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ABSTRACT In this paper, a seamless power management scheme is proposed for a decentralized DC
microgrid (DCMG) to maintain voltage stabilization in the presence of voltage sensor faults. First, a voltage
observer is constructed in each power agent to monitor the voltage sensor abnormality under various
uncertain conditions. During the normal operations, the power balance as well as the voltage regulation of
the DCMG is achieved by using the voltage droop control method which consists of the secondary controller
and primary controller. While the secondary controller is utilized to maintain the DC-link voltage (DCV)
at the nominal value, the power balance is achieved by the droop control method in the primary controller.
In both controllers, the estimated DCV value is employed as the only feedback signal from the DC-link to the
power agent. To maintain a seamless power management even under DCV sensor faults, a fault identification
algorithm is first presented to detect voltage sensor failure. After the power agent recognizes its DCV sensor
fault, its operation mode is switched from the voltage control to the current control mode, in which the
operating point in the droop curves is perturbed by changing the current magnitude in the power agent with
the faulty DCV sensor. The perturbation of operating point in the droop curves makes the other power agents
with normal DCV sensor take a control of DCV instead of the power agent with the faulty DCV sensor to
guarantee voltage stabilization and prevent the system collapse. Furthermore, the proposed scheme adjusts
appropriately the droop curve of the utility grid agent in the primary controller under high electricity price
condition to minimize electricity costs. Simulation and experimental results under various conditions verify
the effectiveness and reliability of the proposed seamless power management strategy.

INDEX TERMS DC microgrid, decentralized system, droop control, seamless power management, sec-
ondary control, voltage restoration, voltage sensor fault.

I. INTRODUCTION

In recent decades, the microgrid is extensively used as an
effective method not only to ensure the electricity demand
caused by industrialization and modernization trends but
also to increase the scalability and flexibility of the utility
grid [1], [2]. The microgrid is a small-scale power system
which is commonly integrated by the utility grid, energy
storage systems (ESSs), load, and renewable energy sources
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(RESs) such as wind or solar power sources [3], [4]. In gen-
eral, the microgrid system is divided into two categories: DC
microgrid (DCMG) and AC microgrid (ACMG). In compari-
son to the ACMG, the DCMG has received raised levels of
attention from researchers because of its high system effi-
ciency, outstanding power quality, and simple control [5], [6].

The operation of a DCMG system can be classified into the
islanded mode and grid-connected mode depending on the
availability of the utility grid [7]. Traditionally, in the grid-
connected mode, the power balance and voltage stabilization
are maintained by the utility grid agent [8]. In this mode,
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the DCMG system should take into account the minimum
electricity cost for the utility grid to reduce the operation
cost in the DCMG [9], [10]. In the islanded mode, the power
agents in DCMG are coordinated properly to ensure power-
sharing even under several uncertain conditions such as agent
power variation, the ESS state-of-charge (SOC) levels, and
plug-and-play power agent [11].

Inspired by these concerns, several studies for effective
control and management strategies for the DCMG have been
proposed lately in the literature [12], [13], [14], [15], [16].
Depending on the communication perspective of a DCMG,
these control strategies are separated into centralized control,
distributed control, and decentralized control. In centralized
control, the data of each power agent is collected by a central
controller via digital communication links (DCLs) to manage
the power in the DCMG system [12], [13]. On the other
hand, distributed control does not rely on the use of a central
controller. Instead, each power agent in distributed DCMG
system independently determines its operation mode based
on received information from neighbor power agents through
DCLs [14], [15]. It is worth mentioning that both centralized
and distributed controls suffer from many drawbacks related
to high system costs, low flexibility, and transmission delay
time caused by DCLs. To address these weaknesses, decen-
tralized control is considered as an effective solution due to
the absence of DCL in the DCMG system, which leads not
only to optimizing the system price but also to enhancing the
system scalability significantly [16].

Generally, in decentralized control, the droop control
method is normally utilized in each power agent not only to
regulate the DC-link voltage (DCV) but also to coordinate
the power in the DCMG system [17], [18], [19], [20]. In the
study [17], a decentralized control strategy based on V> — P
droop control is proposed for bidirectional DC-DC converters
to achieve the DCV and power regulations in a DCMG.
This droop approach is utilized to get rid of the negative
effect of the constant power loads and to ensure a seamless
transition of DCMG’s operating modes. To minimize the
utility cost in high electricity price condition, a decentralized
control scheme is introduced by combining droop control and
voltage control [18]. However, the DCV shows significant
fluctuation due to the droop control in both studies. To solve
this problem, a leaky integral term is implemented in the sec-
ondary control, which guarantees the DCV restoration even
under event-triggered sampling [19]. In this method, the pri-
mary control is employed to maintain the current sharing via
droop control in the islanded DCMG system. To improve the
system robustness under uncertain parameters and enhance
the power efficiency in the electric vehicle (EV), another
work presents a power management strategy which integrates
the droop control and disturbance observer [20]. Although
these control schemes achieve their main objectives, the
malfunctioned sensor device problems, which are unavoid-
able during the DCMG system operation, have not been
mentioned.
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To improve the reliability and resiliency of the overall
DCMG system, it is essential to consider the failure of the
sensor devices which are normally utilized to serve as the
feedback signal in the controller. When the DCMG system
can not identify and isolate the sensor faults, these failures
give crucial effects on the stability of the overall DCMG
system. Motivated by this concern, a model predictive control
based on a dual-extended Kalman filter is presented for the
DCMGs to detect both sensor faults and uncertain distur-
bances [21]. The researchers in [22] propose a fault detection
and isolation (FDI) method for centralized DCMG based on
an unscented Kalman filter. This control approach can apply
to the nonlinear system with the minimum computing burden
even under multi-sensor faults. In the study [23], another FDI
strategy is used for the bidirectional DC-DC converter by
applying an adaptive high-gain observer to identify various
sensor failure types. In the work [24], a Hy, observer is
introduced for distributed DCMGs to estimate the voltage
and current sensor value accurately. After that, a fault-tolerant
control by integrating the state feedback and consensus con-
trols is presented to maintain voltage stabilization and current
sharing under sensor faults. It is worth mentioning that those
FDI strategies are quite difficult to apply to the decentralized
DCMG because it is more vulnerable to the sensor fault.

