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Abstract: Recently, the generalization of P2P (peer-to-peer) technology with enhanced security due
to blockchain technology and the expansion of renewable energy-based distributed energy resources
have led to blockchain technology being applied in power transactions, thus giving the potential
to become a new platform for DC microgrid operation. Meanwhile, the voltage of a DC microgrid
represents the balance of energy supply and demand and also serves as a stability index. The balance
is represented as a steady state; the stability is represented during and after events. This paper
examines the stability of the DC microgrid built on a university campus in Korea and, in particular,
the blockchain technology-based power transactions performed in the DC microgrid. The test is
based on the pre-planned transaction schedule applied in the DC microgrid. The transaction schedule
has used day-ahead and real-time bidding data. Although many technologies are included in the
project, this paper focuses on the voltage stability of the DC microgrid. In addition, the DC protection
is applied and evaluated. To consider general DC protection, the DC breaker was simplified with
several IGBTs, diodes, capacitors, and arrestors and was designed to interrupt the fault current within
five milliseconds. The stability was evaluated using a PSCAD/EMTDC™.

Keywords: blockchain; DC microgrid; distributed energy resource; P2P transaction; voltage stability

1. Introduction
1.1. Motivation and Incitement

Since the UN General Assembly in 2015, renewable-based distributed energy resources
(DERs) have been expanding globally to achieve the seventh sustainable development goal
(SDG) related to energy [1,2]. This expansion has led to the increase of microgrids, which
can efficiently and integrally manage renewable-based DERs, with the installed capacity of
confirmed microgrids reaching 19,575 MW as of 2018 [3].

Meanwhile, a microgrid consisting of a large number of renewable-based DERs
must be operated flexibly in consideration of intermittent energy fluctuations. For this
purpose, an appropriate control strategy, such as interconnection with the existing utility
grid or island mode, must be applied [4,5]. In particular, the voltage stability of the
microgrid under such a control strategy is of utmost importance, and this is due to the
following reasons. First, from the perspective of the AC network, the microgrid acts
as a negative load and supplies power to the grid under certain circumstances. When
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these microgrids are small, their voltage and frequency are regulated by synchronous
generators, so they do not significantly impact grid stability. However, when large-
scale and multiple microgrids are integrated into the utility grid, excessive power may
be injected or consumed into the AC network, which may reduce the reliability of
voltage stability, frequency stability, etc., of the existing power grid. In addition, voltage
instability within a microgrid leads to an imbalance in energy demand and supply, so
stable independent operation cannot be performed. Therefore, a microgrid must have
an appropriate control architecture that considers the components of the microgrid, and
voltage stability must be guaranteed [6].

1.2. Literature Review

Microgrids are broadly classified into three categories based on system architecture
and voltage characteristics [7]: AC microgrid, DC microgrid, and Hybrid AC/DC microgrid.
Among these microgrids, DC microgrid is gaining attention because most renewable-based
DERs currently produce DC power, and the utilization of DC loads such as EV chargers has
increased [8]. In addition, unlike a conventional AC microgrid, a DC microgrid does not
need to fulfill all the considerations such as synchronization, reactive power, and frequency
control, and the stability judgment mainly depends on the DC bus voltage. Furthermore,
since a DC microgrid does not require AC-DC or DC-AC conversion stages, it has the
advantage of overall higher system efficiency compared to an AC microgrid [9].

