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Abstract

Since various power sources such as renewable energy and energy storage systems (ESSs) are connected to the DC grid, the
reliability of the grid system is significant. However, the configuration of an actual DC grids for testing the reliability of the
grid system is inconvenient, expensive and dangerous. In this paper, a test-bed system made up of a 20-kW DC nano grid
and a control algorithm considering an external grid based on power hardware-in-the-loop (PHIL) simulation are proposed
to demonstrate the reliability of the DC grid. Using the PHIL simulation technique, target grids can be safely implemented
with laboratory-level instruments and simulated by real-time simulators, which emulates grid operations that are similar to
the actual grid. In addition, using the proposed control algorithm, the operations of grid-connected converters are demon-
strated according to the grid-connected or islanding modes. Finally, the reliability of the simulated DC nano grid and the
effectiveness of the grid-connected converter are verified using the PHIL simulation system with 3-kW prototype converters.

Keywords Power hardware-in-the-loop (PHIL) simulation - DC nano grid - DC bus signaling (DBS) - Grid power failure -

DC/DC converter - AC/DC converter

1 Introduction

As sustainable energy becomes increasingly important due
to environmental issues, DC nano grids, like the one shown
in Fig. 1, have attracted a great deal of attention [1-3]. In
general, the total load of a DC nano grid is less than 20-kW,
which consists of distributed power, renewable energy
sources and energy storage systems (ESS) [4]. Due to the
intermittent generation of renewable energy sources, ESSs
are required to provide stable power to the grid [5-8]. In
addition, it is common to connect an external grid in order
to maintain reliability in the event of a grid power failure
[9-12].

The operations of a DC nano grid can be divided into a
grid-connected mode and an islanding mode [13]. In the
grid-connected mode, the main grid supplies electric power
to the load, while in the islanding mode, the DC nano grid
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operates independently by using an ESS or external grid
power. For the reliability of the DC nano grid, smooth mode
transition to the islanding mode is essential during grid acci-
dents such as natural disasters or sudden load increments
[14]. Therefore, seamless mode transitions between the grid-
connected mode and the islanding mode, i.e., an appropriate
control algorithm, should be prepared.

To apply a seamless control algorithm in practice, it
should be verified by experiments. However, it is difficult
to build experimental test-beds. In addition, it takes a great
deal of time and money to verify the reliability of the actual
power grid. In the past, grid interactions have been analyzed
by computer simulations, field experiments and stand-alone
hardware tests [15—17]. In the case of the computer simula-
tions, there are significant errors between simulation and
experimental results since they are only based on theoreti-
cal models in virtual space which is not the same as the
real world. In field experiments and stand-alone hardware
implementations, practical tests are limited to specific envi-
ronments due to spatial scales and cost restrictions. In par-
ticular, power tests that simulate fault conditions in a real
power grid can be dangerous. Therefore, it is difficult to
guarantee the accuracy of simulation results.

@ Springer
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Fig. 1 Conceptual structure of a 20-kW DC nano grid system

To overcome these limitations, the concept of power
hardware-in-the-loop (PHIL) simulation has been pro-
posed [18]. Unlike off-line software simulations, which
use a virtual converter model, PHIL simulations can
provide a variety of test conditions using real converter
hardware [19]. In addition, the operation of an entire grid
system can be easily simulated by considering fault condi-
tions, which cannot be performed in field experiments or
standalone hardware tests.

Several studies related to PHIL simulation have been con-
ducted [18, 20, 21]. A battery and electric vehicle based on
PHIL simulation have been proposed to show their feasibil-
ity [20]. DC grid research based on a PHIL test-bed has been
proposed [18, 21]. As reported in [21], the supply strategy
of renewable energy has been analyzed using a PHIL wind
turbine model in a DC grid. In the case of [18], a DC grid
was constructed using PHIL simulation technology and its
behavior in grid-connected and island modes was analyzed.
However, an overall test-bed for testing control algorithms
and grid fault conditions based on a PHIL simulation, which
can validate the reliability of a DC power grid, has not been
proposed yet.