Inspired by these concerns, this paper presents a seamless
power management for a decentralized DCMG to enhance
the voltage and power stabilization under voltage sensor
faults. In this study, single or multiple DCV sensor faults in
the DCMG is considered. First, an observer is designed in
each power agent to monitor the voltage sensor abnormality
in the presence of various uncertain conditions such as the
agent power variation, battery and EV SOC levels, utility
grid disconnection, and high electricity prices. During the
normal operations, the proposed control scheme employs the
voltage droop control method with the estimated DCV value
to accomplish voltage and power regulations. The voltage
droop control method consists of the primary controller to
guarantee the power balance and the secondary controller
to maintain DCV stabilization. In addition, the droop curve
of the utility grid agent is changed automatically to reduce
electricity costs under the high electricity price condition.
To achieve a seamless power management even under voltage
sensor faults, a fault identification method is implemented for
each power agent to detect voltage sensor failure based on the
measured and estimated DCV values. When the power agent
effectively identifies DCV sensor failure or abnormality, its
operation mode is switched from the voltage droop control to
the current control in order to ensure voltage stabilization as
well as power balance. Compared to the previous studies, the
main contributions of this paper are summarized as follows:

1) A voltage droop controller composed of the secondary

controller and primary controller is deployed to reg-
ulate the DCV to the nominal value and maintain
the power balance in the decentralized DCMG under
uncertain conditions such as the agent power variation,
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FIGURE 1. DCMG system model.

battery and EV SOC levels, and utility grid disconnec-
tion. In high electricity price condition, the utility grid
agent appropriately adjusts the droop curve to minimize
electricity costs.

2) The proposed scheme can stably achieve the voltage
regulation and power management even under simul-
taneous faults in several voltage sensors by virtue of a
fault identification algorithm and perturbation of oper-
ating points in the droop curve, which significantly
enhances the reliability of the decentralized DCMG.

3) Seamless power management can be maintained in sev-
eral scenarios if only one DCV sensor works normally
in the decentralized DCMG regardless of multiple
DCYV sensor faults by means of the proposed operation
mode switching strategy.

This paper is organized as follows: Section II presents the
configuration of a DCMG system considered in this study.
Section III is composed of four parts, including the voltage
observer of each power agent, power balance and voltage
regulation based on DCV monitoring value, power manage-
ment of local agents, and seamless power management under
voltage sensor fault. Section IV and Section V provide the
simulation and experimental results of the proposed control
scheme under various test conditions, respectively. Finally,
the conclusion of the paper is given in Section VI.

Il. DCMG SYSTEM MODEL

Fig. 1 illustrates the system of a decentralized DCMG consid-
ered in this paper, which is composed of five power agents: a
wind turbine agent, a load agent, a battery agent, an EV agent,
and a utility grid agent. According to power flow, the wind
turbine agent only operates in a unidirectional way to inject
power to a DC-link via a unidirectional AC/DC converter
and a permanent magnet synchronous generator (PMSG).
In general, using a PMSG is more efficient in the wind
power generation than using a doubly-fed induction generator
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FIGURE 2. Control block diagram of the proposed control method.

because the power can be generated by PMSG at any speed.
In decentralized DCMG, the load agent only absorbs the
power from the DC-link. Based on the relationship between
the supplied power and demanded power, the switches in the
load agent are activated to disconnect or reconnect the load.
On the other hand, the utility grid agent, battery agent, and EV
agent operate in a bidirectional manner. These power agents
can supply power to the DC-link or absorb excess power
from the DC-link. While the utility grid agent is connected to
the DCMG through the transformer and bidirectional AC/DC
converter, the battery and EV agents employ the bidirectional
interleaved DC/DC converter. Both the battery and EV agents
absorb power from the DC-link in charging mode or inject
power into the DC-link in discharging mode.

The power of the battery, EV, load, wind turbine, and utility
grid agents are denoted by Pp, Py, P, Pw, and Pg, respec-
tively. To clearly represent the power flow in this study, these
variables have negative values (—) for the injected power into
the DC-link, and positive values (4) for the absorbed power
from the DC-link. Fig. 1 also presents the electrical structure
of each power agent i consisting of a DC or AC voltage
source, a converter, a capacitor C;, and a virtual resistance Ry;
fori = W, G, B, and EV in which W, G, B, and EV denote
the wind turbine agent, utility grid agent, battery agent, and
EV agent, respectively. It is worth mentioning that the virtual
resistances are connected in parallel to satisfy the condition
as

1 1
R R
where Ry, is the total load of the DCMG system. Applying
Kirchhoff’s current law, the dynamic model of agent i is
determined as below
I~0m

dVpci _ Vpci

dr CiRy; C;

where Vpc,; is the VDC measured value from the sensor of

the agent i and I? is the converter output current of the

agent i. The detailed control method and operation modes

of each power agent to achieve power balance and voltage

regulation even under the voltage sensor fault are presented
in the subsequent sections.

ey

@)

Ill. PROPOSED CONTROL SCHEME

A. VOLTAGE OBSERVER OF EACH POWER AGENT

Fig. 2 shows a control block diagram of the proposed con-
trol scheme which is implemented in all power agents. The
proposed scheme which consists of the primary control,
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the secondary control, and the voltage observer, not only
maintains the power balance of the DCMG system but also
regulates the DCV to the nominal value even under the volt-
age sensor fault. In this subsection, the voltage observer is
constructed to monitor the DCV value of each power agent,
which serves as the only feedback signal from the DC-link
to the agent i in the absence of DCLs in the DCMG system.
When all the DCV sensors of the DCMG system operate
properly, each power agent correctly estimates the DCV value
by using the DCV measurement, the converter output current,
and modeling parameters. If a fault occurs in one of the DCV
sensors in the DCMG system, the power agent including this
faulted sensor can effectively identify the occurrence of this
fault by the discrepancy between the measured and estimated
DCYV values. Once the fault is detected, the operating mode
of each power agent is explicitly specified to prevent the
system collapse due to the power imbalance. The detailed
detection method and operation mode of each power agent
are presented in Subsection III-D.
A voltage observer of power agent i is constructed as

2 A~ 1 N
Voc,i = = ———Vpc.i+ =1 + Li (Voc.i = Vic.)
DC,i CiRLi DC,i + Ci i + L DC,i DC,i
fori=W,G,B, and EV 3)

where the symbol “A” denotes the estimated variables and
L; is the observer gain. If the estimation error is defined as
ei(t) = Vpc.i — \A/Dc,,-, the error dynamic is calculated as
follows:

1
éi(t)=—(@ +Li) e (t). 4

The overall system dynamic can be obtained as follow:

e=Ke ©)

where K = diag(Kp, Kgv, Kc, Kw) VK; = — (ﬁ +L,»)

e = [eg, egv, e, ew]’ . For the overall system to be stable, L;
of each agent is chosen to satisfy that K is a Hurwitz matrix.

To enhance the reliability and resiliency of the decentral-
ized DCMG system, this study takes into account several
uncertain conditions such as agent power variation, the bat-
tery and EV SOC levels, utility grid disconnection, and high
electricity price conditions. The detailed control method of
each power agent to maintain power and voltage regula-
tion even under uncertain conditions is outlined in the next
subsection.

