − ωmea)
1

kdroop
(2)

The unit inertia coefficient M can be calculated from (3)
and (4), where M0 is the inertia coefficient and Pbase is the
base power for per unit (pu) calculation.

M0 = Jω2
ref (3)
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M =
M0

Pbase
(4)

The GFM-BES receives the values of the frequency com-
mand, active power command, voltage command, and invalid
power command from the host control system, such as an
energy management system (EMS). The inertia imitation
unit consists of a first-order delay 1/(1 + 8 s) and phase
compensation (1 + 0.16 s)/(1 + 0.04 s) for open-loop phase
margin, assuming a unit inertia coefficient of 8 s as a general
synchronous generator. The output phase signal δ is then
calculated through integration of the command angular fre-
quency and deviation angular frequency.When an GFM-BES
unit is started, the phase of the system-side voltage is detected
and that phase is set as the initial value at startup. This
eliminates the difference between the voltage phase generated
by the inverter at startup and the phase on the system side,
enabling synchronous startup without transient phenomena.
The three-phase voltage signals Va, Vb, and Vc are created
from the phase signal δ and the voltage amplitude signal E
given by the voltage control unit. The three-phase voltage
signal is transferred to the pulse width modulation (PWM)
block, and the on/off pulse of each arm of the inverter is
determined.

As with the SG, droop control is added and is performed so
as to contribute to maintaining the frequency of the system.
In voltage control, the voltage at the point where the inverter
is connected with the system side is controlled to be constant.
Reactive power control is implemented in the same way as
in the SG. This GFM-BES operates in parallel with the SG.
During operation, neither the PLL that detects the phase of
the voltage on the system side nor the current control is used
for the inverter. Each GFM-BES unit generates a three-phase
voltage and operates in synchronization with other power
sources, such as the SG. Because the GFM-BES is designed
to imitate an SG, it continues to operate until its own device
protection is activated. Therefore, the fault ride through (FRT)
function is not implemented. In addition, GFM-BES has the
same characteristics as a generator and is treated with the
same considerations, so the independent operation detection
function is not implemented.

III. DESCRIPTION OF THE IMITATED MICROGRID
A. MICROGRID CHARACTERISTICS
The inverters had two control modes, GFL-BES mode and
GFM-BES mode. All the GFM-BES units are equipped with
a self-synchronized droop controller with many advanced
functions, including black-start and grid-forming capabili-
ties, self-synchronization without a PLL, voltage and fre-
quency regulation, and power-sharing control. The purpose
of the developed GFM-BES was to achieve stable operation
in off-grid locations, microgrids, or islands with over 70%
penetration rate of renewable energy sources in the future,
and contribute to CO2 emission reduction. In particular,
in conventional research and development, installing a large
battery storage system in one place is efficient for large-scale
systems such as power transmission and distribution systems

FIGURE 2. Block diagram of GFM-BES control algorithm.

where power demand and power supply configurations do not
change easily. However, in islands and microgrids, it is con-
sidered difficult to apply a large-scale system from the point
of view of ensuring the flexibility of system construction.
In contrast, the approach of installing a battery storage system
in a small and distributed manner is suitable for flexibly
changing the system configuration according to changes in
the supply and demand.

Therefore, GFM-BES is thought to be suitable for applica-
tion in relatively small-scale grids, such as new regional elec-
tric power systems and off-grid locations. The battery packs
store energy when the load demand is less than the generation
capacity, and release energy when the load demand is greater
than the capacity.

The microgrid used for the demonstration experiment was
built based on a real microgrid in Mutsuzawa, Japan. The
semi-microgrid in Mutsuzawa consists of two SG 80-kVA
units, a 20-kW PCS-PV system, and a load (20 home units).
Based on the real load fluctuation data in Mutsuzawa shown
in Figure 3, a nearly 50-kW-scale load changes occur over
a short time. The simulated microgrid was built with the
microgrid architecture and simulated using a diesel SG and
GFM-BES units at approximately 1:1 power capacity scale
with Mutsuzawa, and was operated under the same load
changes. In the simulated grid, inverter-BES units are used
instead of part of the SG capacity, and the inverter-BES

FIGURE 3. Real load change data of Mutsuzawa, Japan, over 23 min.
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units achieved a power generation penetration of 44.4%. The
configuration of the simulatedmicrogrid is shown in Figure 4.
In this study, an experimental demonstration based on the real
power capacity scale model was implemented.

