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Abstract: In isolated areas such as islands with small power grids, the BESS (Battery energy storage
system) can supply the standard voltage and frequency to the power system to achieve 100% of
renewable sharing. In addition, the installation of additional BESS may be required in the microgrid
due to technical limitations such as redundant operation and manufacturer specifications. Thus, the
BESSs in a microgrid can be split into main and sub BESSs which play a role as the main source and
auxiliary services, respectively. Generally, the ratio of unbalance current in microgrid system tends
to be high, because of inherently unbalanced single phase load distribution. However, because the
capacity of BESS is calculated under balanced conditions, the PCS (Power conversion system) of
BESS may stop protecting its switching device from a single phase overcurrent in actual operation.
From this perspective, this paper proposes that the sub BESSs perform dual current control to supply
the unbalanced current instead of the main BESS. In the simulation result of the proposed method,
the current unbalance rate of the main ESS has been reduced by about 26%. Through the proposed
control scheme, it is possible to prevent an unexpected single phase overload of the main BESS in
the microgrid.

Keywords: dual current control; ESS; microgrid; PSCAD/EMTDC; redundancy

1. Introduction

Worldwide, countries are expanding the construction of renewable energy sources
from existing power systems to target greenhouse gas reductions. In particular, in areas
such as islands composed of small-scale independent power grids, BESS provides the
voltage and frequency to the grid, rather than the existing rotating machine base operating
the power system to supply power only with renewable energy [1-7]. In the study of
“Decentralised Active Power Control Strategy for Real-Time Power Balance in an Isolated Microgrid
with an Energy Storage System and Diesel Generators”, the system was operated using a droop
control method that controls voltage and frequency without a communication line through
active and reactive power output from the inverter [8]. In addition, Qunhai Huo et al.
researched a method of supplying a constant voltage and frequency to the load regardless
of renewable energy fluctuations and load changes through CVCF control of PCS [9].
Therefore, in order to supply power to the load with 100% renewable energy, the above
BESS control is necessary. Additionally, due to technical limitations such as the failure of
the mBESS, the manufacturer’s capacity, and inverter parallel operation control, it may be
necessary to install auxiliary BESS in the microgrid.

Some poorly constructed microgrids have unbalanced loads. However, when design-
ing the capacity of BESS, it is calculated by considering the system balanced. As a result,
an unbalanced current flows into the PCS suitably designed according to the power load
capacity, and the protection operations of the switching device may occur. If the PCS of the
mBESS stops the switching, the power system will experience a blackout. For this reason,
a stable operation plan for mBESS is needed to achieve 100% of the renewable energy
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independence rate in the future. Currently, several inspiring studies have been proposed
to resolve the unbalancing of microgrids. A. Ranjbaran et al. proposed a control strategy to
adjust the droop curve of each phase in real time according to the load fluctuation and to
alleviate the voltage unbalance of PCC [10]. Biying Ren et al. presented a droop control
method based on the droop curve and impedance drop compensation in order to improve
the adverse effects caused by numerous single-phase loads in the microgrid [11]. Foad
Najafi et al. used a zero-sequence and negative-sequence virtual impedance controller to
improve sharing of unbalanced currents in islanded microgrids [12]. Xiaorong Zhu et al.
studied a control strategy of DC bus voltage ripple suppression using super capacitors in
consideration of the unbalanced load condition [13]. Mohammad Jafar Hadidian Moghad-
dam et al. proposed an improved control scheme for a 4-leg battery energy storage system
under unbalanced and nonlinear load conditions operating in microgrids [14]. In Hongtao
Shi’s paper, an integrated compensation strategy consisting of a negative compensation
controller was suggested to suppress the unbalanced voltage and fluctuations for an un-
balanced isolated microgrid [15]. However, research on unbalanced compensation using
sBESS is insufficient. From this perspective, this paper proposes a method to reduce the un-
balance rate of the current supplied by the mESS through the DCC of the sBESS under the
microgrid unbalanced load condition [16-20]. To achieve this, the NSC supplied by mBESS
was calculated using the symmetric coordinate method, and the calculated NSC is supplied
by sBESS instead, reducing the current unbalance rate of the mBESS [21]. In conclusion,
there is no overload on one phase of the mBESS, enabling stable microgrid operation.