In this paper, an overall DC grid test-bed system based
on the PHIL simulation technique is proposed to verify the
reliability of a 20-kW DC nano grid with grid-connected
converters. Each grid-connected converter is designed to
verify the test-bed performance for testing the autonomous
operation of the DC nano grid. Finally, using a 3-kW pro-
totype test-bed, the grid-connected mode, islanding mode
and abnormal operating conditions such as grid failures are
designed and implemented to verify the reliability of the
proposed DC nano grid.

@ Springer

2 DC nano grid test-bed

The proposed PHIL test-bed system for a DC nano grid con-
sists of an ESS system, a DC load, an AC/DC and DC/DC
converter connected to an external grid and a PHIL simula-
tion system including a PHIL AC/DC converter as shown in
Fig. 2. The PHIL simulation system is mainly used to control
the DC bus voltage, and the AC/DC and DC/DC converter
connected to external grids is used to simulate the external
grid and the renewable energy simulator according to the
mode operations of the DC nano grid.

2.1 PHIL system: PHIL AC/DC converter

The AC/DC converter plays a role in the interaction between
a DC nano grid and an AC grid. However, it is dangerous to
conduct experiments on fault conditions such as blackouts or
short-circuits. To verify stability and reliability under fault
conditions, a PHIL simulation is used to obtain the AC/DC
converter model for simulating an actual 20-kW DC nano
grid, called a PHIL AC/DC converter in this paper. Figure 3
shows the PHIL simulation model of an AC/DC converter.
An AC voltage of 220 V is supplied to a voltage source con-
verter (VSC) by stepping down 25 kV from the utility grid.
In addition, an input LC filter is added to eliminate input
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Fig.2 Conceptual structure of a PHIL simulation system
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Fig.3 PHIL simulation model of an AC/DC converter
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Fig.4 Control algorithm of the AC/DC converter used in a PHIL
simulation

Table 1 Specification of a PHIL AC/DC converter

Parameter Value
Grid voltage 220 Vrms
Grid frequency 60 Hz
DC-link voltage (DC bus) 380V
Output power 20-kW

voltage harmonics. As shown in Fig. 4, the output voltage
and current with the power factor control of the VSC are
regulated by an external voltage controller and an internal
current controller, respectively.

Table 1 shows the specification of the AC/DC converter
used in the PHIL simulator. As shown in Table 1, the AC/
DC converter gets electric power from an AC 220 V and
provides DC 380 V to the DC bus. It is modeled with a
rated power of 20-kW: 52.6 A at DC 380 V. However, the
rated current of 52.6 A in the PHIL AC/DC converter is
matched to 7.8 A in an actual manner by a power amplifier
constructed by a programmable power supply. In a labora-
tory test, the DC nano grid is designed to be 3-kW due to
lab facility limitations.

2.2 Energy storage system: current-fed dual active
bridge converter

An ESS is required to supply stable power to the DC bus
in the event of irregular power generation from renewable
energy and grid failure. In addition, the ESS absorbs electric
energy when surplus energy occurs, which can manage the
electric energy efficiently. Therefore, a bi-directional DC/
DC converter is required to charge and to discharge electric
power [22]. In this paper, a current-fed dual active bridge
(CF-DAB) converter, as shown in Fig. 5, is used for regulat-
ing bi-directional power flows since this topology has several
advantages. It can obtain a unit voltage gain based on the
pulse width modulation of the battery side switches, which
allows the switches to achieve zero voltage switching (ZVS).
In addition, the CF-DAB converter can reduce current rip-
ples on the battery side due to its inductive filters. The power
flow transition is smooth and simple by using single-phase
shift modulation (SPSM). The design specification of the
proposed CF-DAB converter is shown in Table 2.

