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Abstract—Numerous studies nowadays have examined direct 
current fast charging (DCFC) stations equipped with distribut‐
ed generations and storage devices or integrated with microgrid 
(MG) systems. However, none have proposed effective power 
management for off-grid DCFC stations integrated with multi-
microgrid (MMG) system. In this paper, innovative distributed 
power management schemes (DPMSs) for off-grid DCFC sta‐
tion integrated with MMG system (DCFC-MMG) under uncer‐
tainty and outage conditions are proposed using distributed con‐
trol systems (DCSs). The DCFC station is equipped with a cen‐
tral battery unit (CBU) and four charging locations (CLs). The 
MMG comprises three renewable MGs, which can meet their 
own energy demands of the power grid independently and pro‐
vide fast charging for electric vehicles (EVs). Communication 
among MGs, CLs, and the CBU occurs through distributed in‐
teractions. Moreover, the MGs not only provide proper support 
from DCFC stations during CBU outage considering generation 
uncertainty and demand fluctuations, but also mutually support 
each other through microgrid-to-microgrid (MG2MG) interac‐
tions under critical conditions such as the outage of any MG 
batteries. Vehicle-to-vehicle (V2V) and vehicle-to-microgrid 
(V2MG) capabilities have also been designed to address situa‐
tions where the MG batteries are simultaneously disconnected. 
Nonlinear time-domain simulation performed in the MATLAB/
Simulink environment demonstrates that the proposed DPMSs 
for off-grid DCFC-MMG perform effectively under various un‐
certainty and outage conditions.

Index Terms——Distributed power management, electric vehicle 
(EV), multi-microgrid, charging station (CS), uncertainty, outage.

I. INTRODUCTION 

THE widespread adoption of electric vehicles (EVs) re‐
lies heavily on the availability of direct current fast 

charging (DCFC) solutions [1]. Currently, these charging sta‐
tions (CSs) primarily draw power from the grid, which can 

lead to increased demand during peak hours [2]. Additional‐
ly, the large-scale integration of CSs into the grid may cause 
issues such as excessive load density and voltage sags in dis‐
tribution networks (DNs) [3]. In cases where the grid is un‐
available, renewable energy sources (RESs) can serve as the 
main power supply for DCFC stations [4]. Another approach 
is to integrate DCFC stations with microgrids (MGs), which 
can enhance reliability and provide various ancillary services 
through their energy storage systems (ESSs) [5], and conse‐
quently enable economical and effective DCFC solutions for 
EVs [6]. This approach offers several advantages including 
reduced carbon emissions, lower electricity costs, and a 
more reliable power supply during grid outages [7].

Reference [8] introduces an effective multi-level charging 
system that enables EVs to specify their charging demands 
and obtain the most suitable charging rate. Multiple charging 
levels are featured within a single charger, with each level 
offering a different charging rate. In [9], a two-level struc‐
ture for coordinated charging at a CS is proposed, prioritiz‐
ing demand-based charging to improve the EV user’s experi‐
ence. In [10], a robust predictive control method is em‐
ployed for the energy management of a smart CS with photo‐
voltaic (PV) unit and ESS. The impact of CS on the grid is 
noted in [11], which identifies grid instability during fast 
charging. To address this, researchers suggest integrating 
MGs with RESs. Reference [12] explores the energy manage‐
ment of CSs with ESSs in a grid-connected mode, proposing 
a centralized model for physical constraints and a distributed 
coordination mechanism for decentralized implementation. 
The purpose of [13] is to explore how the integration of CS 
affects the optimal performance of MG-based supply infra‐
structure and its interaction with the DN. Reference [14] ex‐
amines the reliable cooperative performance of MGs that in‐
clude ESSs at CSs. A robust energy management system is 
first developed, and then, a robust optimization algorithm is 
designed. In [15], a controller for CS is proposed that allows 
the charger to support the connection voltage and damp tran‐
sients without affecting the charging efficiency. In [16], the 
concept of charging capacity market is introduced, enabling 
the allocation and trading of charging capacity for CSs on a 
day-ahead basis. Unlike traditional day-ahead electricity mar‐
kets, [16] addresses the uncertainty of EVs and ensures se‐
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cure grid operations. In [17], a distributed control is pro‐
posed to send excess reactive power from CSs and distribut‐
ed generations to normalize the voltage of DN without con‐
ventional voltage control devices such as on-load tap chang‐
ers. In [18], to address the voltage profile imbalance issue af‐
fected by the presence of CS in the DN, a suitable integrated 
PV system is utilized considering environmental challenges. 
Reference [19] aims to develop an adaptive CS that employs 
RESs in an MG without imposing significant stress on the 
DN. Reference [20] presents a decentralized power manage‐
ment scheme for an off-grid CS powered by ESSs. This sys‐
tem features the integration of additional ESSs and RESs 
while reducing the system complexity. Furthermore, in [21], 
the financial benefits from using an EV battery as a tempo‐
rary ESS in an MG integrated with PV units are investigat‐
ed. In [22], a robust distributed energy management model 
for multi-microgrids (MMGs) including EVs is proposed, 
where uncertainties in RESs, loads, and EV communications 
are considered. In [23], an integrated control system for 
DCFC stations is introduced, effectively addressing the volt‐
age sag issues and ensuring an optimal off-grid operation. 
Reference [24] discusses energy management in an MG that 
includes PV units, a wind turbine, an ESS, an EV, and a DC 
load, all connected to a DC bus and linked to an alternating 
current (AC) grid via a DC-AC converter, with the main goal 
of regulating the DC bus voltage. Reference [25] proposes a 
power management strategy for a DCFC station, aiming to 
maintain fast and reliable EV charging while reducing the de‐
pendence on grid. It introduces an improved optimal control 
method to enhance the performance of the grid-connected 
voltage source converter (VSC). In [26], a PV system com‐
bined with ESSs and a wind-driven islanded MG system is 
developed to provide continuous power to remote CSs. In 
[27], a pioneering framework for a wind-powered CS is in‐
troduced, employing an improved decentralized model-based 
predictive control to meet the charging demands of EVs 
with different control patterns. In [28], a multi-objective en‐
ergy planning strategy for an off-grid MG focuses on the op‐
timal management of its limited energy supply using an incen‐
tive-based demand response scheme. A point estimation meth‐
od is used to address the uncertainty of EVs. Reference [29] is 
driven by the need to accelerate the adoption of EVs through 
decentralized and renewable energy-based CSs that are inde‐
pendent of the grid. The system in [29] consists of eight CSs 
and uses RESs to reduce grid dependency. Reference [30] con‐
ducts a techno-economic assessment of an off-grid PV-wind-
hydrogen storage-based CS to determine the optimal configu‐
ration that meets the load demand.