To verify the effectiveness of the proposed method, as shown in Figure 1, Floreana Is-
land in the Galapagos Islands near South America was modeled using the PSCAD/EMTDC
system analysis tool. The example microgrid was installed with distributed resources,
including 140 kW diesel generators, a 900 kWh BESS and 200 kWp PVs.

140 kW Diesel power plant
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Figure 1. Overview of Floreana Island power system.

In fact, the average load on Floreana Island is about 46 kW. Among the three-phase
loads, phase A consists of 41%, phase B 14%, and phase C 46%. If the annual average load
increase rate of 5% is considered, the average load will be about 59 kW after 5 years, and
the maximum load will be about 84 kW. On cloudy days or early mornings without solar
power, there may be a problem, especially in the C phase load, which can exceed at least
34 kW. Although the capacity of the three-phase load is 84 kW, which does not exceed
100 kW, the PCS capacity of the mBESS, there is a concern that mBESS operation will be
stopped because the C phase capacity exceeds 33 kW. This problem is not found in the
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initial construction stage of the proposed microgrid, but it is a problem that may actually
appear depending on the load increase and system conditions. Consequently, in this paper,
the proposed method proves the effect of preventing overload by reducing the current
unbalance rate of the mBESS in Floreana Island.

2. Basic and Proposed Control Theory

Among the distributed power of microgrid, PCS is connected to facilities such as PV
and ESS. The PCS connected to PV and ESS in this paper is modeled as a two-level type
consisting of 6 IGBTs as shown in Figure 2. In addition, L and C filters were calculated to
suit the capacity of each PCS and designed to be less than 5% THD [22-24].

In particular, the current controller of the sBESS was set as the following two models
and reflected in the computer analysis. One is a general controller model, and the other is a
controller model to prevent overload of the mBESS under unbalanced load conditions.

Transformer
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Figure 2. Two-level inverter simulation model.

2.1. Conventional sSBESS Control Method

Figure 3 is a block diagram of a current controller applied to a general sBESS. After
calculating the dg-axis terminal voltage of the two-level inverter through Park’s conversion,
and applying the PI controller considering the overshoot and rise time, it can be expressed
as Equations (1) and (2) [25,26]. In this equation, the dq command current was set as in
Equations (3) and (4). P,.r and Q. is controlled so that the active power of the mBESS is
output as 0 MW and the reactive power is always 0 MVar within the range of the upper
and lower limits of the sBESS SoC.

Ed'?
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Lge > PI @_' Vge
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Figure 3. Control diagram of the current.

ki\ . . .
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- 3
lje = Qref/ivqe (3)
- 3
lge = Pref/Equ 4)

2.2. Proposed sBESS Control Method

The model of Floreana Island in the Galapagos that is used in this paper is composed
of unbalanced loads. Due to this, irregular phases of voltage and current are generated,
causing three-phase unbalance. The voltage and current in an unbalanced system are com-
posed of positive, negative, and zero sequence, and each can be expressed independently
through the symmetric coordinate method. As shown in Equations (5) and (6), the PSV
and NSV can be calculated. In the case of the zero sequence, it was not controlled because
it circulates inside the A connection using a Y-A transformer. The three-phase current can
also be expressed in the same way as the PSV and NSV in the above equation.

lEa L( *Eb) |

Epu \[
Ew | = | 2Bb— 3l5(Ea— Eo) )
Epc i 1 EC 2\[( Eu)

= | 1B - f( ~ E2) (6)
Ene I 1 Ec 2\[( Eb) ]