FIGURE 4. Configuration of the simulated microgrid (MCCB =

molded-case circuit breaker).

B. CONFIGURATION OF THE IMITATED MICROGRID
Figure 4 shows the microgrid system comprising a 125-kVA
SG, which is the main power generator of the microgrid, and
five 20-kVA inverter-BES units. The voltages of the inverters
are set to 202 V for the voltage drop of the transmission lines.
Because proof of concept (PoC) safety management is diffi-
cult if the power grid is set to 6.6 kV, the power grid was set
to 400 V. Considering the flow ability of the transformer, a Y
connection node was used for the bus side. The neutral point
of the Y connection side floated. Three 50-kW three-phase
devices were connected in parallel as the load. To confirm the
effect of the transformer, one of the five inverter-BES units
was connected under a 50-kVA transformer. Figure 5 shows
the 125-kVA diesel generator, for which the terminal voltage
was set to 440 V and the operation frequency was 50 Hz.
Figure 6 shows the demonstration environment, which was
housed in a shielded room. Field operation of the microgrid
was performed to demonstrate the operation of the system:
(1) Evaluation of the inertia constant of the diesel SG by

FIGURE 5. 125-kVA diesel synchronous generator.

FIGURE 6. Demonstration environment in a shield room.

simulation and experiment; (2) Multiple GFM-BES units in
parallel with diesel SG and GFL-BES to respond automati-
cally to load fluctuationswithin a few secondswithout relying
on a communication network; (3) Many advanced functions,
namely, grid forming, synchronization, frequency regulation,
and power sharing; (4) Confirmation of the inertial effect
on frequency fluctuations according to sudden load changes
under the cases of different ratio of GFM-BES penetration;
(5) Confirmation of the effect of the impedance of the trans-
former; (6) Confirmation of power sharing in transient and
steady states.

C. FREQUENCY MEASUREMENT
The grid frequency was calculated by counting the number of
zero crossings of the grid voltage. A moving average method
was then implemented for the frequency average calculation
to reduce error. It is important to select an appropriate sam-
pling frequency for the measurement instruments and select
an appropriate interval time for the moving average method.
In this study, a power scope with a sampling frequency of
50 k/s is selected for grid voltage measurement. Because the
commanded grid frequency is 50 Hz, the interval range for
the moving average calculation was set to 100 points. This
means that the frequency is refreshed every 0.002 s after
the moving average calculation. Because the grid frequency
changes every 0.02 s, the frequency calculation is thought to
be accurate.

IV. GFM-BES AND DIESEL SG IN STAND-ALONE MODE
Because demonstration experiments in the field of power
systems are expensive and difficult to implement for many
researchers, simulation is an important research method, and
parameters that closely approximate real equipment are very
important for accurate modeling and simulations. For exam-
ple, according to the standard system model of the Institute
of Electrical Engineers of Japan, the rotor inertia constant
of a large-capacity thermal power generator is between 7 s
and 10 s. It is convenient to use this value for a large-
scale grid simulation. However, the rotor inertia constant
of the small-capacity power generators used for small-scale
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TABLE 1. Parameters of GFM-BES and diesel SG.

FIGURE 7. Frequency regulation of GFM-BES operating on stand-alone
mode.

grids, such as microgrids, has not been clearly established.
This section describes how the rotor inertia constant of the
125-kVA diesel SGs used in small-scale microgrids was
surveyed by calculating from the experimental results. The
calculated results were compared with simulation results.

A. GFM-BES IN STAND-ALONE MODE
First, simulation of the GFM-BES stand-alone mode was
implemented to compare the result with the experimental
result. Parameters for the GFM-BES are shown in Table 1.
The active power command value for the GFM-BES was
20 kW, and the load change was 20 kW. As shown in Figure 7,
the slopes of the frequency decrease in the simulation result
and experimental result are almost the same. This confirms
that the GFM-BES operated as designed.

B. SG IN STAND-ALONE MODE
The parameters of the SG as taken from the nameplate are
shown in Table 1. Because the rotor inertia constant of diesel
SGs has not been clearly established, the approximate inertia
constant of the diesel SG is inferred from the experimental
results. The inferred inertia constant is then compared with
the fitted inertia constant in the simulation.

The inertia constant can be calculated based on the swing
equation of the SG rotor as shown in (5) where M is the unit
inertia constant, ωmea is the system angular frequency, Tm is
the mechanical torque, Te is the electrical torque, Td is the
braking torque, Pm is the mechanical power of SG, Pmea is
the electrical output of the active power, and Pd is the braking
power.