As reviewed, various studies have aimed to improve the 
performance of CSs and reduce the load on DNs using di‐
verse solutions. Several studies have optimized the charging 
process or provided multi-level coordinated charging, while 
others have equipped CSs with centralized or distributed stor‐
ages. Additional studies have focused on integrating CSs 
with MGs, employing multifunctional energy management 
systems. However, none have addressed an off-grid DCFC 
station integrated with MMG system (DCFC-MMG) consid‐
ering generation uncertainty, potential ESS outage, MMG 

support from the DCFC station, vehicle-to-microgrid 
(V2MG) capability, mutual support among MGs through mi‐
crogrid-to-microgrid (MG2MG) facility, and EVs through ve‐
hicle-to-vehicle (V2V) capability in critical situations.

In this paper, distributed power management schemes 
(DPMSs) of off-grid DCFC-MMG using distributed control 
systems (DCSs) are presented. Three MGs, each equipped 
with a PV unit and an ESS, constitute the main structure of 
the MMG. The DCFC station is equipped with a central bat‐
tery unit (CBU) and four charging locations (CLs). Under 
normal conditions, MGs 1-3 are used to charge CLs 1-3, re‐
spectively, in addition to supplying their internal three-phase 
loads. The CBU is responsible for CL 4. When the CBU is 
out of the circuit, MGs 1-3 operate cooperatively to supply 
CL 4, considering generation uncertainty. The CBU charging 
process is also carried out by the MGs during periods when 
the CLs are unoccupied. Furthermore, if one MG experienc‐
es a battery outage, the other two MGs support it. Also, by 
implementing V2V and V2MG capabilities, the CLs, with the 
assistance of the CBU, can meet the requirements of off-grid 
DCFC-MMG in critical situations where the MG batteries si‐
multaneously fail. The major innovations of this paper are 
summarized as follows.

1) An off-grid DCFC-MMG is designed, modeled, and im‐
plemented using DCSs.

2) Applicable DPMSs are proposed by establishing appro‐
priate interaction among MGs, CLs, and the CBU to provide 
mutual support among MGs in critical situations considering 
DCFC station requirements, and to handle simultaneous MG 
battery outages by implementing the V2V and V2MG capabili‐
ties.

3) The DCFC of EVs is enabled by an MMG without grid 
assistance under uncertainty and outage conditions.

4) The capability of MGs within the MMG is demonstrated 
to operate independently, interconnected with each other, and 
connected to the DCFC station without the presence of grid.