The PSV, NSV, PSC and NSC calculated in the sBESS are independently controlled as
shown in Figures 4 and 5. In the same way as general inverter control current equations,

the PSC and NSC equations can also be expressed as Equations (7)—(10). In Equations (7)
and (8), the is ge command values are defined and controlled as shown in Equations (11)

and (12). Active and reactive power can be controlled as mentioned in Equations (3) and
(4). In general negative sequence control, i}; ge A€ controlled to 0. However, in the proposed
method, the current controller of the 7 | ge command value is expressed by Equations (13)
and (14). In this equation, integral control is performed so that i;* qe_main follows 0. Through
this, sBESS compensates for the NSC of the mBESS. This means that sSBESS supplies NSC
instead of the mBESS. z in Equations (11)—(14) means the number of inverters of the sBESS,
and each inverter can control the power of the mBESS equally. By applying the proposed
method, the mBESS supplies a balanced three-phase current. From this operation, one-
phase overload does not occur, the PCS can prevent the overcurrent tripping of IGBT. The
PSV and NSV command values derived through the DCC are summed in the stationary
reference frame as shown in Figure 6. The combined value is converted to three-phase abc
voltage and output as the command value of each phase.

de <k +k>(de_ide)+leqe+E 7)
oby = ( - i;’g) — wLih, + Ep, )
vl = (kp + l;’) lge —igp) +wLiig, + Ej, 9)

(k,, + ’3) i;’e> — wLil, + ElL, (10)
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Figure 4. Control diagram of the positive sequence current (PSC).
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Figure 5. Control diagram of the negative sequence current (NSC).
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3. PSCAD/EMTDC Simulation Modeling

Figure 7 shows the PSCAD/EMTDC simulation modeling of the entirety of Floreana
Island. A 140 kW diesel power plant, 200 kW PV plant and 900 kWh ESS were designed.
In addition, it was designed in detail considering the actual line length and power load.
As mentioned above, the phase C load is the largest, composed of about 46% of the total
load. In Figure 7, it can be seen that the phase C load is the largest even in the three
phase indications. Additionally, in this study, the diesel generator was not reflected in
the computer analysis result because BESS operates to provide voltage and frequency to
the system.

Galapagos Power System
Floreana island

=——Pp  Phase A

—
Bl D
e
E@r.i‘—i ) f@
- - Power load
- 4 =
200 kW PV plant

——p  Phase C

900 kWh ESS

Figure 7. Floreana island simulation model in PSCAD/EMTDC.

Figure 8 is an enlarged view of the PV power plant and the BESS side in Figure 7.
It consists of a BESS connected with three 100 kW PCS units and a PV plant connected
with eight 25 kW PCS units. One of the three BESSs performs CVCF control providing
voltage and frequency to the grid. The other two are sBESS supporting mBESS, and
in order to verify the proposed control, it is designed as shown in Figure 9 by reflecting
Figures 4 and 5 in the simulation modeling. BESS’s battery model used the library provided
by PSCAD/EMTDC is indicated by the orange box. Figure 10 is a simulation model of a
25 kW PV. The PV module in the blue box is a library provided by PSCAD/ETMDC, and
the input parameters, which are solar radiation and temperature data, were set as data
actually measured in the Floreana Island. The DC/DC converter linked to the PV module
performs MPPT control [27-30]. Additionally, the 25 kW inverter performs DC link voltage
control to stably supply PV power to the grid [31,32].
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Figure 8. Photovoltaic (PV) plant and battery energy storage system (BESS) simulation models in

PSCAD/EMTDC.
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The Floreana Island microgrid can be managed with the EMS logic shown in Figure 11.
First of all, if the operation is stopped due to a malfunction or inspection of the mBESS,
the sBESS should operate the system instead of the mBESS. If mBESS provides voltage
and frequency to the grid, the logic varies according to the SoC of the mBESS. First, as
shown in the red box, the PV generation amount must be limited so as not to exceed the
SoC upper limit of the mBESS. If the SoC is over 80%, the PV output must be limited. For
example, it means stopping PV inverters for the amount of excess generation among all PV
inverters. Additionally, if the SoC is more than 90%, all PV generation must be stopped
to ensure the stability of the mBESS. Second, a green boxlike logic is required so that the
SoC of the mBESS does not fall below the lower limit. If there is no solar power generation
and the SoC of the sBESS is lower than 20%, the mBESS alone may supply power to the
load without assistance from other distributed power sources. Accordingly, the mBESS
alone supplies the unbalanced current, and the inverter may stop operating due to an
overload of one phase. In consideration of such a situation, in this paper, the proposed
control is applied to the sBESS so that the mBESS can be balanced without causing a single
phase overload.