Battery Side DC Bus Side
5 S +Vbc sus
1 3 Q Qs
"F 53 BF 5
I “DC1 las
=Cq
Fig.5 Circuit diagram of a current-fed DAB converter
Table 2 Specification of a CF-DAB converter
Parameter Value
Input voltage (ESS) 50-60 V
Output voltage (DC bus) 380 V
Output power 1-kWh

In the grid-connected mode, the ESS is charged and dis-
charged through the CF-DAB converter according to the
load conditions. In the islanding mode, the power flow from
the main grid is stopped, and the DC bus voltage decreases.
The DC bus voltage can be controlled by the ESS through
the CF-DAB converter. In this paper, the islanding mode
means that the main grid controlled by the PHIL simula-
tion system is under a blackout. Then the DC bus voltage
decreases and the ESS becomes the main voltage source to
regulate the DC bus. If the electric energy stored in the ESS
is infinite, the DC nano grid can operate well in the island-
ing mode. However, the energy capacity of an ESS is finite.
When the ESS is fully discharged, the DC bus voltage cannot
be regulated by the ESS.

2.3 External grid and renewable energy simulator:
AC/DC and DC/DC converter

2.3.1 External grid mode

To prevent blackouts of the DC nano grid, the external grid
connected to the DC nano grid is additionally configured
as shown in Fig. 1. In this paper, the feasibility of the DC
nano grid linked to the external grid is verified. In addition,
it is shown that the proposed test-bed is more reliable when
compared with the conventional DC nano grid by using the
proposed control algorithm considering the external grid. To
implement the external grid in practice, a bi-directional AC/
DC converter is required to absorb and to supply the power
from the DC nano grid. In addition, as shown in Fig. 6,
the DC/DC converter is required to obtain a high-power
density with galvanic isolation by using a high-frequency

@ Springer
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Fig.6 Circuit diagram of AC/DC and DC/DC converters
Table 3 Specification of an AC/DC and DC/DC converter
Parameter Value
Input voltage (AC grid) 220 Vrms
Output voltage (DC bus) 380 V
Output power 3-kW

transformer [22]. The design specifications of the AC/DC
and DC/DC converter are shown in Table 3.

The AC/DC converter adopts a single-phase bi-direc-
tional boost converter topology using sinusoidal pulse width
modulation. It controls the reactive power to be zero with
a unity power factor. A voltage-fed dual active bridge (VF-
DAB) converter, which uses the SPSM, is selected as the
bi-directional DC/DC converter. This is due to the fact that
the power flows can easily be controlled by the phase differ-
ence between the primary and secondary side with a fixed
duty of 50%. In addition, all of the switches of the VF-DAB
converter operate in the ZVS area since the input and output
voltage of the VF-DAB converter are the same as 380V, i.e.,
the unit voltage gain in the grid-connected mode is achieved
[23].

2.3.2 Renewable energy simulator mode

The AC/DC and DC/DC converter represents a renewable
energy simulator as shown in the shaded area of Fig. 7. To
simulate renewable energy connected to external grids, the
bidirectional AC/DC and DC/DC converter generates trian-
gular current, which reproduces irregular power generation
during the grid-connected mode operation.

When the amount of the power generation of the renew-
able energy in the external grid is larger than the desired
amount of the external load power, the surplus energy from
the external grid can be supplied to the main grid. In the case
of the islanding mode, when the ESS is fully discharged as
explained, the DC bus voltage will be collapsed. In order to
prevent a blackout, the AC/DC and DC/DC converter oper-
ates as an external grid so that the DC bus voltage can be
regulated. Therefore, in this paper, the AC/DC and DC/DC
converter can operate as a renewable energy simulator and

@ Springer
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Fig. 7 Operating modes of a DC nano grid according to its DC bus
voltage

an external grid according to the grid-connected mode and
the islanding mode, respectively.