II. OFF-GRID DCFC-MMG

The diagram of an off-grid DCFC-MMG under study is 
shown in Fig. 1. Three MGs are connected to the DCFC sta‐
tion through three AC-DC converters (VSCs 1-3). The MGs 
are interconnected through three bidirectional DC-DC con‐
verters (BCs 1-3). Accordingly, the MGs can support both 
the DCFC station and each other.
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Fig. 1.　Diagram of off-grid DCFC-MMG under study.
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Further details of inner equipment used in off-grid DCFC-
MMG are illustrated in Fig. 2. The DCFC station is 
equipped with a CBU and four CLs. The CLs and CBU are 
interfaced with the AC bus through AC-DC and DC-DC con‐
verters. Each CL is responsible for providing charging pow‐
er to each of the EVs parked at the CLs, with a charging re‐
quirement of 150 kW at 620 V. If required, each CL can al‐
so operate in discharging mode with the same electrical char‐
acteristics. The CBU is similarly capable of bidirectional 
power exchange with the AC bus. In each MG, a three-
phase inverter is responsible for supplying time-varying 
three-phase loads rated at 440 V/60 Hz. In addition, a PV 
unit and a battery are connected to a 660 V DC bus through 
boost and buck-boost converters, respectively. It is worth not‐
ing that all EV batteries are 400 V/80 kWh lithium-ion 
units. Table I summarizes the electrical specifications of the 
system components.

III. PROPOSED DPMSS

A. Considerations of Generation Uncertainty and CBU 
Outage

To implement the proposed DPMSs, when the CBU is in 
the circuit, MGs 1-3 supply the required power for charging 
EVs 1-3 parked at CLs 1-3, respectively. The power injected 
from MGs 1-3 into the CLs is managed through VSCs 1-3, 
respectively, using the corresponding DCSs. In other words, 
there exists a communication link among the DCS of MG i, 
the DCS of VSC i, and the DCS of CL i, where i = 1 2 3. 
Meanwhile, through the connection between the DCS of CL 
4 and the DCS of CBU, the power required to charge EV 4 
parked at CL 4 is supplied by the CBU.

If the CBU goes out of the circuit, MGs 1-3 jointly pro‐
vide the required charging power for CL 4 through communi‐
cation between the DCS of VSCs/MGs 1-3 and the DCS of 
CL 4, provided that the PV power generation of each MG is 
no less than 0.3 p. u.. In other words, an MG experiencing 
generation deficiency does not participate in the charging 
process of EV 4 in the absence of the CBU.

When the charging processes of EVs 1-3 are completed, 
MGs 1-3 do not lead to power injection, but instead inject 
power equal to half of the charging power (i.e., 75 kW) into 
the CBU. However, any MG with PV power generation less 
than 0.3 p.u. does not contribute to the CBU charging pro‐
cess. Figure 3 illustrates the flowchart of the proposed 
DPMSs for off-grid DCFC-MMG.

It is worth noting that the AC bus in the DCFC station 
acts as a common bus, and all three MGs are connected to 
this bus through the VSCs. Consequently, power flow within 
this bus follows circuit laws. Therefore, the assumption that 
MGs 1-3 charge EVs 1-3, respectively, acts only as a control 
allocation method. The reason for selecting the threshold of 
0.3 p.u. is provided in Supplementary Material A.

Figure 4 displays the DCS for implementing the proposed 
DPMSs on off-grid DCFC-MMG based on the flowchart pre‐
sented in Fig. 3. The equivalent impedance Z, including the 
resistance R and reactance X of each MG, CL, and the CBU 
connected to the AC bus is calculated in (1). Furthermore, 
the dynamic equations of each AC-DC converter considering 
the DC link voltage and switching effects are obtained 
from (2).

Zi =Ri +Xi (1)

ì

í

î

ï

ï
ïï
ï

ï

ï

ï
ïï
ï

ï

dIa

dt
=-

R
Z

Ia -
1
Z

Va +
Vdc

3L
(2Ka -Kb -Kc )

dIb

dt
=-

R
Z

Ib -
1
Z

Vb +
Vdc

3L
(-Ka + 2Kb -Kc )

dIc

dt
=-

R
Z

Ic -
1
Z

Vc +
Vdc

3L
(-Ka -Kb + 2Kc )

(2)

where V and I are the voltages and currents in the three-phase 
domain, respectively; L is the line inductance; Vdc is the DC 
bus voltage; K is the coefficient that can take values of 0 or 1 
depending on the state of the upper and lower switches of hys‐
teresis current controller (HCC) [31]; and subscripts a, b, and 
c denote the three phases.