Along with the electrical advantages of DC of the previously described DC microgrid,
the development of communication protocols has promoted the development of DC micro-
grids by proposing various control architectures for DC microgrids. The main examples of
these control architectures are centralized, distributed, hierarchical, and P2P, each of which
has the following characteristics, advantages, and disadvantages [10]. First, centralized
control enhances the reliability and stability of grid operation as it acquires parameters of
DERs from all nodes and adjusts energy supply and demand balance [11]. However, it has
a low response speed because it calculates and delivers the command values to the DERs
after considering all variables, and it has the potential for network collapse in the event
of a major failure [12]. In contrast to centralized control, distributed control allows for
rapid energy management because each DER'’s local agents (LAs) communicate with each
other [13,14]. However, a controller with high complexity is required to perform proper
interactions between LAs [15]. Hierarchical control, an alternative to distributed control,
adjusts the energy supply and demand balance of the DC microgrid through hierarchical
control [16]. This mechanism is as follows. For example, a high-level controller reflects
data from other LAs (e.g., output variation of each DER) and delivers the results to a
low-level controller, which finally controls the control target of the DER. This hierarchical
control can improve the overall efficiency of the DC microgrid, but it requires data trans-
mission delays between each layer and complex control algorithms [17,18]. P2P control is
a fully distributed system that allows a single node to communicate with all other nodes
through a software platform [19]. In particular, it acts as an operation method for energy
trading within a DC microgrid and has the advantage that real-time power trading can
be performed through fast response speed. However, high security is required because
the responsible entity for microgrid operation is unclear, and some nodes can access and
influence the whole [20]. The high-security level required by P2P control is gradually
being achieved due to the development of blockchain technology, which is attributed to
the tamper-proof nature of blockchain technology [21]. This is expected to improve the
reliability of power transactions, increasing the participation of prosumers and accelerating
the activation and penetration of DC microgrids.

1.3. Contribution and Paper Organization

The main objective of the research presented in this paper is to examine the DC bus
voltage stability, which is a prerequisite for stable power transactions, before performing
blockchain-based power transactions in a DC microgrid testbed built on a university
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campus in Korea. Due to the different time scales of power transactions and stability
assessment, voltage stability was examined by forming major scenarios as test cases resulted
from the outcomes of blockchain-based power transactions conducted according to a pre-
planned transaction schedule. In detail, compliance with the DC microgrid’s grid code (by
referring to AC grid code =+ 5%) is judged by the steady-state voltage reflecting the power
transaction data. Voltage stability is examined by adding various events to the transactions.
To investigate the voltage stability before and after a proper trip of the fault, a DC breaker
was applied, which was generalized by using only essential components such as IGBTs,
diodes, capacitors, and arrestors. By reflecting the general requirements of a DC breaker,
the fault current was interrupted within 5 ms [22].

To review the voltage stability of the DC microgrid in this paper, the transaction
schedule is set up by considering the following.

e  The transaction schedule maximizes the sales revenue per time period according to
the participant bids and maximizes the efficiency of power trading, reflecting the
constraint of the DC microgrid and the flexibility of the supply and demand balance.

This paper is organized as follows. First, Section 2 introduces the campus DC microgrid
demonstration complex in Korea. Then, Section 3 debriefs the transaction schedule to be
applied to the DC microgrid operation. Next, in Section 4, the voltage stability of the DC
microgrid is examined both before and after applying generalized DC breakers. Finally, the
conclusion is given in Section 5.

2. The Campus DC Microgrid Implemented in Korea

The campus DC microgrid implemented in Korea as a blockchain-based power trans-
action testbed is organized as shown in Figure 1. The AC network is on the left side of
the power conditioning systems (PCSs), and the other one is the DC community network.
where PCSs #1-3 are responsible for supplying building load (BL) power, and PCS #4 is
responsible for BL power supply, demand response (DR), and during late night hours,
energy storage systems (ESSs) charging.

The AC network consists of an existing 0.38/0.34 kV transformer on each branch and
a newly installed 0.34/0.38 kV transformer to match the voltage to the PCS. The secondary
neutral of the PCS connection transformer is not grounded to prevent DC short-circuit
current from the mono-pole DC microgrid.

The DC community network consists of 3 PVs, 2 ESSs, 2 EV chargers, and V2Gs,
all interconnected to a single DC main bus. Power balancing in the frequency of power
transactions is conducted by the bidirectional DC-DC converter of ESS #1. Balance in real
time is maintained by the bidirectional DC-DC converter of ESS #2, which controls the
DC bus voltage to 0.75 kV. The AC and DC underground cables connecting the pieces
of equipment to the DC main bus were modeled using a frequency-dependent model to
ensure high accuracy over a wide frequency band.