2.4 Power management strategy of the DC nano
grid test-bed

As shown in Fig. 1, since the DC nano grid has a variety
of loads and different power sources connected to the DC
bus, an effective power management strategy is required.
To achieve stability and reliability of the DC grid, the DC
bus signaling (DBS) control shown in Fig. 4 is employed as
a droop control block [24-27]. The DBS control operates
based on a voltage droop algorithm using the DC bus voltage
level. The grid power can be easily controlled by the DBS
control without any communication devices. Using the DBS
control, the converters connected to the grid can operate
according to the DC bus voltage level and can independently
work mutually with other converters on the same DC bus.
Finally, autonomous operation of the DC nano grid can be
achieved [28].

Figure 7 shows the DBS algorithm employed in this
paper. DC bus voltage changes from 360 to 390 V accord-
ing to the load current. The DBS algorithm is applied to the
PHIL system as shown in Fig. 4. The controller of the AC/
DC converter receives the information of Vg ¢ determined
by the load as follows:

Vo ret = Vbe nom — Kalo» (1)

where Vpc pom is the nominal DC bus voltage, which is
380 V in this paper, Vg ¢ is the reference value, K4 and
I, are the droop coefficient and load current flowing to the
DC bus, respectively. Depending on the DC bus voltage, the
operating modes of the DC nano grid are divided into four
cases. Mode I (power supply by the main grid and renew-
able energy), mode II (charge operation by the ESS due to
surplus energy), mode III (power supply by the main grid,
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the renewable energy and the ESS), and mode IV (when
the main grid is under a blackout, i.e., the islanding mode).
Each mode of operation is described in detail in the follow-
ing section.

3 Grid code operation

In this paper, a DBS control algorithm is employed for the
reliable operation of a DC nano grid under various load
conditions such as blackouts. The PHIL test-bed, which can
simulate a DC nano grid, controls the output voltage of the
grid-connected converter. The operational modes are listed
in the previous paragraph. The operation of each grid com-
ponent is summarized in Table 4.

The constant voltage (CV) mode and the constant current
(CC) mode in Table 4 indicate the control status of the con-
verter connected to the DC bus. When multiple converters
on the same DC bus are in the CV mode, their controls can
conflict with each other. For example, when one converter
is in the CV mode, the other should operate in the CC mode
to avoid conflicting with the power control in the same DC
grid. When the VSC of the PHIL system operates as a volt-
age source to control the DC bus voltage, as shown in Fig. 7,
the other converters should operate in the CC mode, which
supplies energy to the DC bus or absorb energy from the
DC bus.

1. Mode I: the DC bus voltage is located between 370 and
380 V. In Mode I, the main grid operates as the main
energy source and renewable energy supports the power
supplied from the main grid. The PHIL system, which
simulates the main grid, operates as a voltage source and
controls the DC bus voltage. In addition, as explained in
Sect. 2.3, since the AC/DC and DC/DC converter oper-
ates as a renewable energy simulator in this mode, the
external grid supplies energy to the DC bus as a current
source. In mode I, the amount of load is greater than the
generated power from renewable energy. Therefore, load

current flows to the DC bus as much as the difference
between the amount of the load and the power generated
from renewable energy. The DC bus voltage changes
according to the load conditions shown in (1), which
determines the output voltage of the VSC. As a result,
the output voltage of the VSC in Fig. 3 is controlled to
the reference voltage. If the amount of the load increases
continuously, the DC bus voltage gradually decreases
from 380 to 370 V. Then the operating mode switches
to mode III.

Mode II: the DC bus voltage is located between 380
and 390 V. In mode II, unlike mode I, the generated
renewable energy in the external grid is greater than the
amount of load connected to the DC bus. As a result, the
ESS is charged due to surplus energy. However, when
the ESS is fully charged, the operation of the DC/DC
converter connected to the ESS shown in Fig. 5 stops. If
renewable energy generates surplus energy continuously
without considering the ESS charging status, the DC bus
voltage can increase due to excessive energy. At that
time, the AC/DC and DC/DC converter shown in Fig. 6
should stop power generation from renewable energy to
prevent dangerously increasing the DC bus voltage level
by cutting off the supply of surplus energy to the main
grid.