TABLE I
ELECTRICAL SPECIFICATIONS OF SYSTEM COMPONENTS

Component

PV unit in MG

PV converter in MG

Battery in MG

Battery converter in MG

DC-AC load inverter in MG

AC-DC converter in CL

DC-DC converter in CL

Battery in CBU

AC-DC converter in CBU

DC-DC converter in CBU

DC-DC converter in BC

AC-DC VSC

Power or capacity

200 kW

250 kW

650 Ah

450 kW

350 kVA

200 kVA

200 kW

500 Ah

400 kVA

400 kW

300 kW
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400

660

600

660

440

440

620

800

660

840

660

440

Battery

PV unit

660 V 
DC busLoad

 

 

440 V/60 Hz AC bus

 
PV unit

Load

Battery

660 V 
DC bus 

VSC 1

BC 1

CL 1

CL 2

CL 3

CL 4

CBU

MG 1 MG 2

MG 3
DCFC station

DC 
AC 

DC 
DC 

DC 
DC 

VSC 2

BC 2

VSC 3

BC 3

DC 
DC 

AC 
DC 

DC 
DC 

AC 
DC 

DC 
DC 

AC 
DC 

DC 
DC 

AC 
DC 

DC 
DC 

AC 
DC 

AC 
DC 

 
DC 

DC 

DC 
DC 

660 V 
DC bus

 
PV unit

Load

Battery

AC 
DC 

 
DC 

DC 

DC 
DC 

Fig. 2.　Further details of inner equipment used in off-grid DCFC-MMG.
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It is worth noting that in Fig. 4, the indices ref and reg de‐
note the reference and regulated values, respectively; sub‐
scripts d and q denote the d- and q-axis components, repec‐
tively; ω is the angular speed; P is the active power of AC-
DC converters associated with the CLs, MGs, and the CBU 
in the d-q frame; VSC, CL, CBU, and EV in the subscripts 
or superscripts denote the corresponding VSC, CL, CBU, 
and EV, respectively; the variables with “*” denote the decou‐
pled terms; R&X denotes the impedance; SOC denotes the 
state of charge; PI denotes proportional-integral; and PWM de‐
notes the pulse width modulation.
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P = 3(Vd Id +Vq Iq )/2 (6)

where T abc
dq  is the transfer matrix from the three-phase do‐

main to the d-q frame. The process described in (3) transfers 
the dynamic model acquired in (2) from the three-phase do‐
main to the d-q frame. Consequently, the d-q current equa‐
tions are derived in (4). By incorporating the coefficients in 
(5) to (4), independent control of the d-q currents is enabled. 
After the d-q currents are calculated, the active power P is 
calculated in (6). As shown in Fig. 4, the control along the d-
axis is considered to represent the active power exchange, 
and the control along the q-axis corresponding to reactive 
power exchange among subsystems is not considered.

For triggering the AC-DC converters in each MG, CL, and 
CBU, the active power calculated in (6) is compared with the 
reference power value determined by the corresponding DCS 
to calculate the reference current of the d-axis. Then, by com‐
paring this current with the DC reference current, the regulat‐
ed current of the d-axis is obtained. PI controllers are em‐
ployed for these control loops. The calculated currents are then 
transformed from the d-q frame to three-phase domain by ma‐
trix T dq

abc in (7). Finally, these currents are compared with the 
output currents of AC-DC converters in the three-phase do‐
main as per (8) to generate the appropriate gating pulses for 
the AC-DC converters by the HCC units.
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Fig. 3.　Flowchart of proposed DPMSs for off-grid DCFC-MMG.
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After activating the AC-DC converters in MGs 1-3, CLs 1-
4, and the CBU, the DC-DC converters on the CL side are 
triggered to charge EVs 1-4 at 620 V/150 kW. The purpose 

for selecting a constant-power EV charging is provided in 
Supplementary Material A.
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For CL i, the charging power P CLi
EV  calculated in (9) is com‐

pared with the reference power specified by the correspond‐
ing DCS of CL. This comparison is used to calculate the ref‐
erence and regulated currents using two PI controllers. The 
resulting current is then applied to the PWM converter to 
generate the required gating signals for the DC-DC convert‐
er. Additionally, the DC-DC converter of the CBU can be ac‐
tivated either to supply power for charging EV 4 located at 
CL 4 or to absorb power from MGs 1-3 when their corre‐
sponding CLs are unoccupied.

P CLi
EV =V CLi

EV I CLi
EV (9)

where V CLi
EV  and I CLi

EV  are the required charging voltage and 
current for CL i, respectively.

The PI controller gain parameters for the control loops 
and the filter tuning coefficients are listed in Supplementary 
Material A Tables SAI and SAII, respectively. The control 
system complexities are summarized in Table SAIII.

B. MG2MG Operation in MGs 1-3 Under Battery Outage 
Conditions

To implement DPMSs among MGs, if the battery in any 
MG is disconnected from the circuit, the other MGs take 
over the internal three-phase load of the MG that has experi‐
enced an outage. Meanwhile, the CBU, in addition to charg‐
ing EV 4, takes over the charging power of the EV previous‐
ly supplied by the affected MG. Therefore, MGs 1-3 can 
continue to operate, and CLs 1-4 remain powered.