Unit Configuration and Control

To assess the DC bus voltage stability in general conditions, the detailed and small
effect of a specific device is excluded by simplifying the power supply and load into
active and passive elements. PVs, V2Gs, ESSs, and EV chargers are composed of current
sources and diodes, current sources, voltage sources, and resistors, respectively. The PCS is
composed of a general grid-connected inverter, and its control is performed by a generic PQ
controller, as shown in Figure 2 [23]. The PQ controller consists of an outer loop for power
and an inner loop for current, where the control variables are on the d-q axis synchronized
to the grid voltage via a phase-locked loop (PLL).
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P and Q of the grid-connected inverter are controlled as the result of the current
control. The outputs of the outer loop are used for iy ;;r and iy ,,r, which in turn derive vy
and vy, through the inner loop. The v,; and vy, are then inversely transformed to the abc
axis and supply the instantaneous three-phase voltages through PWM that result in the
controlled P and Q. In other words, the difference between the inverter and PCC voltages
determines the real and reactive powers, where the current inner loop is implemented
based on Equation (1).

d(ig\ _ (0 —w)/(is 1 (v;+ Avy
dt (iq> a (‘U 0 > (iq> "L (Uq + Ay .
The bidirectional DC-DC converter used in this DC microgrid testbed consists of 25 kW
four-switch buck-boost converter (FSBB) modules paralleled to each other, as shown in
Figure 3a. Only converter #9 has two 125 kW FSBB modules and controls the DC bus voltage.

The same parameter values are set to both 125 kW and 25 kW FSBB modules. Each module is
assigned 1/n of the total value of the output command and evenly shares the power.

Unain ¢ loss
e e
L
Vmain Cmam ~ o Cess ~ Vess

d; |‘°G2 d; |‘°G4

Vimain I main,max I 1 I PWM
1
Vonainrer di= AA_)
: 0
Lnainmin : Umain 0 |
Vess Iess,max | 1 |
1 [ 1 | i : I:
Vess,ref C Kp3 + K3 E - Kp4+K,-4 § 7£r) dz—)_
| ’ | 0
Less min | Tess 0 |
Voltage outer-loop Current inner-loop Two-edge Modulation
(b)

Figure 3. Four-switch buck-boost converter module topology (a) and controller (b).

The FSBB module is controlled using two duty cycles [24]. If 41 and d; are set to the
duty cycles for G3 and Gy, respectively, the voltage gain is derived as Equation (2) [25].

Vmain _ dl
Vess 1- d2

@

Also, the input and output currents must be within the rated current range according
to this voltage regulation. Therefore, the voltage controller of the FSBB can be configured,
as shown in Figure 3b. On the other hand, this control method uses two duties ranging from
0 to 1, which results in overlapping switching periods in a buck or boost mode. During this
overlapping period, the larger the charge-discharge current of the inductor, the higher the
power loss, so two-edge modulation (TEM) is applied to minimize the inductor current [26].

The FSBB modules must be properly controlled without interfering with each other.
Therefore, the controllers of the bidirectional DC-DC converters are configured as follows.
To prevent control hunting between modules, converter #9, which controls the DC bus
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voltage, is set to operate identically for both modules using one voltage controller. The
load side of converters #5 and #6 is set as a voltage control converter to ensure that the
V2G connection voltage is maintained at the rated voltage (0.75 kV). Among the multiple
modules of converter #1 and #3, one module controls the voltage of the DC charger (0.55 kV),
and the input and output power of the voltage-control module serves as a power reference
for the remaining FSBB modules so that the same power is distributed among the modules.
The remaining converters are set to control their power according to the output command.
The topology parameters of PCSs and bidirectional DC-DC converters and the control
variables of controllers are shown in Table Al (Appendix A).

3. Transaction Schedule

The blockchain-based DC community network’s power trading operation requires
efficient coordination of power transactions in sudden climate changes and other factors,
all while maintaining an energy supply and demand balance. Therefore, a transaction
schedule is needed to support this.