B. POWER BALANCE AND VOLTAGE REGULATION BASED
ON DCV MONITORING VALUE

In this subsection, the secondary controller and primary
controller to ensure both voltage stabilization and optimal
power management are presented based on the DCV moni-
toring value as shown in Fig. 2. While the power balance is
achieved by V-P droop curves in the primary controller [18],
the secondary controller is utilized to maintain the DCV at
the nominal value [25]. The voltage restoration error e/rc

i
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between the nominal DCV V72" and estimated DCV ‘A/Dc,i
is defined as
EYDC = Vg%m — ‘A/DC,,'. (6)
Then, the DCV compensator u; can be obtained by using
an integral term as

i = —= )

where 7 is an integrator gain. The auxiliary variable V. .,
which is used to determine the operation mode of agent i in
the primary control, is determined as

Vhc.i= Vpe.i + ui. 8)

The auxiliary variable VSC, ; can be used in the primary
controller as follows:

Vici= Vit i+ R P, fori=W,G.B, andEV (9)
where Vgé .» Ri, and Pfef are the DCV reference, the droop
characteristic, and the power reference of agent i, respec-
tively. The power reference P;ef of agent i can be obtained
based on the selection of Vgg, ; and the droop characteristic
R; as follows:

P.jS‘,max SP;Ef SP[C,max

L H
Voe i = Voe,i < Ve (10)
*,H *,L
R — AVpc,i  Vpe,i—=Vpc.i 1
L= AP; - Pc,max P.S,max (

l 1

where Vgé o V;g o Pl.c’m“x, and Pis’max are the low voltage
level, the high voltage level, the maximum consumed power,
and the maximum supplied power of agent i, respectively.
The current reference Iire‘f is determined as Il.mf = P:Ef /Vi
with V; as the voltage of the power agent i. Then, the current
error is processed by the proportional-integral (PI) current
controller of the power agent i. The PI current control gains in
the power agent i are selected in order that the current control
has faster dynamic response than the droop controller within
the primary controller.

As mentioned earlier, the main objective of the secondary
control is to ensure the regulation of the DCV to the nom-
inal value. For this aim, the integrator gain 7;, auxiliary
variable Vgc,i, and the nominal DCV Vl’)’"cm of each power
agent should be identical according to earlier work [19], [25].

On the other hand, the values of Vgé o VD*g{ » PE and

i
Pf’max should be established initially as in earlier work [25].

To construct a voltage observer by (3) in the proposed control
scheme, the converter output current of the agent i 7 is

determined as follows:
_p

t
= — (12)
Vpe,i

In this study, several uncertain conditions such as agent
power variation, the battery and EV SOC levels, utility
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FIGURE 3. V* - P droop curves for DCMG system.

grid disconnection, and high electricity price conditions are
considered. These uncertain conditions make the virtual resis-
tance of each power agent Ry; vary according to the converter
power of each agent (P;). To construct a voltage observer by
(3) in the proposed control scheme, the virtual resistance of
power agent i, Ry; is determined as follows:

Ri™ VP e[—y,0]
(72
R = _VDC,i

< el o]
—R"™ vp e [0, y]
(13)

where y is a small positive value, R} is the maximum value
of the virtual resistance. In the above equations, y is used to
avoid the value of Ry; from being infinite when the power of
agent i approaches zero.

C. POWER MANAGEMENT OF LOCAL AGENTS IN DCMG
SYSTEM

Fig. 3 shows V* — P droop curves for the DCMG system
which achieve optimal power management both in the grid-
connected and islanded modes when there are no voltage
sensor faults. The auxiliary variable Vj. ; is employed to
determine the operation mode of agent i in the primary con-
trol. Without voltage sensor fault, the V;;C’ ; values from the
secondary controller in all power agents are identical. Thus,
the operation mode of each power agent is determined in the
primary controller by using individual Vgg ; and R; which

are obtained from VB’CL, ; and Vgg{ ;- In this study, the droop
characteristic of agent i (R;) which indicates the inclination
of the voltage droop is determined in (11) based on Vsé i
Vgg o Pic’m“x ,and Pl.S’m“x without considering any deadband
as earlier works [18], [25].

As shown in Fig. 3, in case of the normal electricity price
condition, the values of Vgé ;and Vgg ; of each power agent
are selected based on the priority order for energy support to
the DC-link as follows: the wind turbine agent, utility grid

agent, battery agent, and EV agent. In contrast, under the

VOLUME 11, 2023

TABLE 1. Operation modes of each power agent in DCMG system.

Operating

Power agent Description
modes
Utility grid disconnection DIS
Utility grid Utility grid current control mode GCCM

agent Utility grid droop control by the inverter mode | INV
Utility grid droop control by the converter mode| CON
Idle mode IDLE

Battery agent Battery current control mode BCCM
Battery droop control by the discharging mode| BDDM
Battery droop control by the charging mode | BDCM
Idle mode IDLE
EV agent EV current contro? mode. ECCM
EV droop control by the discharging mode | EDDM
EV droop control by the charging mode EDCM
Wind Maximum power point tracking mode MPPT
turbine Wind turbine current control mode WCCM
agent Wind turbine droop control mode WDCM
Load shedding LS
Load agent Load reconnecting LR
Load under a normal condition Normal

high electricity price condition, the priority order for energy
support to the DC-link is given as the wind turbine agent,
battery agent, EV agent, and utility grid agent.

Table 1 presents the operation modes of each power agent
in the decentralized DCMG system. The detailed operation
modes of each power agent are explained without voltage
sensor fault.

1) ISLANDED MODE
When V5 ; is in the region between the low voltage level
VD*’é w and the high voltage level Vgg w of the wind turbine
agent, it indicates that the generated power of the wind turbine
agent exceeds the sum power of Py, the maximum consumed
power of the battery agent (Pc’max), and maximum consumed
power of the EV agent (Pg;"*). To maintain the voltage
stabilization and power balance in decentralized DCMG, the
wind turbine agent operates in the wind turbine droop control
mode (WDCM) in Table 1 to regulate the DCV to the nominal
value. In this case, the battery and EV agents operate in
BDCM and EDCM with Pg’max and Pgi,max, respectively.