Tm − Te − Td =
Pm − Pmea − Pd

ωmea
= M

dωmea

dt
(5)

Equation (6) is defined for the case of a sudden load change
1P occurring. The braking power Pd is ignored for simplicity
of calculation.

1P = Pm − Pmea = Mωmea
dωmea

dt
(6)

Three cases of sudden load change experiments, for
changes of 20 kW, 30 kW, and 50 kW are implemented for
determining the inertia constant. The frequency regulation of
the SG operating in stand-alone mode is shown in Figure 8
for the three cases. Based on (6), the change in frequency
over 0.1 s was used for the calculation. The instantaneous
frequency and frequency deviation and the calculated inertia
constant of the three cases are summarized in Table 2. Note
that all of the parameters in the calculation use the pu value.
The inertia constant of the diesel SG is approximately 1.5 s.

FIGURE 8. Frequency regulation of SG operating on stand-alone mode in
three cases load change experiment.

TABLE 2. Inertia calculation of SG from experimental results.

The SG model shown in Figure 9 is studied in the simu-
lation. The model was also built based on the swing equa-
tion of the SG rotor. The delay of the power regulation is
emulated by Tsg. The SG parameters in the simulation are
summarized in Table 3. Like the experiment, three cases of

FIGURE 9. Block diagram of SG control algorithm used in simulation.
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TABLE 3. Parameters of SG in simulation.

sudden load changes of 20 kW, 30 kW, and 50 kW were
implemented to evaluate the inertia constant. A fitted inertia
constant of 1.12 s was obtained by tuning the parameter of
M in Figure 9. Because the rotor inertia constant of diesel
SGs has not been clearly established, the parameters of the
SG model in MATLAB were used for reference. As shown in
Table 4, 0.34 s was assumed for the default inertia constant of
the 125-kVA diesel SG. When the load change is 50 kW, the
simulation and experimental results of the SG in stand-alone
mode are compared. Comparisons of SG with the default
inertia constant 0.34 s, and the fitted inertia constant 1.12 s,
and the experiment results are shown in Figure 10. With the
default value, the frequency slope of the simulation is smaller
than that of the experimental results. With a fitted inertia
constant of 1.12 s, the frequency slope of the simulation
matches the experiment very well.

FIGURE 10. Frequency regulation of SG operating on stand-alone mode in
three cases load change experiment.

TABLE 4. SG parameters in MATLAB model.

The difference in the inertia constant of the SG between
the value calculated from the experimental results and the
value obtained by fitting to the simulation is probably due to
differences between the calculation and the real mechanical
characteristics of the actual diesel SG. This paper discusses
only the effect of the rotor inertia constant, and studying the
effect of other parameters is planned as future work. The
inertial constant of the 125-kVA diesel SG is considered to
be around 1.12 s.

The frequency regulation of an SG operating in stand-alone
mode in the simulation is shown in Figure 11 for the three
cases. Compared with the experimental results in Figure 8,
it can be seen that the time to reach the minimum frequency
is the same in the simulation but different in the experiment.
The time to reach the minimum is affected mainly by TSG,
which is the power regulation delay. Although it is a constant
value in the simulation and the delay in a real diesel SG is
controlled by an electric governor, the load change response
speed is also affected by the value of the load change. This is
one lesson learned from the demonstration experiment.

FIGURE 11. Frequency regulation of SG operating on stand-alone mode in
three cases load change simulation.

V. GFM-BES IN PARALLEL WITH GFL-BES AND A
DIESEL SG
The developed GFM-BES units can be switched to GFL-BES
mode, which is a normal current control inverter mode, by set-
ting the control software. Under the parallel operation of
five 20-kVA inverter-BES units and the 125-kVA SG, the
penetration ratio of GFM-BES and GFL-BES was changed in
six cases. The response to load changes of the SG, GFM-BES,
andGFL-BESwere compared for system inertia evaluation in
a sudden load change experiment.

A. RESULTS FROM FIELD OPERATIONS
The parameters of the GFM-BES units and diesel SG are
shown in Table 1. The experimental conditions are shown
in Table 5. The initial load was 72 kW. All of the active
power reference values of the inverters were set to 6.4 kW,
with the remaining 40 kW shared by the SG. The rotor speed
of the SG was adjusted by operating the operation panel
of the SG until a grid frequency of 50 Hz was achieved.
At this moment, the active power command value of the SG
was 40 kW theoretically. This is considered the initial state.