In this viewpoint, the DC microgrid testbed is now in the process of securing sufficient
data by testing and operating the transaction schedule in a limited range to verify stability
before full-scale operation. Therefore, this paper assesses the stability based on the data
obtained from the grid test operation. The simulation results reflect the corresponding
transaction schedule in the most severe conditions. Based on this, the transaction schedule
is continuously updated by improving vulnerabilities. The stability evaluation proceeds
through a precise system simulation of a very short time compared to power trading, so it
reflects the result of the transaction schedule at a specific transaction time, not the whole
transaction. The following introduces the schematic transaction schedule in the trading
times used in the grid simulation.

e  The output metering of each DER is measured through the metering point Mn, as
shown in Figure 4 (n: 1, - - -, 15).

e The operating capacity of the ESSs is set to 70% (maximum charge 80% — minimum
charge 10%) of the installed capacity (750 kWh + 273 kWh), and the capacity sharing
of the ESSs is allocated as 73.3% for ESS #1 and 26.7% for ESS #2 after scheduling.
Accordingly, the maximum output of ESS #1 is 91 kW.

e  The hourly transaction price is based on the existing power provider’s tariff, which is
reflected in the real-time power transaction price of the day.

e  Bidding transactions are excluded during the nighttime hours (22:00~23:00), including
the late-night hours (22:00~08:00). During the nighttime hours, the remaining power
of the ESSs is analyzed to set the charging and transaction schedule of the ESSs for the
next day.

e  The transaction schedule here is the transaction schedule in independent operation,
excluding uncertainty factors such as faults and DR.

The real-time supply and demand balance of power transactions is shown in Equation (3).
The left and right terms refer to the total amount of purchased and supplied power (kWh) at
time t, and each of the remaining elements is defined as follows.

;CPB):L,t + ;CPI:ZVJ + Zt:cpgzv,t = ;CPEVJ + ;CP])S:SS,t + ;CP\);ZGJ (©)

t: trading time in m minutes per day (total daily transaction data: 60/m x 24).
b, c: bidding, transaction contract.

Ppr, Pry, Pgpy: power of BLs, EVs, G2Vs, PVs, ESSs, V2Gs.

Ppy, Prss, Pyag: supply(sales) power of PVs, ESSs, V2Gs.

Considering the electrical distance and flexibility of supply and demand balance, the
output of PVs is set to priority contract to BLs, which is the same as Equation (4).

Lo ) D L )
a1Pgy ; = a1Ppy , = min (bPBL,t, bPPV,t) 4)
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Figure 4. Schematic of the DC microgrid platform.

The remaining PV power after trading is supplied to the community to trade with
other prosumers (EVs, V2Gs, ESSs, etc.), which is equivalent to Equation (5).

CQPI);V,t = bplgv,t - ClPI;V,t

Q)
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Similarly, EV chargers and G2Vs are set to be priority contracts through ESSs, where
the daily supply capacity of ESSs must be greater than the daily charging capacity of EV
charges and G2Vs (Equation (6)).

) Y _ ) » »
;CPEV,t + ;CPGZV,t = ;ClPESS,t < ;CPESS,t < ;Cpmax,ESS,t (6)

If the BLs” power needs are still large after the preferential contracting of PVs and
ESSs described above, the BLs will bid through the community to trade the shortfall. The
remaining amount of power is shown in Equation (7).

Y _ 1 pL )
b1 Pg; = bPg;  — 1Py, @)

Meanwhile, ESSs purchase power from the grid operator during the lowest tariff
periods (overnight hours after 22:00), store it, and sell it during higher tariff periods. Here,
the power sales revenue of ESSs, excluding priority contracts, can be maximized through
bidding, especially by selling power to BLs during peak load times. Therefore, in order to
maximize sales revenue, the residual power requirement of BLs (b; PBZL,t) should be greater

than the power of PVs and ESSs after the priority contract (cngvlt + ) CQPEZS s,»)- However,
if there is a shortage of supplied power compared to the purchase bid, the trade volume is
allocated by applying an adjustment factor (adj;), which is the supply divided by the bid
amount (Equation (9)). Therefore, by reflecting this and adjusting the sales income at this
time (mr;), the sales income maximization of ESSs is derived as shown in Equation (10).