If Vgc, ; is located between the low voltage level V[*,é B

and the high voltage level Vgg{ g of the battery agent, it means
that the wind turbine agent injects power less than the sum
of the demand load and maximum battery and EV charging
powers. In this case, the battery agent regulates DCV via
the droop control method using the estimated DCV value,
and manages the power inside the DCMG system to ensure
the power balance. When VD*C,i is higher than the DCV

reference value of the battery agent Vgg p and the battery
SOC (SOCp) is not full, the battery agent operates in BDCM
to absorb power from the DC-link. Otherwise, the battery
agent supplies power to the DC-link through BDDM unless
SOCp approaches the lowest value. In both situations, the
wind turbine agent operates in MPPT modes to inject the
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maximum power, whereas the EV agent absorbs the power
from the DC-link with P$;"™* via EDCM.
Once VBc, ; is in the region between the low voltage level

Vgé £y and the high voltage level Vg’g gy of the EV agent,
and the sum of the maximum supporting power of the wind
turbine agent (PS ;%) and maximum supporting power of the
battery agent (Py""“") is less than the sum of P; and PC A
the EV agent controls DCV to the nominal value. Slmllar
to the battery agent, the EV agent operates in EDCM when

V¢ ; is higher than the DCV reference value of the EV agent
Vit 1y and the EV SOC (SOCE) is not full. As V7. is less

than Vgejcr’ gy and SOCg is not the lowest value, the EV agent
supplies power to the DC-link by EDDM to maintain the
power balance. In these cases, both wind turbine and battery
agents supply the maximum power to the DC-link by MPPT
and BDDM, respectively.

When the load demand exceeds the sum of the maximum
supplied power by the wind turbine, battery, and EV agents,
it causes Vgc ; to reduce significantly. As soon as VDC ;
drops to the load shedding voltage level Vg’c?d, the load
shedding mode is activated based on the load priority to avoid
the collapse of the DCMG system as mentioned in the earlier
work [22]. As V[”;C’ ; reaches to V2", the load reconnecting
mode is immediately activated.

2) GRID-CONNECTED MODE

In this situation, the utility grid agent regulates DCV to
the nominal value via the droop control method using the
estimated DCV value to achieve voltage regulation and power
balance. Based on the electricity price condition, the utility
grid agent adjusts the V* — P droop curve to reduce utility
costs.

In case of the normal electricity price condition of the grid-
connected mode without voltage sensor fault, the utility grid
agent achieves voltage regulation in decentralized DCMG.
In this situation, Vgc, ; lies in the region between the low
voltage level Vgé ¢ and the high voltage level VD*é{, G in the
normal electricity price condition of the utility grid agent.
As aresult, the utility grid agent regulates DCV to the nomi-
nal value with the droop curve in the normal electricity price
condition (Dg) as shown in Fig. 3. The wind turbine agent
operates in MPPT mode to inject the maximum power, and
the battery and EV agents absorb the maximum power from
the DC-link through BDCM and EDCM, respectively. When
the generated power of the wind turbine agent exceeds the
sum of Py, P g’mm and Pg"/max Vjc ; is higher than the DCV
reference value in the normal electnclty price condition of the
utility grid agent (VDC o) In this case, the utility grid agent
operates in INV mode to absorb the power from the DC-link.
Otherwise, the utility grid agent supplies power to the DC-
link by CON mode to ensure the power balance.

When the utility grid condition is changed to the high
electricity price, the V* — P droop curve of the utility grid
agent is automatically changed to the droop curve in the
high electricity price condition (DIGﬂp ) to minimize the utility
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| Gy is the utility grid agent in the high electricity price condition

FIGURE 4. Voltage sensor fault identification and operation mode
decisions of agent i under voltage sensor fault.

costs as shown in Fig. 3. In this situation, the utility grid
agent absorbs power from the DC-link as much as possible.
According to the droop curve D of the utility grid agent, the

Vgc ; value is located in the region between the low voltage

level V*CI‘Hg and the high voltage level Vl’;g}g in the high

electricity price condition of the utility grid agent. The wind
turbine, battery, and EV agents supply the maximum power
to the DC-link via MPPT, BDDM, and EDDM, respectively.
Once the load demand is less than the sum of the generated
power of PS’m E, "4 " and the maximum supporting power
of the EV agent (P max) it causes V5~ ; to be higher than the
DCYV reference value in the hlgh electrlclty price condition of
the utility grid agent (VDC G ) in the droop curve Dgp . Then,
the utility grid agent operates in INV mode to regulate DCV
to the nominal value. When the load demand is more than
the sum of the maximum supply power of the wind turbine,
battery, and EV agents, VDC is reduced less than [rfé Ig) of
the droop curve DHP . Then, the utility grid agent switches the
operation from INV mode to CON mode even under the high
electricity price condition to avoid the power imbalance and
voltage fluctuation of the DCMG system.

D. SEAMLESS POWER MANAGEMENT UNDER VOLTAGE
SENSOR FAULT

In the previous subsection, optimal power management of the
DCMG system has been presented to minimize the utility
costs by shifting the droop curve of the utility grid agent.
To enhance the reliability of the decentralized DCMG sys-
tem, seamless power management in the presence of voltage
sensor faults is presented.

Fig. 4 shows the voltage sensor fault identification and
operation mode decisions of each power agent in the decen-
tralized DCMG under the DCV sensor fault. In this figure,
C, Cmaxs VDC ;» and VDfre denote the counter of agent i, the
maximum value of ¢, the estimated DCV value in the previous
time step, and the auxiliary variable in the previous time step.
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In addition, &; is the threshold voltage value of the power
agent i as in the earlier work [23]. The internal variable in each
power agent i (flag_bit) is utilized to determine whether the
power agent i has the DCV sensor fault. The variable flag_bit
set to one indicates that there exists a voltage sensor fault in
the power agent i. In contrast, if the variable flag_bit equals
zero, it indicates that the DCV sensor of the power agent i
works correctly.

When flag_bit of agent i equals zero, the voltage sensor
fault identification algorithm is activated to monitor the sen-
sor abnormality by using the estimation error e; between
Vbc,i and \A/DCJ-. If the absolute value of ¢; is less than
&;, it represents that the DCV sensor of the power agent i
works correctly. Then, the power agent i operates normally
in the voltage droop method, in which the detailed operation
modes of each power agent are determined as explained in
Subsection III-C. As |e;| is larger than ¢; caused by DCV
sensor failure or abnormality, the counter c is used to count
this event. If ¢ is lower than cy,x With |e;| > ¢;, the timer
counter c is increased, and power agent i continues to operate
in the voltage droop method with the estimated DCV value of
agent i, Vpc.; set to f/grceyi before |e¢;| > &;. However, once c is
increased higher than cpax, the power agent i recognizes that
the DCV voltage sensor has a fault. Then, the power agent
i immediately set flag_bit to one, and switches the operation
mode from the voltage droop control method to the PI current
control method to maintain the DCMG system stability. After
the DCV sensor fault is identified, the current reference Iiref of
the PI current control in power agent i is established by using
the auxiliary variable before the voltage sensor fault (V;g’rf)
to achieve seamless power management of the decentralized
DCMG system.