TABLE 5. Experimental conditions.
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Because the inertial constant of the GFM-BES is 8 s, 10 s of
data were taken by power scope for each experiment.

In case 1, five GFL-BES units and one SG were oper-
ated in parallel. The load changed from 72 kW to 120 kW
at t = 1.5 s, and the power sharing and frequency change
are shown in Figure 12. Because the GFL-BES units do not
have inertia, it was found that even if the load fluctuated
at t = 1.5 s, the GFL-BES output followed the reference
value of 6.4 kW without sharing the load. The load sharing
of the SG is 90 kW, which is equivalent to 0.4 pu of power
generation capacity. As the load increases, the grid frequency
gradually drops due to the inertia of the SG, and finally has
a significant transient drop to 47.6 Hz. It can be concluded
that the inertia of the diesel SG is very small. After this, the
synchronous force of the SG accelerates the rotor, and the grid
frequency returns to 49.47 Hz due to the frequency drooping
characteristics in steady state.

FIGURE 12. Case 1: Power sharing and grid frequency change for five
GFL-BES units, zero GFM-BES units, and one SG.

The power sharing and frequency change in case 2 are
shown in Figure 13. The active power reference value of the
GFM-BES is 6.4 kW. Because the grid frequency is 50 Hz
until t = 1.5 s, the actual output of the GFM-BES units is also
6.4 kW, as commanded. The output of theGFL-BES units still
follows the reference value of 6.4 kWwithout sharing the load
change. After the load change at t = 1.5 s, the load is shared
by one GFM-BES unit and the SG together. At the moment of
load fluctuation, the GFM-BES and SG share the load fluc-
tuation at the same time by the mutual synchronization force.
After this, the output of the GFM-BES gradually increases,
and the output of the SG gradually decreases. However, due
to the low inertia of the diesel SG, the frequency deviation
is very large during transients. Due to the droop control
and inertia of the GFM-BES, the output of the GFM-BES
keeps increasing to regulate the frequency deviation. Finally,
it reaches the overload protection limit and shuts down the
inverter. Although the load change of 48 kW, which is equiva-
lent to 0.213 pu of the power generation capacity, is not large,
it should be noted that the inertia of the diesel SG is too low
and may cause GFM-BES shutdown when GFM-BES units
operate with a diesel SG.

FIGURE 13. Case 2: Power sharing and grid frequency change for four
GFL-BES units, one GFM-BES unit, and one SG.

The power sharing and frequency change in case 3, where
twoGFM-BES units are active, are shown in Figure 14.When
the frequency was 50 Hz before t = 1.5 s, the droop control
of the GFM-BES did not operate and the GFM-BES output
before t = 1.5 s is the same as the commanded value of
6.4 kW. The GFL-BES operated in the same way as discussed
above. When the load suddenly changed at t = 1.5 s, the
GFM-BES and SG start to share the load change due to
the mutual synchronous force. The GFM-BES output then
increases gradually, and the SG output decreases gradually
until both reach a steady state. Load sharing of SG and
inverters in the steady state can be calculated based on (7)
and (8), where 1P is the total load change, Pni is the rated
power of each power generation device, 1Pi is the power
sharing of each power generation device, Kdroopi is the droop
rate of each device. fn is the based frequency, and 1f is the
frequency deviation in the steady state.

1f
[
pu
]
= −Kdroop1

1P1
Pn1
= . . .− Kdroopn

1Pn
Pnn

(7)

1P = 1P1 +1P2 + . . . 1Pn (8)

FIGURE 14. Case 3: Power sharing and grid frequency change for three
GFL-BES units, two GFM-BES units, and one SG.
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FIGURE 15. Case 4: Power sharing and grid frequency change for two
GFL-BES units, three GFM-BES units, and one SG.