) D ) L
;CZPESS,t = Zt:CPEss,t - ;ClPESS,t ®)
Y L ) D ) Y
Zt:CZPBL,t = ;QPESSJ + ;CZPPV,t = adj;- (Zt; bPg s — ZtlclpBL,t> ©)
Maximizing Revenue from ESS Sales = mry - ZCZPEZSSt (10)
t

Finally, the prosumer’s transaction power amount by time of day is equal to Equations
(11)—(14).

bplgL,t = ClPBZL,t + CZPBZL,t (11)
bPPZV,t = ClPPZV,t + C2P1)3:V,t (12)
bPI:ZV,t + bpczzv,t = CPEZV,t + Cpczzv,t (13)
Cpfz;ss,t = ClPEZss,t + CZPEZss,t (14)

4. Voltage Stability Assessment of the Campus DC Microgrid Testbed
4.1. Grid Test Operation

The voltage stability is assessed under the following conditions to ensure whether
the voltage complies with the grid code without power trading: (1) distribute the power
generated by the PVs evenly and set it as the output command of the PCS; (2) converter #9
controls the voltage of the DC main bus (0.75 kV) and reflects the impedance difference of
5% between modules to reflect the effect of the error between devices; (3) set the output
command value of converter #10 to zero. The acquired real data are shown in Figure 5.
The data at the maximum power generation point of PVs (12 h:15 m) are extracted as
Table A2 (Appendix B) and applied to the DC microgrid testbed, and the results are shown
in Figure 6. ESS #2 absorbed 5 kW of surplus power, so the DC microgrid maintained a
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supply and demand balance, and thus, the voltage of the DC main bus satisfied the grid
code. The output values of PVs and PCSs are also consistent.

T T T
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- \
g I
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£ ! ' - - —PV#2
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_—10} i 7/ 4
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) i 7 = = =PCS#2
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172 1 J’ .......... PCS #4
o | i
~ a0k i 1
i )4
N’
—50 4
_()0 1 1 1
00:00 06:00 12:00 18:00 00:00
5 minutes unit of data per day
(b)

Figure 5. Measured power from test operation; (a) solar generation and (b) load.

4.2. DC Breaker

To check the effect of applying DC protection to this DC microgrid, a DC breaker
consisting of the common elements of a DC breaker is reflected, as shown in Figure 7. The
DC breaker consists of a current limiting reactor (CLR), a residual current disconnecting
circuit breaker, conducting and breaking branches, and over-voltage limiting devices. The
CLR mitigates the inrush current to secure the operation time of the IGBT. The residual
current is removed by an ultra-fast disconnector based on electromagnetic force impulse,
which opens when the IGBTs are fully opened. Over-voltage limiting devices consist of
capacitors and arrestors. Capacitors limit the ramp of voltage rise when the IGBT turns
off. Arrestors discharge the fault current when the voltage across the capacitors exceeds
the rated voltage of the arrestors, thereby reducing the voltage surge through the IGBT.
Here, the rated voltage of the arrestor is usually 1.25 times the maximum continuous
operating voltage (MCOV), but in this design, it is set to 1.05 times the MCOV because the
voltage across the turn-on IGBT is almost zero (recommendation in IEC-60099-5: minimum
1.05 times the MCOV). L (V;, x dt/di) and C (i, x dt/dV;) of DC breakers on the input and
output sides of each DER are shown in Table A3 (Appendix C).



Energies 2023, 16, 7297 10 of 20

Measured Data on DC Microgrid
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Figure 6. (a) Main bus voltage and (b—d) powers from PCSs, PVs, and ESSs with the maximum
measured PV outputs.
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Figure 7. Schematic of a typical DC breaker.
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The sequence interrupting the fault current is described with an example as follows:
a fault occurs on the DC main bus side of converter #7; the terminal voltage of the CLR
is immediately 0.75 kV. This abrupt voltage increase is used as the turn-off signal of G;
and G,. A delay time of 2 ms was applied until the turn-off signal was applied to each
IGBT to reflect the real circuit breaker’s operation [27]. When all IGBTs are turned off,
the charged fault current is resolved through over-voltage limiting devices, suppressing
excessive increases in the voltage across the IGBT. When the fault current reduces to zero,
the residual current circuit breaker opens to completely disconnect the fault from the grid;
within 5 ms is the entire operation time of the DC breaker.