1) CASE 1 (V27 <Vt ) OR (W = V3T
When V;g:.e is lower than Vgé ; or V;gf is higher than
V[;g ;» it indicates that the power agent i did not regulate
the DCV before the DCV sensor fault occurred. In this case,
to maintain the power balance of the DCMG system, the
power agent i operates in the current control mode with the
current reference determined as
It“ef _ Iref

i 7 Tipre

(14)

where I

; pre 18 the current reference of the power agent i before
the DCV sensor fault occurs. It is worth mentioning that other
power agents in the DCMG can not recognize whether the
power agent i has the DCV sensor fault because of lack of
communication data among power agents in the decentralized
control method. Hence, an alert to other power agents is
necessary to replace the voltage sensor or to reconfigure the

decentralized DCMG system.

2) CASE 2 (V3 <Vp2e < vy

When Vgé’:‘? is in the region between Vgé ; and Vg’g o
it means the power agent i regulated the DCV to the nominal
value before the voltage sensor fault. Because the power agent
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i changes the operation mode from the voltage droop control
method to the PI current control as a result of the DCV sensor
fault, no power agents in the decentralized DCMG system
regulate the DCV. To achieve a seamless power management
and voltage regulation even in this circumstance, the power

agent i assigns Il-ref of the PI current control properly to
orientate VD*C ; to the different voltage range [V;é i Vl’;gl i
in order that other agents can regulate the DCV. In this situ-
ation, one of the power agents in the decentralized DCMG,
which does not have the DCV sensor fault, can regulate the
DCYV to the nominal value.

In the islanded mode, if the fault occurs in the DCV sensor
of the wind turbine agent and VSC ; (for i = W) is in the

region between Vgé w and Vg’g w» the wind turbine agent
changes the operation mode from the WDCM to the wind
turbine PI current control mode (WCCM) with the current
reference I‘f;f set as follows:

= +sw (15)

W, pre

where Sy and I‘r;f pre A€ the positive value and the current

reference before the DCV sensor fault of the wind turbine
agent occurred. Adding Sy to [ ;;f pre CaUSES the supplied
power to the DC-link by the wind turbine agent to be reduced
before the instant of the voltage sensor fault. As a result,
the VSC’ ; 18 decreased continuously to VD*’Cf{ g» in which the
battery agent can take a control of the DCV to ensure voltage
stabilization.

In the islanded mode, if the DCV sensor fault occurs in the
EV agent and Vj ; (for i = EV) is in the region between

Vi py and ViE . the operation mode of the EV agent is
switched from the EV voltage droop control mode (EDDM
or EDCM) to the EV current control mode (ECCM) with the
EV current reference / g‘g chosen as follows:
Ig;]/( = Ig\j;,pre — gy (16)
where dgy and [ ;; pre AT€ the positive value and the current
reference before the DCV sensor fault occurred in the EV
agent. Negative current introduced by gy in (16) increases
gc, ;- If the EV agent is working as charging mode before
the instant of the voltage sensor fault, (16) reduces EV
absorbing power. On the contrary, if the EV agent is working
as discharging mode before the instant of the voltage sensor
fault, (16) increases supplied EV power. As VBC’ ; reaches to
Vgg" - the battery agent can regulate the DCV to the nominal
value.

Finally, in the islanded mode, when the battery agent reg-
ulates the DCV before its voltage sensor fault and Vgc,i
(for i = B) is in the region between Vgé g and Vgg g the
battery current reference / gef can be obtained by using the

1 gf};‘rg) and the battery cur-

) before the DCV sensor fault. As 1"

B,pre
is higher than zero and lower than / ;ef ’H, 1 gef

highest battery current reference (

I ref

rent reference (I Dre

in the battery
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current control mode (BCCM) is set as I Igef =] I;L?;m +5p with

dp being a positive value. In this situation, the battery agent
absorbs more power from the DC-link before its DCV sensor
fault, which causes Vgc ; to drop. When Vgc ; decreases

below Vl’;g £v» the EV agent can take a control of the DCV to

Iref

B.pre 18 not in the

maintain voltage regulation. In contrast, if

region between zero and 17" the battery agent operates in
BCCM mode with I;ef set as I;ef = I;f];re — 8p. In this case,
V[*)C’ ; is increased continuously because the battery agent
supplies more power to the DC-link before the DCV sensor
fault occurs. As VSC, ; reaches to Vgé w» the wind turbine
agent can regulate the DCV to the nominal value.

As the decentralized DCMG operates in the grid-connected
mode with the normal electricity price condition, the utility
grid agent regulates DCV to the nominal value with the droop
curve Dg. A sudden DCV sensor fault of the utility grid
agent causes its operation mode to switch from the utility
grid voltage droop mode (INV or CON) to the utility grid
current control mode (GCCM). Similar to the condition of the
battery DCV sensor fault, if the utility grid current reference

(Ig,f;re) before the DCV sensor fault is in the region between

zero and the highest utility grid current reference (Igf S ), the
utility grid current reference I(r;ef is set to Igf =1 (r;efre + 86
with a positive value of §g. Otherwise, Igf is chosen as
Igf = Igf;re — g if I(r;ef;re is less than zero. In both situations,
other agents in the decentralized DCMG regulate the DCV
according to the V[";C, ; value.

In the high electricity price condition, the DCV is regulated
according to the droop curve DHP. If a fault occurs in the
utility grid DCV sensor, the operation mode of the utility
grid agent is immediately switched to GCCM. Similar to
the condition of the DCV sensor fault in EV, the utility grid

current reference Igf is set to Igf = Igim, — 8¢, which

causes Vgc, ; to increase. As VL*JC, ; is higher than V[*)’é BV
the EV agent regulates the DCV to maintain the DCMG
system stability.

IV. SIMULATION RESULTS

In this section, the simulations are conducted for a decentral-
ized DCMG to demonstrate the feasibility and reliability of
the proposed control scheme based on the PSIM software.
Simulation results are presented in several uncertain condi-
tions, including the voltage sensor fault, high electricity price
condition, agent power variation, utility grid disconnection,
and the different SOC levels of the battery and EV agents
with the system parameters listed in Table 2.

A. TRANSITION BETWEEN GRID-CONNECTED MODE AND
ISLANDED MODE WITHOUT DCV SENSOR FAULT

Fig. 5 shows the simulation results for the transition between
the grid-connected mode and islanded mode without voltage
sensor fault. It is assumed that the DCMG system starts in
the islanded mode, SOCp is at the lowest level while SOCgy
is in the region [SOCyin,Ev, SOChax,ev]. Because the wind
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TABLE 2. System parameters of a decentralized DCMG system.