As illustrated in Fig. 5(a), under battery outage conditions 
in MG 1, MGs 2 and 3 deliver power to MG 1 through BCs 
1 and 3, respectively, and the proposed DPMSs ensure the 
uninterrupted operation of MG 1. In MG 1, when the battery 
is disconnected from the circuit, the communication link en‐
ables coordination among the DCS of MGs 1-3, the DCS of 
BCs 1-3, and the DCS of CBU. This coordination ensures 
that the power required to supply the load of MG 1 is equal‐
ly shared between MGs 2 and 3. Meanwhile, EVs 2 and 3 
are charged by MGs 2 and 3, respectively, whereas EVs 1 
and 4 are charged by the CBU. Consequently, the load pow‐
er of MG 1 is supplied by MGs 2 and 3, while the charging 
power for EV 1, which is supplied by MG 1 under normal 
conditions, is transferred to the CBU under critical condi‐
tions. To activate BC 1 and facilitate the power transfer 
from MG 2 to MG 1, half of the load power of MG 1 P MG1

L , 
which has already been transformed into the d-axis using 
(3), is divided by half of the DC link voltage of MG 2 to 
generate the reference current, as described in (10). This ref‐
erence current is then compared with the current injected by 
BC 1 into MG 1. The resulting error is processed through a 
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Fig. 4.　DCS for implementing proposed DPMSs of off-grid DCFC-MMG.
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PI controller to obtain a regulated current, which is convert‐
ed into appropriate PWM pulses to trigger BC 1. A similar 
procedure is followed to activate BC 3 for power transfer 
from MG 3 to MG 1. It is worth noting that (10) is applica‐
ble only when the battery of one MG is disconnected from 
the circuit and that MG requires auxiliary power from the 
other two MGs. Accordingly, each healthy MG supplies half 
of the load power of the failed MG. If a battery outage oc‐
curs in MG 2 or MG 3, an analogous process is executed, as 
illustrated in Fig. 5(b) and (c), respectively. Additional expla‐
nation for Fig. 5 is provided in Supplementary Material A.

I i
ref =

P MG1
L

2 ( )V j
dc

2
    i = 13 j = 23 (10)

C. V2V and V2MG Operation Under Simultaneous Battery 
Outage Conditions in MGs 1-3

Under simultaneous battery outage conditions in MGs 1-3, 
the proposed DPMSs operate as shown in the flowchart in 
Fig. 6, where the V2V and V2MG capabilities are activated 
according to the outage conditions.

If the batteries of two MGs are out of circuit simultane‐
ously, the healthy MG, in addition to supplying its own load, 
also takes on the load of the failed MGs and no longer 
shares power to charge the CLs. In this case, CLs 2 and 3 
enter the V2V operating mode, such that one of them is 
charged by the other. Meanwhile, CLs 1 and 4 are supplied 
by the CBU. Therefore, the loads of all three MGs are sup‐
plied, while three EVs operate in charging mode and one 
EV operates in discharging mode.

If the batteries of all three MGs are out of the circuit si‐
multaneously, the V2MG capability is activated so that CLs 
2 and 3, which were previously under charging, operate in 
discharging mode to supply power to MGs 1-3. The CBU al‐
so provides charging power for CLs 1 and 4. Therefore, the 
loads of the three MGs are supplied by CLs 2 and 3, while 
two EVs are charged by the CBU.

D. MGs Operating in Off-grid Mode

Figure 7 illustrates the proposed DPMSs for each MG op‐
erating in off-grid mode using DCS. The DCS is responsible 
for monitoring and managing the battery, load, and PV units 
to stabilize the DC bus voltage by balancing power genera‐
tion and consumption. It should be noted that the PV unit is 
designed to inject the maximum available power into the DC 
bus to maintain the reference voltage [32]. However, due to 
the inherent uncertainty in PV generation, which may lead to 
voltage fluctuations under variable load conditions, the bat‐
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tery provides supplementary support to ensure the voltage 
stability.

The average model of a boost converter with a PV unit 
connected at the input side is derived in (11), and the output 
power of the PV unit PPV is calculated in (12).

ì

í

î

ï
ïï
ï

ï
ïï
ï

Lbo

dIPV

dt
=VPV - (1 -D)Vdc

Cdc

dVdc

dt
= (1 -D)IPV -

PPV

Vdc

(11)

PPV = IPVVPV (12)

where Lbo is the inductance of the boost converter; Cdc is the 
DC link capacitor; VPV is the voltage of the PV unit; IPV is 
the current of the PV unit; and D is the duty cycle of the 
PWM converter.