Figure 8 shows the DC breaker operation with the fault impedance of 1 mQ) occurring
at 0 s when converter #9 is at the rated capacity of 0.25 MW. Instantly, the voltage across the
CLR reaches (V1) 0.75 kV, and the IGBTs open after 2 ms (Figure 8b). Simultaneously, the
fault current is absorbed by the capacitor and arrester (I;1), as shown in Figure 8d, and
the fault current reduces to zero within 5 ms. In addition, the voltage and current through
the G; and G (see. V1, V, I, and I) meet the electrical specifications of the IGBT.

T T T T
N 7 N X\
>
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s v ucu”.“"""
" 0 L YA
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o -1.7kV
—2F -
1 1 1 1 1
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o 1 7
S
e
S 05+ -
=
e
- ol
—0.5 1 1 I 1 I
—0.002 0 0.002 0.004 0.006 0.008 0.01
(b)
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1L 1, 0.95kA
] 1,
=05 e .
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1 1 1 1 1
—0.002 0 0.002 0.004 0.006 0.008 0.01
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= 1 larrl =
= 1arr2
<@
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= 0
1 1 Il 1 1
—0.002 0 0.002 0.004 0.006 0.008 0.01
(d)
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Figure 8. DC breaker operation with the fault impedance of 1 m() occurring at the main bus side of
rated converter #9 at 0 s; (a) voltages through the CLR, Gy, and G, (i.e., V1, V1, and V), (b) IGBT gate
signal, (c) currents through the circuit breaker, Gy and G (i.e., I, I1, and Iy), (d) currents through the
arresters connected in parallel with Gy and Gy (i.e., Iorr1, Larr2)-
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4.3. Case Studies

To evaluate voltage stability, several case studies were conducted as follows: For case
1, PVs increase total power from 218.55 kW to 342 kW between 1 s and 1.5 s (i.e., 36%
increase in PV power). For case 2, a line-to-ground fault occurs between DC charger #1
and converter #1 at 1 s. For case 3, a short circuit fault occurs in ESS #2 at 1 s. These case
studies were conducted by reflecting the conditions resulting from the transaction schedule
as follows.

e [Load]

(a) DC Charger #1 (PEVl + pEVZ): —0.1 MW
(b) DC Charger #2 (PEVS + PEV4): —0.056 MW
() V2G #1: —0.015 MW

(d) V2G #2: —0.01 MW

e [Source]

(a) ESS#2(0.128275 MW): 73.3% of load
(b) ESS #1(0.046725 MW): 26.7% of load

In addition, DC breakers were reflected for realistic grid conditions. The applied
fault impedance is 1 m(). Meanwhile, according to IEEE Standard 1547-2018, in the
interconnection between utility electric power systems (EPSs) and DERSs, if the voltage of
the DER exceeds or falls below £20% of the reference voltage, it should be interrupted
within the set clearing time (0.16 s) [28]. In these case studies, accordingly, the DC breakers
on the main bus side were set to trip when the voltage of the DC main bus reached +20%
of the reference voltage.

4.3.1. Case 1: Increase in PV Generations

In the DC microgrid, ESS #2 is in charge of the main bus voltage. This was assessed
according to rapid increase of solar power generation between 1 s and 1.5 s. As the total
solar power generation increases from 218.55 kW to 342 kW (PV1: 72 kW, PV2: 156 kW,
PV3: 144 kW), the main bus voltage increases to 0.79 kV at 1.5 s (Figure 9a), and ESS #2
reduces power to zero. This is resulted by the difference between the supply (Ppys + Prss1)
of 388.725 kW and the load (Prys + Pyags) of 367.91 kW. The main bus voltage and the
output of each DER are regulated in 3 s after the event (Figure 9b—f).