Mode III: the DC bus voltage is located between 360
and 370 V. In mode III, power is supplied from the ESS
and renewable energy to support load increments. As
explained in Sect. 2, the ESS is discharged by the CF-
DAB converter connected to the DC bus to supply power
to the load under the CC mode. When the ESS is dis-
charged, the state of charge (SOC) of the ESS gradually
decreases. When the battery voltage reaches the mini-
mum SOC, the DC/DC converter connected to the ESS
stops discharging to protect the ESS. As a result, the
DC bus voltage can be decreased up to 360 V. Then the
operating mode switches to mode IV.

Mode IV: the DC bus voltage hits 360 V. In mode IV,
abnormal cases such as blackouts are simulated to verify

Table 4 Operating components
and their status depending on

the operating modes verter in Fig. 3)

PHIL system in Fig. 2
(Main grid, AC/DC con-

ESS in Fig. 2
(DC/DC converter in Fig. 5)

Another grid in Fig. 2
(AC/DC and DC/DC con-
verters in Fig. 6)

Mode I CV mode
(370-380 V) CV mode
Mode II CV mode
(380-390 V) CV mode
Mode III CV mode
(360-370 V) CV mode
Mode IV Main grid outage (OFF)
(<360 V) Main grid outage (OFF)

OFF Renewable energy simulator
OFF Renewable energy simulator
Stand-by (Max SOC) Renewable energy simulator
CC mode Renewable energy simulator
(charging/discharging)

CC Mode (discharging) Renewable energy simulator

Stand-by (Min Soc)
Islanding mode (CV mode)
Fully discharged (OFF)

Renewable energy simulator
Renewable energy simulator
Another grid (CV mode)

@ Springer
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the autonomous operation of the proposed PHIL test-
bed. When the main grid is disconnected due to black-
outs, the operation of the DC nano grid is changed from
the grid-connected mode to the islanding mode. In the
islanding mode, the DC nano grid is controlled by the
ESS or the external grid depending on the ESS condi-
tions in mode III. If a blackout occurs on the main grid
during the discharging operation of the ESS in mode III,
the operation mode is switched to mode IV. As soon as
mode III is switched to mode IV, the CF-DAB converter
connected to the ESS changes its operating mode from
the CC mode to the CV mode to regulate the DC bus
voltage. As a result, the DC bus is controlled to 380 V
by the ESS. However, if the ESS is fully discharged, the
DC bus voltage can be collapsed below 360 V, resulting
in a blackout of the entire grid. Therefore, to prevent a
blackout of the entire grid, as soon as the DC bus volt-
age reaches 360 V, the external grid is connected to the
DC bus and provides power to the load. The AC/DC and
DC/DC converter switches its operation from the CC
mode to the CV mode. As a result, the DC bus voltage
is controlled to 380 V by the external grid.

4 PHIL simulation and experimental results

To verify the reliability of the proposed 20-kW DC nano
grid test-bed, a small grid is configured with an OP5600
real-time simulator manufactured by Opal-RT, a program-
mable uni-directional DC power supply, a DC load, an ESS,
and an AC/DC and DC/DC converter, which are connected
to the DC bus as shown in Fig. 8. The long-distance line
can be modeled using the resistance [28]. In this paper, the
long-distance line is reproduced with a 1-Ohm resistor. To

B DC/DC Converter
(CF-DAB) : ESS 1

I —
‘ DC Power Supply

s
/

Fig.8 Virtual test-bed of a DC nano grid using a PHIL simulation
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implement a simplified test-bed, the transmission line capac-
itance and inductance are neglected.

In the case of the PHIL simulation, the 20-kW grid is
modeled to simulate a DC nano grid. Through the power
amplifier conducted by the programmable power supply,
the emulated 20-kW grid is matched with a real 3-kW grid
to implement the entire grid based on the prototype grid-
connected converters. In this research environment, since
the uni-directional programmable DC power supply has a
limited power capacity, the only the discharge operation of
the ESS is considered.