Eliminate 1f from (7) and (8), so that

1Pi =

 Pni
Kdroopi∑n
j=1

Pnj
Kdroopj

1P (9)

Because the droop gain of the GFM-BES and SG units
is the same as shown in Table 1, the load sharing in the
steady state is proportionally shared with the rated power of
each power generation device. In the steady state, the load
sharing calculated from (9) is 12.2 kW for the GFM-BES and
76.3 kW for the generator, which matches the test results in
Figure 14. It was confirmed that the GFM-BES units could
share the load power autonomously. When the load suddenly
changed at t = 1.5 s, the frequency gradually decreased to
48.68 Hz due to the inertia of the power generation device,
the frequency increased due to the synchronization force
of the power generation device, and the system frequency
returned to 49.53 Hz due to the frequency drooping char-
acteristic. By increasing the penetration ratio of GFM-BES
in the system, the inertia of the system could be increased
and the frequency deviation during transients could be
suppressed.

Three GFM-BES units were implemented in case 4.
The power sharing and frequency regulation are shown in
Figure 15. In the case where the load changed to 48 kW,
the maximum transient power sharing of each GFM-BES
unit was 17.7 kW, and the maximum frequency deviation
was 0.93 Hz. Increasing the penetration ratio of GFM-BES
significantly improved the stability of the system. The power
sharing and frequency change in cases 5 and 6 are shown in
Figures 16 and 17, respectively. The number of GFM-BES
units in the system increased from four to five. The frequency
nadir reduction effect by GFM-BES due to inertia imitated
control was further confirmed.

B. EFFECT OF TRANSFORMER IMPEDANCE
The active power output of each GFM-BES unit when all
five units were operated in parallel is shown in Figure 18.
All five GFM-BES units have the same characteristics. Four

FIGURE 16. Case 5: Power sharing and grid frequency change for one
GFL-BES unit, four GFM-BES units, and one SG.

FIGURE 17. Case 6: Power sharing and grid frequency change for zero
GFL-BES units, five GFM-BES units, and one SG.

FIGURE 18. Load sharing comparison of each GFM-BES in case 6.

GFM-BES units are connectedwith a transformer with a rated
power of 150 kVA, rated voltage of 440 V, and impedance of
3.71 %, and one GFM-BES unit is connected with a trans-
former with a rated power of 50 kVA, rated voltage of 440 V,
and impedance of 3.28 %. As shown in Figure 18, the
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transient and steady-state characteristics of each GFM-BES
unit are almost the same, confirming that the influence of
different transformer impedance is small.

C. INERTIA EVALUATION VERSUS GFM-BES PENETRATION
RATIO
Evaluation of the inertial effect for different GFM-BES
penetrations ratio is discussed in this section. Frequency
regulation with different GFM-BES penetrations is shown
in Figure 19. In the case of one GFM-BES unit, the load
fluctuation exceeds the surplus capacity of the GFM-BES,
and as shown in Figure 13, the GFM-BES is inactivated by
the protection function. Thus, case 2 was excluded from the
comparison. It was confirmed that when the load changed, the
GFM-BES contributed to frequency adjustment. One index
for evaluating the inertia is the minimum frequency nadir.
As the penetration ratio of the GFM-BES increases, the
frequency nadir increases significantly. Compared with zero
and five GFM-BES units, the minimum frequency nadir with
respect to load fluctuation could be reduced by 1.75 Hz. The
frequency nadir in different cases is summarized in Table 6.

FIGURE 19. Frequency regulation with different penetrations.

TABLE 6. Inertia evaluation.

The other evaluation index of inertia is the rate of change of
frequency (RoCoF). The RoCoF evaluation index is defined
as the frequency reduction rate at the time of system upset as

FIGURE 20. RoCoF index and Frequency nadir with different penetrations
ratio of GFM-BES.

shown in (10).

RoCoF =
1f

1t
(10)

The grid code RoCoF limit in English and Ailland is 1 Hz/s
(1t is 0.5 s); in Germany is 2 Hz/s (1t is 0.5 s); in Spain,
Italy and Denmark is 2 Hz/s (1t is 1 s). However, the gird
code RoCoF limit in Japan has not been decided. According
to grid interconnection regulations, power generation devices
need to be able to tolerate (continue to operate) under a
frequency fluctuation of 2 Hz/s (the fault ride-through regu-
lation). In this study,1t= 0.1 s is used for the RoCoF calcu-
lation by giving consideration to the minimum detection time
in this paper. It is assumed that distributed power generation
devices follow this regulation. The RoCoF in different cases
is summarized in Table 6.