Bu using a PI controller, the regulated current is obtained, 
which is then used to compute the appropriate PWM duty 
cycle for activating the boost converter. To feed the load, the 
inverter employs a switching strategy based on a virtual 
phase-locked loop (PLL). This system generates a reference 

voltage at the desired frequency [33]. This reference voltage 
is compared with the load voltage, both expressed on the d-
axis. The resulting error generates a reference current, which 
is subsequently compared with the three-phase current pass‐
ing through the LC filter and transformed into the d-axis. Fi‐
nally, this current is converted back to the three-phase do‐
main, and appropriate PWM pulses are generated to trigger 
the load-side inverter. To manage the battery, the DCS first 
calculates the power of battery PB using (13). The net power 
is divided by the reference voltage of the DC bus to deter‐
mine the battery reference current, as expressed in (14). PB 
is added to the output power of the PV unit, and the total 
load demand is subtracted from the resulting sum. By com‐
paring this reference current with the output current of the 
battery converter, a regulated current can be obtained. This 
regulated current is subsequently used to generate suitable 
PWM pulses for charging or discharging the battery through 
the buck-boost converter.

PB =VB IB (13)

I ref
B =

PPV +PB -PL

V ref
dc

(14)

where VB and IB are the voltage and current of the battery, re‐
spectively.

IV. NUMERICAL RESULTS

A. Performance of Off-grid DCFC-MMG Under MMG 
Uncertainty and CBU Outage Conditions

Figure 8 shows the charging power delivered to CLs 1-4. 
where four EVs parked in CLs 1-4 are charged at 0.1, 0.15, 
0.2, and 0.25 s, respectively. The charging process is com‐
pleted in 0.7 s for EVs 1 and 2, and in 0.75 s for EVs 3 
and 4.

The charging power delivered to CLs 1-4 is supplied by 
MGs 1-3 and the CBU, as shown in Fig. 9, where the power 
injection process from MGs 1-3 and the CBU (each 150 
kW) is activated at 0.1, 0.15, 0.2 and 0.25 s to charge EVs 
1-4, respectively. When the CBU disconnects at 0.35 s, MGs 
1-3 increase their outputs by 50 kW to provide charging 
power for EV 4. However, at 0.45 s, as the PV power gener‐
ation of MG 1 (according to Fig. 10) falls below 0.3 p. u., 
the DCS prevents it from supporting the CBU. MGs 2 
and 3 then compensate by supplying the additional required 
power.
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Fig. 8.　Charging power delivered to CLs 1-4.
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As a result, the output power of MG 1 returns to 150 kW, 
while both MGs 2 and 3 operate at 225 kW. At 0.6 s, when 
the CBU returns to operation, the power of MGs 2 and 3 de‐
creases from 225 kW to 150 kW, returning to the pre-outage 
conditions. At 0.7 s, the power of MG 1 decreases from 150 
kW to 75 kW as it completes charging EV 1, allowing MG 
1 to charge the CBU at 75 kW. In MG 2, PV power genera‐
tion becomes zero at 0.65 s. Therefore, when EV 2 com‐
pletes charging at 0.7 s, MG 2 does not supply power to the 
CBU. At 0.75 s, after EVs 3 and 4 have completed charging, 
MG 3 contributes 75 kW power to the CBU. In total, the 
CBU receives 150 kW power (75 kW from MG 1 and 75 
kW from MG 3). Thus, MGs 1-3 are able to charge EVs 1-4 
in both the presence and absence of the CBU, support the 
CBU, and charge it at empty CLs. Moreover, according to 
Fig.10, they properly supply their internal loads considering 
generation uncertainty and demand fluctuations.

Figure 11 also shows the three-phase currents of VSCs of 
CLs 1-4, MGs 1-3, and CBU. As observed, variations in the 

three-phase currents of VSCs of MGs 1-3 and CBU, which 
are proportional to the power conditions of Fig. 9, do not 
negatively affect the three-phase currents of AC-DC convert‐
ers of CLs 1-4, which are proportional to the power condi‐
tions of Fig. 8. The currents of these CLs remain completely 
uniform during the EV charging process.

Considering the start and end time of the charging process 
of CLs 1-4 according to the conditions of Fig. 8, Fig. 12 dis‐
plays the charging power of CLs 1-4 supplied by MGs 1-3 
and CBU when the control and management schemes of 
[11], [14], [20], and [22] are applied instead of the proposed 
DPMSs in this paper, under uncertainty and outage condi‐
tions from 0.35 to 0.6 s. Each of MGs 1-3 and CBU success‐
fully injects 150 kW power into CLs 1-4 at 0.1, 0.15, 0.2, 
and 0.25 s, respectively. However, during the CBU outage 
from 0.35 to 0.6 s, the absence of the proposed DPMSs un‐
der uncertainty and outage conditions results in CL 4 with‐
out power. Once the CBU is reconnected to the circuit at 0.6 
s, its power is restored to charge CL 4. Additionally, when 
the charging process is completed, the power to all MGs and 
the CBU drops to zero, and the CBU is not charged. Addi‐
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tional explanations of Fig. 12 are provided in Supplementary 
Material A.