4.1 Case A: ESS discharging operation

Figure 9 shows experimental waveforms of a mode transition
from Mode I to Mode III, assuming the situation where the
ESS supports power to the main grid. Figure 9a, b shows
waveforms of the DC bus and the ESS, respectively. As can
be seen in Fig. 9, the PHIL system supplies power according
to the amount of load. When the grid operating mode enters
into mode III, the CF-DAB converter connected to the DC
bus operates under the CC mode and the ESS discharges
with a constant current of 1.5 A. Therefore, the PHIL system
provides as much as the difference between the amount of
the total load and the energy supplied by the ESS.

Start ESS CC start (III)

AL 4

Mode I start

DC Bus Voltage, 100 V/div
'

DC Load , 1 A/div .

. Current from ESS, 500 mA /div

ESS is turned off when fully discharged(”
20 s/div

(a)
ESS voltage, 10 ¥ /div i
v \ LU LNt 1

Current in Battery side, 5 A/div |

TIout Bat, 500 mA/div

h | rTT——
20 s/div

(b)

Fig.9 Experimental waveforms of a mode transition from Mode I to
Mode I1I: a DC bus; b ESS
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In Fig. 9a, it can be seen that the main grid and the
ESS operate by a scheduled DBS. In addition, in Fig. 9b,
although the ESS voltage level decreases over time, the ESS
can supply a constant current since the CF-DAB controls
the duty ratio of the primary switch to provide a constant
power regardless of the input voltage. However, continuous
ESS operation causes the ESS voltage to reach its minimum
SOC voltage level. In Fig. 9a, when the ESS stops, the total
energy is supplied by the PHIL system, resulting in a DC
voltage drop. Based on experimental results of the proposed
test-bed shown in Fig. 9, the proper operation of the sched-
uled DBS including the ESS discharging operation can be
demonstrated.

4.2 Case B:islanding mode controlled by the ESS

Figure 10 shows experimental waveforms of a mode transi-
tion from mode I to mode IV, assuming a sudden main grid
blackout. Figure 10a, b shows waveforms of the DC bus
and the ESS, respectively. In Fig. 10, the DC bus voltage is
controlled by the scheduled DBS according to load varia-
tions. In mode I, the PHIL system deliver power to the DC
bus; and in Mode III, the ESS discharges with a constant
current as 1.5 A.

Even in blackout conditions where the current from the
PHIL system is stopped, as shown in Fig. 10, the DC bus

ESS C(:{ start (III) ESS islanding Mo..‘c:':'(ﬂ-)

' DC Bus Voltage, 100 V/diy

"’

DC Load , 1 A/div
* Current l'rom ESS, 500 mA /div

LMWWH’MWMLWL-% ‘1—}“ Mt HL ik

Pesgrreespirtisasrey

-...-....1. -

i 10 s/div
(a)
v ESS voltage, 20 V /div

( urrent in Barter\ slde i 4/’dn'

—_— St pe bt bttty

lout_Bat, 500 mA/div

' 10 s/div
(b)

Fig. 10 Experimental waveforms of a mode transition from mode I to
mode IV (ESS islanding): a DC bus; b ESS

voltage can maintain a constant value of 380 V. This means
that the ESS controls the DC bus voltage using the CF-DAB
converter under the CV mode. This means that the proposed
DC grid test-bed can continuously provide power to the DC
grid even in the event of accident situations, such as power
outages, through seamless mode transitions.