Power Parameters Symbol | Value
agent
Grid voltage Ve 220V
Grid frequency fo 60 Hz
Maximum consuming power PS™™ 12000 W
Maximum supporting power P |-2000 W
Uti_lity High voltage level in normal electricity V; ’Lf[G 410V
grid price >
agent | ow voltage level in normal electricity price VS’CL G 400 V
High voltage level in high electricity price V;*CH%P 380V
Low voltage level in high electricity price VS‘CL’I{'; 370V
Utility grid threshold voltage value &G 6V
PMSG number of poles P 6
PMSG inertia J 0.1 kgnt
PMSG flux linkage 14 0.18 Wb
Wind Maximum supporting power B 1-1500 W
turbine i
agent High voltage level Voc.w 415V
Low voltage level v, ;CL wo | 410V
Wind turbine threshold voltage value &y 6V
Maximum battery SOC SOChax 5| 90 %
Minimum battery SOC SOCin 5 | 20%
Maximum battery voltage vy 180V
Maximum consuming power pome | 540 W
Battery : - Smar | —540 W
P
agent Maximum supporting power %
High voltage level v, ;é{ g | 400V
Low voltage level V;’CL, B 390 V
Battery threshold voltage value &g 6V
Maximum EV SOC SOCasx, ev| 90 %
Minimum EV SOC SOCin, ev| 20 %
Maximum EV voltage Vo 180V
Maximum consuming power P& 360 W
agxlt Maximum supporting power pSme | =360 W
High voltage level V;’g gy | 390V
Low voltage level V;’({‘! ey | 380V
EV threshold voltage value Egy 6V
Load 1 Ry 800 Q
Load Load 2 Rp» 800 Q
agent Load 3 Ri3 800 Q
Priority level: load 1 > load 2 > load 3 - -
Load shedding voltage level yjhed 360 V
DC bus
Nominal voltage v 400V

turbine agent supplies power lower than the demand load, the
EV agent regulates DCV to V" via EDDM, and V[*)C’ ;isin

the range of [Vb*é V> ng EV]. In this situation, the wind

turbine and battery agents operate in the MPPT and IDLE
modes, respectively.

Once the wind turbine power suddenly falls at 1 = 0.4 s,
VSC,i drops rapidly because the sum of wind turbine power
generation and the maximum EV discharging power is less
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FIGURE 5. Simulation results for the transition between islanded mode
and grid-connected mode without voltage sensor fauit.

than the load demand. To avoid the power imbalance, the load
shedding mode is activated as soon as Vj.- ; falls to Vg’c?d.

As aresult of load shedding, V}; pe.; increases beyond V;é“ v
Thus, the EV agent continues regulatlng DCV at ”"’" via
EDDM mode while the wind turbine and battery agents still
work in MPPT and IDLE modes, respectively.

When the utility grid agent is recovered from the fault
with the normal electricity price condition at + = 1.2 s, the
utility grid agent operates in the CON mode based on the
droop curve D¢ to supply power to the DC-link. In addition,
the load reconnecting is activated because Vp. ; lies in the
region between V[*,é c and V[*,’g G- The battery and EV
agents switch the operation mode from IDLE and EDDM
to BDCM and EVDM, respectively, while the wind turbine
agent continues operating in MPPT mode. Although the wind
turbine agent supplies more power to the DC-linkatr = 1.7 s,
the sum power of P;, P ’m”x and PE{,m“x exceeds the wind
turbine power generatlon. In thls situation, all power agents
in the decentralized DCMG do not change the operation
mode.

As the grid fault occurs without voltage sensor fault at
t = 2.2 s, the decentralized DCMG system is changed to
the islanded mode. Because the wind turbine agent injects
power less than the sum of the demand load and maximum
EV charging powers, V- ; decreases below VDg g Asa
result, the operation mode of battery agent is changed from
BDCM to BDDM to ensure the DCV stabilization. The wind
turbine and EV agents still operate in MPPT and EDCM
modes, respectively. It can be seen from Fig. 5 that the esti-
mated DCV value \A/DC’ i tracks Vpc ; accurately regardless
of utility grid disconnection and agent power variation. Also,
it is shown that the power balance and voltage regulation are
achieved by the proposed control scheme even under such
uncertain conditions.
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FIGURE 6. Simulation results for the islanded mode under voltage sensor
faults.

B. ISLANDED MODE UNDER VOLTAGE SENSOR FAULTS

To verify a seamless power management of the proposed
scheme, Fig. 6 shows the simulation results in the islanded
mode under voltage sensor faults. Similarly, all the agents
start in the islanded mode without DCV sensor fault. Both
SOCp and SOCgy are in the region between the minimum
and maximum SOC levels. Because the generated Cpower by
the wind turbine agent exceeds the sum of Py, P , and
ngmax the wind turbine agent operates in WDCM mode to
regulate the DCV to the nominal value, and Vp. ;

the range of [VDC W V;CH W] In this case, the battery and

EV agents operate in BDCM and EDCM with the maximum
charging power Pg’m“x and Pg{,max, respectively.

When the wind turbine power suddenly falls at t = 0.5 s,
it causes Vgc to decrease continuously. As soon as VDC ;

lies in

drops to VDC, - the battery agent decreases the absorbing
power from the DC-link to ensure the power balance. In this
situation, the operation mode of the wind turbine agent is
changed from WDCM to MPPT mode to inject the maximum
power while the EV agent still absorbs the maximum power
via EDCM.

At t = 1.0 s, when the battery agent regulates the DCV
via BDCM mode, the fault occurs in the DCV sensor of
the battery agent. First, the battery agent identifies its DCV
sensor fault by the fault identification algorithm using the
estimated DCV in Fig. 4. Then, the battery agent switches
the operation mode from the BDCM to the BCCM with
gef = Igej . + 0. In this case, the battery agent absorbs
more power from the DC-link before the instant of its DCV
sensor fault, which causes Vgc, ; to decrease. As Vgc, ; drops
to VDC gy the EV agent can regulate the DCV to the nominal
value through EDCM while the operation mode of the wind
turbine agent is kept in MPPT mode.

At t = 1.5 s the DCV sensor of the EV agent also has a
sudden fault. Then, the EV agent changes the operation mode
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FIGURE 7. Simulation results for the islanded mode under voltage sensor
faults by the scheme in [25].

from EDCM to ECCM with [ ge‘]/‘ given in (16). This causes
Vgc, ; to reach to VD*é" w because the EV agent decreases
the absorbing power from the DC-link. In this situation, the
wind turbine agent operates in WDCM mode to maintain the
voltage stabilization while both the battery and EV agents
work in BCCM and ECCM, respectively.