In case 1 and case 3, the RoCoF is over 2Hz/s. In particular,
twoGFM-BES units are active in case 3, andwhen the RoCoF
exceeds 2 Hz/s, the distributed power generation devices are
consecutively dropped, further reducing the frequency that
may lead to a blackout. In case 4, the GFM-BES penetra-
tion is 26%, and operation is considered to be stable even
when a large load change occurs either on-grid or off-grid.
It was confirmed that increasing the GFM-BES penetration
can improve the inertia of the power system. The trend
of the frequency change rate and frequency nadir due to
the different GFM-BES penetrations ratio are compared in
Figure 20. It can be found that the RoCoF will lower
than 2 Hz/s if the penetration ratio of the GFM-BES is over
20%. The frequency change rate of the generation system is
reduced significantly, and the frequency nadir is increased
significantly by increasing the GFM-BES penetration, which
also verified that system inertia increases with increasing the
GFM-BES penetration ratio.

D. POWER SHARING EVALUATION VERSUS GFM-BES
PENETRATION RATIO
Load sharing of one GFM-BES unit and an SG with differ-
ent GFM-BES penetrations is shown in Figures 21 and 22,
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FIGURE 21. Load sharing of one GFM-BES with different penetrations of
GFM-BES.

FIGURE 22. Load sharing of SG with different penetrations of GFM-BES.

TABLE 7. Power sharing evaluation.

respectively. The power sharing in transient and steady states
under different GFM-BES penetrations ratio are summarized
in Table 7. Steady state load sharing calculated based on (9)

FIGURE 23. Transient load sharing of SG and GFM-BES with different
penetrations of GFM-BES.

FIGURE 24. Steady state load sharing of SG with different penetrations of
GFM-BES.

compared with the experimental results are also summarized
in Table 7. Compared with two GFM-BES units in case 3 and
five GFM-BES units in case 6, according to the increased
system inertia, the maximum transient power sharing of
GFM-BES and SG could be reduced by 5.6 kW and 14.8 kW,
respectively. According to the GFM-BES droop control, the
load sharing of GFM-BES and SG in the steady state could
be reduced by 1.9 kW and 14.7 kW, respectively. The trend
of the transient load sharing of SG and GFM-BES with
different penetrations of GFM-BES are shown in Figure 23.
The transient load sharing reduced linearly by increasing the
GFM-BES penetration. It can be found that the maximum
transient power sharing of GFM-BES is lower than 20 kW
if the penetration ratio of the GFM-BES is over 20 %. The
GFM-BES will operate in safety because the rated power
of GFM-BES is 20 kW. The trend of the steady-state load
sharing of GFM-BES and SG with different penetrations
of GFM-BES in simulation and experiment are shown in
Figure 24. The steady-state load sharing also reduced linearly
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by increasing the GFM-BES penetration. The error between
the simulation results and the experimental results is less
than 10%.

The results confirm that it is possible for multiple
GFM-BES units in parallel with diesel SG and GFL-BES
to respond automatically to load fluctuations within a few
seconds. By increasing the GFM-BES penetration, the sys-
tem inertia and transient tolerance also improved. The
steady-state power sharing effect by the droop control of the
GFM-BES was also confirmed.

VI. CONCLUSION
In this study, a large-scale power grid simulating an actual
microgrid in Mutsuzawa, Japan was built according to the
actual microgrid architecture and simulated with an approx-
imately 1:1 power capacity scale. The grid contains SGs
and inverter-BES units. In the simulated grid, the power
generation penetration of the inverter-BES units reached
44.4%. Autonomous operation of the simulated grid to
achieve frequency regulation was demonstrated without rely-
ing on a communication network. Many advanced functions,
namely grid forming, synchronization, frequency regulation,
and power sharing, were demonstrated through field tests.
Improved system inertia and power sharing were demon-
strated by increasing the penetration of GFM-BES units for
different cases. The inertia constant of a diesel SG was
inferred from simulations and experiments to be approxi-
mately 1.12 s, which is very small. An unexpected prob-
lem also occurred, during the step load change experiment,
in which the GFM-BES shut down when the GFM-BES
penetration ratio was low because of the low inertia of the
SG.

In the microgird of this study, the penetration ratio of
the GFM-BES needs larger than 20 % to meet the RoCoF
standard for system stability.

The field trial demonstrated that the GFM-BES improved
grid stability, reliability, security, and resiliency without rely-
ing on communication networks. In the future, if the propor-
tion of renewable energy power sources increases, it should
be possible to compensate for the decrease in inertial force
by using the GFM-BES technology. This project is expected
to demonstrate a new lifestyle, with natural sustainable
resources for improved resiliency.
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