4.3 Case C: supply of renewable energy

Compared to case A and case B, surplus energy by renew-
able energy of the external grid is additionally considered
in case C. Figure 11 shows a mode change from mode I to
mode IV (ESS islanding) with the generation of renewable
energy. Figure 11a—c shows waveforms of the ESS, the AC/
DC and DC/DC, and the DC bus, respectively. As shown
in Fig. 11c, in mode I, the PHIL system supplies a 2 A
current to the load, and the ESS discharges with constant

i ESS Voltage, 20 V/div
DC Bus Voltage, 100 V/diy
H #

rd

RTVEUEVL SERNTUTUTRI PRITITRTNSPITIETETETSTIENT

&
e Io_ESS, I A /div
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(b)
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i\ i/ AC-DC & DC-DC Standby
Start H J Reneu-able simulator Srm
hY e DC Lum],L 10 Vydiv
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('ui'l'\t-lli_PH“.., 2. I"if.l:'.:'r
()

10 s/div

Fig. 11 Experimental waveforms (including a renewable energy sup-
ply) of a mode transition from mode I to mode IV (ESS islanding): a
ESS; b AC/DC and DC/DC; ¢ DC bus
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current of 1.2 A in mode III. After the ESS operates under
the CC mode in mode III, as shown in Fig. 11c, the remain-
ing energy is delivered from renewable sources from the
external grid to the DC bus through the AC/DC and DC/
DC converter. Here, as explained in Sect. 2.3.2, to simulate
irregular power, a triangle waveform is generated by the AC/
DC and DC/DC converter, which changes from 1 to 2 A
where the energy is delivered from the external grid to the
main grid. The PHIL system provides as much power as the
difference between the total amount of the load and the sum
of the current supplied by the ESS and the external grid. In
addition, the ESS delivers as much power as the difference
between the total amount of the load and the current sup-
plied by renewable energy.

This means that renewable energy can be continuously
delivered regardless of the grid-connected mode and the
islanding mode, sharing the amount of load on the DC bus.

4.4 Case D:islanding mode with a connecting
external grid

A fully discharged ESS is considered in case D. Figure 12
shows experimental waveforms of the mode transition from
mode I to mode IV (external grid islanding). Figure 12a—c
shows waveforms of the ESS, the AC/DC and DC/DC, and
the DC bus, respectively. As can be seen in Fig. 12, when
the DC bus voltage is regulated by the PHIL system, the
surplus energy (1-2 A) of the external grid and the ESS
energy (constant current of 1.2 A) are supplied by scheduled
DBS depending on the amount of the load. In addition, the
power delivered from the PHIL system changes depending
on the energy from the ESS and the external grid. When
the main grid becomes blackout, the ESS controls the DC
bus, and the output power of the ESS is changed depending
on the surplus energy of the external grid. When the ESS
reaches its minimum SOC, the DC bus voltage decreases.
Here, as explained in Sect. 2.3.1, the operating mode of the
AC/DC and DC/DC converter changes from the CC mode
(renewable energy simulator) to the CV mode (external grid)
to regulate the DC bus voltage. The DC bus voltage level is
kept within its proper operation range by using the exter-
nal grid even when the ESS is fully discharged. This means
that the autonomous operations of the proposed test-bed are
verified.

5 Conclusion

In this paper, a test-bed, consisting of a PHIL system, a
1-kW CF-DAB converter, a 3-kW single-phase boost con-
verter, and a 3-kW VF-DAB converter is proposed. Using
the proposed system, the autonomous operation of a DC
nano grid can be simulated. Experiments are carried out to
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Fig. 12 Experimental waveforms (including a renewable energy
supply) of a mode transition from mode I to mode IV (external grid
islanding): a ESS; b AC/DC and DC/DC; ¢ DC bus

demonstrate the reliability of the proposed test-bed based
on several operating conditions with the scheduled DBS
algorithm. Seamless mode transitions are implemented
according to the DBS algorithm. As a result, although
power from the main grid is stopped, the DC bus voltage
is regulated within suitable operation ranges between 360
to 380 V without any voltage collapse. This means that the
reliability of the proposed test-bed is suitable for testing
the DC nano grid. In addition, the feasibility of the PHIL
system and the external grid are verified under several
operating cases such as the supply of renewable energy
and a fully discharged ESS. In conclusion, the proposed
test-bed, autonomously operated with the power HIL simu-
lator, is verified.
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