To emphasize the effectiveness and reliability of the pro-
posed control scheme, Fig. 7 shows the simulation results of
the method [25] under voltage sensor faults in the islanded
mode. When the decentralized DCMG system is faced with
DCV sensor fault at t = 1.0 s, the voltage and power of each
agent in the decentralized DCMG are extremely unstable.
In Fig. 7, the power imbalance and voltage fluctuation are
clearly observed when the DCV sensor has faults. Because
Vgc, w» VSC’ gy and Vgc, p are not identical, power agents
can not determine their operation modes properly as in the
study [25]. In particular, the wind turbine power approaches
zero after 1.0 s because VEC, w exceeds Vgg{ w- The powers
from the EV and battery agents are also fluctuating severely,
which causes a negative impact on the converter and battery
SOC lifetime.

C. GRID-CONNECTED MODE IN NORMAL ELECTRICITY
PRICE UNDER DCV SENSOR FAULTS

To emphasize an uninterruptable power management of the
proposed scheme, Fig. 8 shows the simulation results for the
grid-connected DCMG in the normal electricity price con-
dition under voltage sensor faults. The DCMG system starts
in the grid-connected mode with both SOCp and SOCgy in
the region between the minimum and maximum SOC levels.
Because the generate%power of the wind turbine agent is less
than the sum of Pz, Py, and Pg",m“x, the utility grid agent
operates in CON mode to supply the power to the DC-link

with V3. ; lying in the region [VS’CL, G VD*g G]. In this case,

the wind turbine, battery, and EV agents operate in the MPPT,
BDCM, and EDCM, respectively.
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FIGURE 8. Simulation results for the grid-connected mode under voltage
sensor faults.

At t = 0.5 s, the DCV sensor fault occurs in the bat-
tery agent with V[”;C’ ; being in the region Vgé G Vgg Gl
Then, the battery agent switches the operation mode from the
BDCM to the BCCM with I/ = I/ as in (14). In this
situation, the EV, utility grid, and wind turbine agents keep
in EDCM, CON, and MPPT modes, respectively. It is shown
from this test that the power balance is ensured in spite of the
DCYV sensor fault of the battery agent in the grid-connected
mode. When SOCgy reaches to SOCyax gy at t = 0.7 s, the
EV agent switches to IDLE mode.

If another DCV sensor failure occurs in the utility grid
agent at t = 1.5 s, the utility grid agent is changed from the
CON mode to GCCM with Iy’ = 1", — 8. Because the
utility grid agent supplies more power to the DC-link before
the instant of its DCV sensor fault, VSC, ; increases. As VD*C’ ;

reaches to Vgé w- the wind turbine agent can operate in the
WDCM to maintain the DCV stabilization. In this case, the
battery and EV agents still work in the BCCM and IDLE
modes, respectively.

When the third DCV sensor fault occurs in the wind turbine
agent, the wind turbine operation is changed to WCCM mode
with Ivr;f determined as in (15). In this situation, the EV agent
changes the operation mode from IDLE mode to EDDM
mode to ensure the DCMG system stability, while the utility
grid and battery agents keep in GCCM and BCCM. It is
confirmed from this simulation test that the proposed scheme
still achieves the power balance and voltage regulation if there
exists only one DCV sensor which works correctly in the
decentralized DCMG.

D. TRANSITION BETWEEN NORMAL AND HIGH
ELECTRICITY PRICE CONDITIONS

Fig. 9 shows the simulation results of the proposed scheme
for the transition between normal and high electricity price
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FIGURE 9. Simulation results for the transition between normal and high
electricity price conditions under voltage sensor fault.

conditions under voltage sensor fault. The DCMG system
starts in the islanded mode, SOCgy is at the highest level,
and SOCp is in the region [SOCpin,, SOCynax,p]. Because
the wind turbine agent supplies power less than the sum of
the battery maximum charging power and load demand, the
battery agent operates in BDCM mode to maintain the DCV
at Vg‘g”. In this case, the wind turbine and EV agents work in
the MPPT and IDLE modes, respectively. As the load power
increases at # = (.5 s, the operation mode of the battery agent
is changed from BDCM to BDDM to supply the power to the
DC-link.

When the utility grid agent is recovered from the fault with
the normal electricity price condition at ¢ = 1.0 s, the utility
grid agent operates in the CON mode with the droop curve
D¢ to supply power to the DC-link. In this situation, the
battery agent switches the operation mode from BDDM to
BDCM to absorb maximum power, while the EV and wind
turbine agents continue working in IDLE and MPPT modes,
respectively.

Att = 1.5 s, as the utility grid condition is changed to the
high electricity price condition, the V* — P droop curve of
the utility grid is automatically changed from Dg to DgP to
minimize the utility costs. In this situation, the utility grid
agent switches the operation from CON mode to INV mode
to absorb the power as much as possible from the DC-link.
The battery and EV agents supply the maximum power to the
DC-link through BDDM and EDDM, respectively, while the
wind turbine operation is still in MPPT mode.

Once the utility grid voltage sensor becomes faulty under
the high electricity price condition at t = 2.0 s, the operation
mode of the utility ?I‘ld agent is switched from the INV mode
to GCCM with /; = IG pre — 3. Because the utility grid
agent absorbs less power from the DC link before the instant
of the DCV sensor fault, VDC’ ; increases. As VD*C’ ; reaches

to Vgé" gy the EV agent can take a control of the DCV
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FIGURE 10. Configuration of experimental DCMG test setup.

to ensure voltage stabilization via EDDM. The battery and
wind turbine agents keep in the BDDM and MPPT modes to
continue injecting the maximum power.

V. EXPERIMENTAL VALIDATIONS

An experimental decentralized DCMG setup as shown in
Fig. 10 is utilized to verify the feasibility and reliability of the
proposed control scheme. The experimental DCMG system
is composed of five power agents: a wind turbine agent,
a load agent, a battery agent, an EV agent, and a utility grid
agent. The bidirectional DC power sources are utilized as the
battery and EV to connect them to the DC-link through the
bidirectional interleaved DC/DC converters. The utility grid
agent is realized by a three-phase main grid, a transformer,
and a bidirectional AC/DC converter with an LCL filter. The
wind turbine agent is composed of an AC motor control panel
and an induction motor mechanically coupled to a PMSG via
a unidirectional AC/DC converter. A digital signal processor
(DSP) TMS320F28335 is utilized in each power agent to
implement the proposed power management scheme for a
decentralized DCMG. Experimental results are presented in
several uncertain conditions, including the voltage sensor
fault, high electricity price condition, agent power variation,
utility grid disconnection, and the different SOC levels of the
battery and EV agents with the system parameters listed in
Table 2.