SESS #1, #2
Discharging mode
until SOC of 20%

SOC > 50%
(MESS)

mESS
break down

CVCF operation y
(MESS) A

SESS #1 operates as st
CVCF mode S )
SESS #2 supports Charging mode until SOC <30%
SESS #1 SOC of 80% (MESS)

SOC > 80%
(MESS)

Load shedding
(Feeder #1)

SOC < 20%
(MESS)

PV curtailment

SOC > 90%
(SESS)

Load shedding
(Feeder #2)

SOC < 10%
(MESS)

PV stop

SESSstop End

Figure 11. Energy management system (EMS) flow chat in Floreana island.

4. Simulation Results

In Section 4, the simulation results are shown using PSCAD/EMTDC. Scenario 1 is the
system operation result when the PV generation amount is larger than the load demand,
as shown in the red box part in Figure 11. Scenario 2 considers the case where the SoC of
the sBESS is less than 20% because there is no photovoltaic power generation under the
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condition of the green box part in Figure 11, and the mBESS alone supplies power to the
unbalanced load. Table 1 express the active and reactive power results in Figure 12 and
Figure 15.

Table 1. Expressions of simulation results.

Items Remarks
Power load Blue
PV Pink
mBESS Dark green
sBESS Orange

4.1. Scenario 1—Conventional sSBESS Control

Figure 12a is the result of active and reactive power when all systems are operated.
The PV output fluctuates as the actual insolation and temperature data are reflected. Since
sBESS is controlled so that the active and reactive power of the mBESS is 0 MW, 0 MVar, it
charges and discharges in response to PV output fluctuations instead of the mBESS. The
load demand result of each phase of Floreana Island is shown in Figure 12b. Phase C of
brown expression was the largest, with a maximum of about 37 kW, phase A (blue color)
was 35 kW and phase B (green color) was about 12 kW. In addition, phase C consists of a
transmission line that is longer than the other phases, as shown in the overall simulation
model in Figure 7. Accordingly, there is a large difference in the value of reactive power.

As shown in Figure 13a, there is little change in the SoC of the mBESS through the
auxiliary control of the sBESS. This means that even if there is no solar power generation,
power can be supplied to the load for a long time by using the stored energy of the mBESS.

Main : Graphs Main : Graphs

=p_bad =p_meEss =P sBESS =ppv E 0,005 - P-Phase A =P_Phase B =p Phase C

0.000
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A /\ »/U\/ \ '\I\\H v o Y | Y
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( X" VI — | W ﬁ%\ f\ N
B i e “S A WAL WY
I NVW Vo~ VTV N v Y WV
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Figure 12. Simulation results of Scenario 1 (a) Whole power system (top: active power; bottom: reactive power) and (b) load
demand (top: active power for each phase; bottom: reactive power for each phase).
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Figure 13. Simulation results of Scenario 2 (a) State of charge (SoC) (top: SoC of Main Battery energy storage system(mBESS);
bottom: SoC of the sBESS) and (b) instantneous three-phase current of the mBESS.

Figure 13b shows the result of the three-phase instantaneous current of the mBESS in
about 6 s when the load demand is at its highest. The three-phase current is not balanced
due to the unbalanced load. At this time, the maximum current of one phase is about
0.05 kA. Since the sBESS controls the output of the mBESS to 0, the overcurrent tripping of
the mBESS does not occur. Figure 14 shows the PSV, NSV, PSC and PSV dq results of the
mBESS. Due to the CVCF control, the three-phase voltage maintains a balance, and in the
result shown in Figure 14a, the PSV on the g-axis is about 311 V, which is the maximum of
the phase voltage, and the NSV is 0 V. Additionally, the change of the PSC is the same as the
change of the mBESS active power in Figure 12a. Additionally, since unbalanced current
control is not performed in Scenario 1, the mBESS supplies NSC as shown in Figure 14b.