B. Performance of Off-grid DCFC-MMG Under Battery 
Outage Conditions in MGs

Figure 13 illustrates the power variations of the loads and 
batteries of MGs 1-3, assuming that EVs 1 and 4 are 
charged by MG 1 and CBU from 0.15 s, respectively, EV 2 
is charged by MG 2 from 0.1 s, and EV 3 is charged by MG 
3 from 0.2 s. In addition, the PV power generation in the 
MGs is assumed to be zero. The battery of MG 1 is then dis‐
connected from the circuit from 0.25 to 0.45 s. Therefore, 
the proposed DPMSs should operate appropriately to achieve 
mutual support among MGs and provide charging power for 
EVs 1-4. However, when the battery of MG 1 is disconnect‐
ed, according to Fig. 13, the load of MG 1 is supplied by 
the batteries of MGs 2 and 3. According to Fig. 14, the 
charging power of CL 1, which is supplied by MG 1 before 
the battery outage, is provided by the CBU. Therefore, from 
0.25 s to 0.45 s, the output power of the CBU is 300 kW, 
and MGs 2 and 3 only provide charging power for CLs 2 
and 3, and do not participate in charging CL 1, as they joint‐
ly supply the load of MG 1. From 0.25 to 0.45 s, the CBU 
provides the charging power required for both CL 1 and CL 
4. After the battery of MG 1 is reconnected to the circuit at 
0.45 s, the charging power in Fig. 14 decreases again to 150 
kW for charging CL 4. The battery power of MGs 1-3 in 
Fig. 13 is proportional to their internal three-phase loads and 
the CLs under their supply. Figure 14(b) shows the three-
phase current of VSC of the CBU, which corresponds to the 
power variations of the CBU.

Consequently, when the battery of MG 1 is disconnected, 
the CBU charges CLs 1 and 4 simultaneously. Meanwhile, 
MGs 2 and 3, in addition to charging CLs 2 and 3, supply their 
own loads and jointly support the load of MG 1.

The power of MGs 1-3 and CBU during the battery out‐
age in MG 1 is presented in Table II before, during, and af‐
ter the battery outage of MG 1, with values corresponding to 
Figs. 13 and 14.

In Fig. 15, the control and management schemes of [8], 
[9], [10], and [23] do not address the outage conditions oc‐
curring in one MG and receiving support from another MG, 
while considering the power requirements of the CLs. There‐
fore, when the battery of MG 1 is disconnected from the cir‐
cuit, both the load power of MG 1 and the charging power 
of CL 1 (previously supplied by MG 1) remain unserved. 
Consequently, the power drops to zero from 0.25 s to 0.45 s. 
After the battery of MG 1 is reconnected, the load and charg‐
ing power are restored. Therefore, compared with the pro‐
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posed DPMSs in this paper, which, during the battery outage 
in MG 1, supplies the load power of MG 1 through MGs 2 
and 3 and provides the charging power of CL 1 through the 

CBU, the schemes of the above-mentioned references can 
neither supply the load of MG 1 nor charge CL 1.

C. Performance of Off-grid DCFC-MMG Under 
Simultaneously Battery Outage Conditions in MGs

Figure 16 illustrates the power variations of batteries in 
MGs 1-3, assuming that the charging conditions for CLs and 
the load conditions for MGs are the same as those described 
previously. In addition to the battery of MG 1, the battery of 
MG 2 also experiences an outage from 0.25 to 0.45 s, and is 
removed from the circuit. Therefore, the battery of MG 3 
supplies the load of all three MGs and its output power in‐
creases to approximately 300 kW.

Figure 17 shows the power variations of CLs 2 and 3 un‐
der V2V operation and under simultaneous battery outage 
conditions in MGs 1 and 2. Before the outages in MGs 1 and 
2, both CLs are operating in charging mode. During the out‐
ages, CL 3 switches to discharging mode and supplies power 
to charge CL 2. After the outages end, both CLs return to 
charging mode and resume the normal operation. CLs 1 and 
4 are also charged by the CBU, as shown in Fig. 14.

If the battery of MG 3 is also disconnected from 0.25 s to 
0.45 s in Fig. 16, the power variations of CLs 1-4 are shown 
in Fig. 18. During this period, CLs 1 and 4 are charged by 
the CBU, while CLs 2 and 3 operate in discharging mode and 
provide load power to MGs 1 to 3 through V2MG operation.

D. Performance of Off-grid MGs While Supporting Each Other

In this subsection, the performance of MG 2 is analyzed. 
It is demonstrated that while the MGs support each other 
and inject power into the CLs, the internal operating condi‐
tions of the MGs are normal and their loads are properly 
supplied. Therefore, Fig. 19 illustrates the three-phase load 
voltage and current of MG 2 under the load power condi‐
tions in Fig. 13.