4.3.2. Case 2: Line-to-Ground Fault between DC Charger #1 and Converter #1

The voltage stability is assessed according to disconnection of DC charger #1 as the
result of a line-to-ground fault, which was applied to the load side of converter #1 at 1 s.
Thus, the DC charger #1 is separated from the DC microgrid with the internal transitions
as shown in Figure 10. Therefore, the main bus voltage increased to 0.8 kV as shown in
Figure 11a, and ESS #2 tried to regulate that voltage near the reference voltage (Figure 11d).
To balance the power difference between the supply of 265.275 kW and the load of 267.91
kW, ESS#2 must supply 2.635 kW. The pulsation of PVs, PCSs, ESSs, DC Charger #2, and
V2Gs is removed in 4.3 s (Figure 11b—f). The main bus voltage ripple is related to the
topology and control of converter #9. It is difficult to remove without degrading other
performance using the conventional design process with simple load. Thus, it is necessary
to consider the entire grid during the converter design process.

4.3.3. Case 3: ESS #2 Disconnection

The disconnection of ESS #2 causes loss of voltage control in the DC microgrid. There-
fore, all DC breakers in the DC microgrid must be tripped and completely disconnect
the EPS. To verify this, a short-circuit fault was applied to ESS #2 at 1 s. As described in
Figure 12d, ESS #1 increased its output immediately to maintain power balance but was
unable to supply power beyond its rated capacity, resulting in a decline in the main bus
voltage. About 0.43 s after the fault, the main bus voltage dropped to 0.6 kV (Figure 12a).
This is the same with the preset voltage for DC breaker operation (i.e., 80% of the rated
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0.75 kV), so it is tripped that all the DC breakers connected to the main bus (Figure 13).
Thus, all DERs” powers come to zero (Figure 12b—f), also the DC microgrid was completely
disconnected from the AC grid.

Measured Data on DC Microgrid
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Figure 9. Responses to increasing the PVs in the DC microgrid at 1 s; (a) main bus voltage, (b) powers
from PVs, (c) powers from PCSs, (d) powers from ESSs, (e) powers from rapid chargers of EVs, and
(f) powers from slow charger with function of vehicle to grid.
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Figure 10. Transitions of internal variable of DC breakers between the converters #1-2 and DC
charger #1; (left) on the converter #1, (right) on the converter #2, (a,b) voltages through CLR, G, and
Gy of each DC breaker (i.e., V1, V1, V3), (c,d) IGBTs’ states of each DC breaker, (e,f) currents through
CLR, Gy, and G; (i.e., I, I1, I7), and (g/h) currents through the arresters in parallel with G; and G,
(Inrr1 and Igrr2).
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Measured Data on DC Microgrid
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Figure 11. Transitions of representative variables according to disconnection of DC Charger #1 at 1s;
(a) main bus voltage, (b) powers from PVs, (c) powers from PCSs, (d) powers from ESSs, (e) powers
from rapid chargers of EVs, and (f) powers from slow charger with function of vehicle to grid.
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Measured Data on DC Microgrid
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Figure 12. Transitions of representative variables according to disconnection of ESS #2 at 1 s; (a) main
bus voltage, (b) powers from PVs, (c) powers from PCSs, (d) powers from ESSs, (e) powers from
rapid chargers of EVs, and (f) powers from slow charger with function of vehicle to grid.
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Figure 13. DC breaker operation at the main bus side of rated converter #9; (a) main bus voltage,
(b) voltages through the CLR, G1 and G, (V1, V1, V), (c) IGBT gate signal, (d) currents through the
circuit breaker, G; and Gy (I, I1, I2), (e) currents through the arresters connected in parallel with G;
and Gy (Inrr1, Larr2)-