CVCFESS : Graphs CVCFESS : Graphs
=vdp =vap = 030 1P =lgp

: i

%

(a) (b)

Figure 14. Simulation results of Scenario 1 (a) mBESS (top: dq-axis PSV; bottom: dg-axis NSV) and (b) mBESS (top: dg-axis
PSC; bottom: dg-axis NSC).

4.2. Scenario 2—Proposed sBESS Control

Scenario 2 assumes that there is no photovoltaic power generation, and the SoC of
the sBESS is less than 20%, and the mBESS alone supplies power to the unbalanced load.
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The rated capacity of one phase of the mBESS is 33 kW, and the maximum instantaneous
current is about 0.21 KA. However, as can be seen from Figure 15b, there are cases where
the loads of the A and C phases exceed 33 kW. If PV does not generate power, the mBESS
may supply more than the rated capacity of one phase. Accordingly, the operation of the
mBESS may be stopped due to an overcurrent of one phase.

In order to prevent one-phase overcurrent of the mBESS, the sBESS operated in 5 s to
perform DCC. To compare the three-phase instantaneous current before and after reflecting
the double current control when the power load of one phase exceeds 33 kW, this is shown
in Figure 16a,b. The maximum current of phase A (blue) in Figure 16a was about 0.23 kA,
so one phase exceeded 33 kW. If the PCS supplies such an overcurrent, the switching will
stop to protect the IGBT. However, as shown in Figure 16b, the three-phase instantaneous
current of the mBESS can be balanced through the method proposed by sBESS. In addition,
even if one phase exceeds 33 kW, as shown in the power value of 6 s in Figure 15b, the
three-phase instantaneous current in Figure 16b does not exceed 0.21 kA, the maximum
current, and the mBESS can be stably operated.

Main : Graphs Main : Graphs
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Figure 15. Simulation results of Scenario 2 (a) Whole power system (top: active power; bottom: reactive power) and (b) load

demand (top: active power for each phase; bottom: reactive power for each phase).
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Figure 16. Simulation results of Scenario 2 (a) instantaneous three-phase current of the mBESS before dual current control
(DCC) and (b) instantaneous three-phase current of the mBESS after DCC.

In Figure 17a, the PSV and NSV results of the dq-axis are the same as in Scenario 1,
the PSV on the g-axis is 311 V, which is the maximum value of the phase voltage, and the
NSV is 0 V. In the result of Figure 17b, the PSC occurs as much as power is supplied to the



Energies 2021, 14, 3862

12 0of 16

=vd_p

load, and the NSC of the dg-axis converges to 0 A as DCC is performed in 5 s. Figure 18a is
the result of PSC and NSC of one sBESS. Since only the negative sequence is controlled, the
value of the PSC is maintained at 0 A, and the control starts in 5 s, and two sBESSs supply
the NSC. Additionally, it can be seen from Figure 18b that two sBESSs share and supply the
reverse phase current of the mBESS equally. In addition, since sBESS supplies only NSC, it
hardly discharges, as shown in the SoC result of Figure 18a. This means that even if mBESS
is operated alone, it will be able to stably operate the power system by supporting mBESS
regardless of the SoC of the sBESS. In Figure 19b, after 5 s, the current unbalance rate of the

mBESS became 4% and decreased by about 26% compared to before control.
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Figure 17. Simulation results of Scenario 2 (a) mBESS (top: dg-axis PSV; bottom: dq-axis NSV) and (b) mBESS (top: dq-axis
PSC; bottom: dg-axis NSC).
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Figure 18. Simulation results of Scenario 2 (a) sBESS (top: dg-axis PSC; bottom: dg-axis NSC) and (b) sBESS (top:
instantaneous three-phase current of #1 sBESS; bottom: instantaneous three-phase current of #2 sBESS).
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Figure 19. Simulation results of Scenario 2 (a) SoC (top: SoC of the mBESS; bottom: SoC of the sBESS) and (b) current
unbalance rate of the mBESS.