TABLE II
POWER OF MGS 1-3 AND CBU DURING BATTERY OUTAGE IN MG 1

Time 
(s)

0.10
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Fig. 17.　Power variations of CLs 2 and 3 under V2V operation and under 
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Following the load power variations of MG 2 in Fig. 13, 
the load current also varies in Fig. 19. Nevertheless, the load 
voltage remains stable within the acceptable operating range.

Figure 20 shows the DC link voltage and generated frequen‐
cy of load inverter in MG 2, where the frequency variations 
under different operating conditions are less than 0.1 Hz. The 
DC link voltage stabilizes at 660 V after transient disturbanc‐
es. According to Fig. 13, at 0.25 s, MG 2 assists MG 1, 
which causes the DC link voltage of MG 2 to drop to 650 
V. At 0.3 s, as the load of MG 2 increases, the DC link volt‐
age of MG 2 decreases further to 640 V, but it quickly re‐
turns to the nominal value due to the operation of the DCS. 
At 0.45 s, when the battery of MG 1 is reconnected and MG 
2 is no longer required to support MG 1, the load previously 
transferred to MG 2 is returned to MG 1, resulting in a sud‐
den increase in the DC link voltage of MG 2. The control 
system stabilizes the voltage. However, as the internal load of 
MG 2 decreases at 0.5 s, another temporary increase in DC 
link voltage occurs, which is again corrected by the DCS, and 
the voltage stabilizes at 660 V from 0.52 s onward.

Since the voltage control systems used in [12], [13], [19], 
and [24] are not designed for conditions where two MGs are 
interconnected for power exchange while considering outag‐
es of storage units, the results shown in Fig. 21 are obtained 
when these schemes are applied to the off-grid DCFC-MMG 
under study. As illustrated, when MG 2 is connected to MG 
1 for power injection between 0.25 and 0.45 s, significant os‐
cillations occur in the DC link voltage of MG 2. Moreover, 
after 0.45 s, when the MGs are disconnected, the DC link 
voltage does not stabilize at its nominal value. These oscilla‐
tions in the DC link voltage lead to fluctuations in the three-
phase voltage of the load inverter in MG 2, resulting in a 
non-standard voltage supply to the load. Therefore, the volt‐
age control system under interconnected MG operation, espe‐
cially when one MG experiences the outage of a storage 
unit, is handled more effectively by the proposed DPMSs 
than other schemes. A quantitative comparison of the results 
shown in Figs. 20 and 21 is provided in Supplementary Ma‐
terial A.

Finally, it should be noted that a comprehensive economic 
analysis demonstrating the superiority of the proposed 
DPMSs over the baseline scheme is described in Supplemen‐
tary Material A. Compliance with operational implementa‐
tion standards and future research directions are also out‐
lined in Supplementary Material A.

V. CONCLUSION

The proposed DPMSs in this paper using DCSs ensure the 
reliable operation of an off-grid DCFC-MMG under uncer‐
tainty and outage conditions. The results demonstrate that 
the internal loads of all MGs are properly supplied, the 
charging power of all CLs is continuously delivered, and ef‐
fective mutual support among MGs and to the CBU is 
achieved under uncertainty and outage conditions.

Under normal operation with the CBU in service, MGs 1-
3 supply the charging power of CLs 1-3, respectively, while 
the CBU is responsible for supplying CL 4. After the com‐
pletion of the EV charging process, each MG, considering 
the generation uncertainty, contributes to charging the CBU 
with half of the nominal charging power.

Under CBU outage conditions, MGs 1-3 collectively sup‐
ply the charging power required by EV 4, while considering 
generation uncertainty. In this mode, only MGs with PV gen‐
eration exceeding 0.3 p.u. participate in sharing the charging 
power.

Under battery outage conditions in any MG, the remain‐
ing MGs provide necessary support to supply the internal 
load of the affected MG. Simultaneously, the charging power 
previously assigned to the failed MG is transferred to the 
CBU, ensuring uninterrupted operation of the DCFC station.

Across all the aforementioned operating conditions, the 
three-phase loads of MGs remain well-supplied. Neither de‐
mand fluctuations, generation uncertainty, power sharing 
among MGs under different charging conditions, nor mutual 
support during outage events result in undesirable fluctua‐
tions in voltage, current, or frequency.

Overall, the proposed DPMSs in this paper successfully 
maintain the charging operation of CLs 1-4 under both nor‐
mal and critical conditions, enabling effective power ex‐
change among MGs while preserving acceptable electrical 
performance even during battery outages. Furthermore, by 
implementing V2V and V2MG capabilities, the off-grid 
DCFC-MMG sustains continuous operation under simultane‐
ous battery outage conditions in MGs.
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