5. Conclusions

This paper described the voltage stability evaluation results of a DC microgrid testbed
on a campus in Korea for the demonstration of blockchain-based power trans-actions. For
accurate assessment, EMT models of transformers, underground cables, and converters
in the field were built and analyzed. Also, data acquired through grid test operation, and
reflection data of the transaction schedule were incorporated to check compliance with the
grid code in a steady state. In addition, voltage stability was examined by assuming severe
events. Where, a generalized DC breaker model was applied to reflect the proper fault
removal by breakers in the actual power system. In the cases 1 and 2, the first overshoot
exceeds the grid code and stabilizes after at least 3 s, but oscillation occurs continuously.
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In other words, the current real grid converges somewhat slower than the convergence
speed of the conventional primary control (0.2~1 s), so a highly responsive voltage control
and a damping control to eliminate oscillation are required. To do this, the grid must be
reflected in the converter design process. In a follow-up study, the DC-DC converter will be
designed by reflecting the real grid topology and its operation data. This will be applied to
the grid to further analyze the voltage stability, and finally, update the transaction schedule
based on the stable voltage stability.

Based on the results of these studies, it is expected that many will consider the grid
condition for the grid connected converter design. It is also expected to contribute to the
vigorous deployment of microgrid-connected renewable energy.
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Appendix A

Table A1l. Parameters of PCS and four switch buck-boost converter module.

Topology Parameters Values
Filter Inductance of PCS, Ly (mH) 1
DC-Link Capacitor of PCS, Cr (mF) 10
Switching Frequency of PCS, fs (kHz) 10
Inductance of FSBB, L (mH) 1.5
Input and Output side capacitance of FSBB, C (mF) 0.28
IGBT Turn-On Resistance of FSBB, R; o, (m(2) 1.1
IGBT Forward Breakover Voltage of FSBB, V; , (kV) 1.7
IGBT Continuous DC collector current of FSBB, I (kA) 0.95
IGBT Turn-off delay time of FSBB, ¢; o5 (us) 0.73
Antiparallel Diode Turn-On Resistance of FSBB, R0, (mQ}) 1.1
Antiparallel Diode Forward Breakover Voltage of FSBB, V; . (kV) 1.7
Antiparallel Diode Continuous DC forward current FSBB, Ir (kA) 0.6
Switching Frequency of FSBB, fs (kHz) 4
Kp1, Kip of Power Outer Loop 10, 10
Kp2, Kjp in Current Inner Loop 1,100
Kp3, Kijz in Voltage Outer Loop 1,100
Kp3, Kij3 in Power Outer Loop 1,10

Kpa, Kig in Current Inner Loop 0.1, 100
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Appendix B

Table A2. Grid test operation acquisition data at the point of maximum generation in Figure 5.

Time (12:15, 8 November 2022) Value
PV #1 (kW) 4591
PV #2 (kW) 94.05
PV #3 (kW) 78.59
PCS #1 (kW) —48.24
PCS #2 (kW) 4823
PCS #3 (kW) —48.23
PCS #4 (kW) —48.21

Appendix C

Table A3. Parameters of DC breakers L and C.

Topology Parameters Values
L of DC breaker on PV #1 input and output side (mH) 18,19
L of DC breaker on PV #2 input and output side (mH) 22,21
L of DC breaker on PV #3 input and output side (mH) 19,19

L of DC breaker between PV bus and ESS #2 (mH) 24
L of DC breaker on ESS #1 input and output side (mH) 24,24
L of DC breaker on ESS #2 input and output side (mH) 19,19
L of DC breaker on EV #1 input and output side (mH) 25,26
L of DC breaker on EV #2 input and output side (mH) 25,26
L of DC breaker on EV #3 input and output side (mH) 25,26
L of DC breaker on EV #4 input and output side (mH) 25,26
L of DC breaker on V2G #1 input and output side (mH) 1.6,1.6
L of DC breaker on V2G #2 input and output side (mH) 1.6,1.6

L of DC breaker on PCS #1 input side (mH) 1.9

L of DC breaker on PCS #2 input side (mH) 1.9

L of DC breaker on PCS #3 input side (mH) 1.9

L of DC breaker on PCS #4 input side (mH) 1.9

C in all DC breakers (uF) 0.5
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