5. Discussion

As in the result analyzed in Scenario 1, despite the unbalanced load configuration
of Floreana Island, PV is sufficiently developed, and through the auxiliary role of the
sBESS, mBESS can operate stably without generating overcurrent in one phase. In practice,
however, PV may not develop when operating a distributed power system. Accordingly,
if the mBESS supplies power alone, the system may be stopped due to overcurrent in a
specific phase in a microgrid with a severe unbalanced load such as Floreana Island. To
prevent overcurrent of the mBESS, in Scenario 2, the sBESS performed the proposed control
method. There was a maximum of 38 kW power demand in the C phase, but as shown in
Table 2, the maximum value of the three-phase instantaneous current of the mBESS was
0.19 kA, not exceeding the rated maximum current of the phase 0.21 kA. In addition, the
current unbalance rate of the mBESS improved by 26%. In addition, since there was little
change in SoC in Figure 19, it is judged that a voltage-type inverter that uses capacitors
other than BESS can solve the unbalance problem of the mBESS.

Table 2. Instantaneous current and current unbalance rate of the mBESS.

mBESS Without Dual Control With Dual Control
Instantaneous three-phase maximum current 0.23 kA 0.19 kA
Current unbalance rate 30% 4%

6. Conclusions

In order to build a microgrid and supply power to the load with 100% renewable
energy, the BESS must provide the constant voltage and frequency to the grid. Additionally,
the sBESS is required due to technical limitations such as the failure of the mBESS, the
capacity of manufacturers, and parallel operation control of inverters. In this paper, a
microgrid on Floreana Island in the Galapagos Islands, which is composed of unbalanced
loads, was designed through the PSCAD/EMTDC system analysis program. Furthermore,
for the validity of the designed microgrid, actual power load data, line length, and PV
data (insolation, temperature) were reflected. In Scenario 1, through the auxiliary control
of the sBESS, even if there is no solar power generation, the energy stored in the mBESS
can be used to supply power to the load for a long time. After the microgrid was built,
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we found a problem in Scenario 2 that was not found when all distributed power systems
were operating normally. To solve the problem, DCC of the sBESS was performed, and
accordingly, the maximum current of one phase of the mBESS was reduced by 0.04 kA and
the current unbalance rate was reduced by 26%.

Therefore, if a microgrid is to be built in a system composed of unbalanced loads such
as Floreana Island, problems that may occur in actual operation must be solved in the
feasibility study stage as in this study.
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Nomenclature

Ve d-axis terminal voltage
Ve g-axis terminal voltage
Eje d-axis grid voltage

Ege g-axis grid voltage

ide d-axis current

ige q-axis current

Ei(i=apc)  Three phase grid voltages

Epi(i=apc) Positive sequence voltages
Ei(i=apc) Negative sequence voltages

VP ge d-axis terminal positive sequence voltage
VP e g-axis terminal positive sequence voltage
V" ge d-axis terminal negative sequence voltage
Ve g-axis terminal negative sequence voltage
iP e d-axis terminal positive sequence current
iF e g-axis terminal positive sequence current
i" g d-axis terminal negative sequence current
i"ge g-axis terminal negative sequence current
E? 4 d-axis grid positive sequence voltage

EPge g-axis grid positive sequence voltage

E" 4 d-axis grid negative sequence voltage
E"g g-axis grid negative sequence voltage
Tie, d-axis terminal negative sequence current of the mBESS
e main g-axis terminal negative sequence current of the mBESS
j 90°

L; Filter inductance

kp Proportional gain

k; Integral gain

w Grid’s angular frequency

Pres Reference of active power

Qref Reference of reactive power

DC Direct current
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mBESS  Battery energy storage system for main source
sBESS  Battery energy storage system for auxiliary service
CVCF  Constant voltage constant frequency

PSV Positive sequence voltage

NSV Negative sequence voltage

PSC Positive sequence current

NSC Negative sequence current
THD Total harmonic distortion

SoC State of charge

PI Proportional integral

IGBT Insulated gate bipolar transistor
PV Photovoltaic

EMS Energy management system
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