A. TRANSITION BETWEEN GRID-CONNECTED MODE AND
ISLANDED MODE
Fig. 11 shows the experimental results during the transition
from the grid-connected to islanded mode operation. Initially,
the decentralized DCMG system is in the grid-connected
mode with the normal electricity price condition and SOCgy
is at the highest level. Because the generated power of the
wind turbine agent is less than the sum of P; and PC max
the utility grid agent regulates the DCV to V57" via CON
mode according to the droop curve Dg. In this case the wind
turbine, battery, and EV agents operate in MPPT, BDCM, and
IDLE modes, respectively.

When the utility grid fault occurs, the DCV value immedi-
ately drops because of the power deficit. To ensure the DCV
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FIGURE 11. Experimental results for the transition from grid-connected
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FIGURE 12. Experimental results for the islanded mode under DCV sensor
fault in EV agent.

stabilization, the battery agent reduces the charging power via
BDCM mode while the wind turbine agent keeps in the MPPT
mode.

B. ISLANDED MODE UNDER DCV SENSOR FAULT IN EV
AGENT

To verify a seamless power management of the proposed
scheme, Fig. 12 shows the experimental results for the
islanded mode under the DCV sensor fault in the EV agent.
In this test, the decentralized DCMG system initially operates
in the islanded mode. Both SOCp and SOCgy are in the region
between the minimum and maximum SOC levels. Because
the sum of the power generated by the wind turbine and
battery maximum discharging is less than the sum of Py, and
Pg",max, the EV agent regulates the DCV to V" while the
wind turbine and battery agents operate in MPPT and BDDM
modes, respectively. During this time, XA/DCYB and ‘A/Dc,Ev
accurately track the DCV sensor value Vpc ;.
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FIGURE 13. Experimental results for the islanded mode under DCV sensor
faults in battery and EV agents.

When the DCV sensor of the EV agent suddenly has a fault,
the EV agent switches the operation mode from EDCM to
ECCM with Ige‘f, given in (16). Because the EV agent absorbs
less power from the DC-link, the DCV increases. As a result,
the battery agent controls the DCV to the nominal value via
BDDM mode for a continuous power management. The wind
turbine agent keeps in MPPT mode.

C. ISLANDED MODE UNDER VOLTAGE SENSOR FAULTS IN
BATTERY AND EV AGENTS

To demonstrate the voltage stabilization performance under
several voltage sensor faults, the experimental results for the
islanded mode are presented in Fig. 13 under DCV sensor
faults in the battery and EV agents. Initially, the decentralized
DCMG system operates in the islanded mode. Both SOCp
and SOCgy are in the region between the minimum and
maximum SOC levels. Before the DCV sensor fault, the EV
agent regulates the DCV to V" through EDCM while the
wind turbine and battery agents operate in MPPT and BDDM,
respectively.

When a fault first occurs in the battery DCV sensor, the
battery agent changes the operation mode from BDDM to
BCCM with I/ = I as in (14). In this situation, the
wind turbine and battery agents keep in MPPT and EDCM,
respectively.

When another DCV sensor fault occurs in the EV agent that
is regulating the DCV, the EV agent switches the operation
mode from EDCM to ECCM as soon as the EV agent detects
this failure via the fault identification algorithm. The EV
current reference / ge{; in ECCM is given by (16). Then, the EV
agent decreases the absorbing power from the DC-link, which
causes the DCV to increase. To ensure the power balance,
the wind turbine agent works in WDCM by maintaining the
DCYV at the nominal value. It is worth mentioning that only
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FIGURE 14. Experimental results in the grid-connected mode under DCV
sensor fault in utility grid agent.

the DCV sensor in the wind turbine agents works normally.
From this experimental result, it is verified that the proposed
scheme can stably and reliably achieve the power balance and
voltage regulation even in the presence of several DCV sensor
faults.

D. GRID-CONNECTED MODE UNDER DCV SENSOR FAULT
IN UTILITY GRID AGENT
Fig. 14 shows the experimental results in the grid-connected
mode under the DCV sensor fault in the utility grid agent.
Initially, the DCMG system is in the grid-connected mode
with the normal electricity price condition and the EV is in the
IDLE mode. Because the wind turbine power is less than the
load demand, the utility grid agent operates in CON mode to
supply the power to the DC-link. In this case, the wind turbine
and battery agents operate in MPPT and BDCM, respectively.
When the DCV sensor of the utility grid agent becomes
faulty, the utility grid agent changes the operation mode from
CON mode to GCCM with I(r;ef = I(r;ef;re — 8¢ to continue
injecting power to the DC-link. As a result, the DCV value
increases. Then, the voltage stabilization is achieved by the
wind turbine agent by controlling the DCV via WDCM. The
battery agent keeps in BDCM mode.

E. GRID-CONNECTED MODE WITH ELECTRICITY PRICE
CONDITION CHANGE
To verify the optimal power management of the proposed
scheme, Fig. 15 shows the experimental results in the grid-
connected mode with the electricity price condition change.
The decentralized DCMG system initially operates in the
grid-connected mode with the normal electricity price con-
dition, and SOCp and SOCEy are at the highest level. In this
test, the utility grid agent regulates the DCV to V¢ through
CON mode while the wind turbine agent operates in MPPT
mode.

When the utility grid condition is changed to the high
electricity price condition, the V* — P droop curve of the
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FIGURE 15. Experimental results in the grid-connected mode with
electricity price condition change.

utility grid agent is automatically changed from D¢ to DgP to
minimize the utility costs as shown in Fig. 3. In this situation,
the utility grid agent changes the operation mode from CON
to INV mode to absorb power from the DC-link as much as
possible. The wind turbine keeps in MPPT mode, while the
battery and EV agents supply the maximum power to the DC-
link by BDDM and EDDM modes, respectively.

VI. CONCLUSION

This paper has presented a seamless power management for
a decentralized DC microgrid to enhance the voltage and
power stabilization under voltage sensor faults. A voltage
observer is deployed for each power agent to monitor the
voltage sensor abnormality under uncertain conditions such
as the agent power variation, battery and EV SOC levels,
utility grid disconnection, and high electricity prices. During
the normal operations, the proposed control scheme uses the
voltage droop control method based on the estimated DCV
value to achieve voltage stabilization and power balance.
In addition, the droop curve of the utility grid agent is changed
automatically to reduce electricity costs under high electricity
price condition. To enhance the reliability of the decentral-
ized DCMG under DCV sensor fault, a fault identification
algorithm is presented for each power agent to detect voltage
sensor failure. Then, a seamless power management has been
proposed to ensure the DCMG system stability by switching
the voltage droop control mode to the current control mode
in which the current magnitude of the power agent with the
faulty DCV sensor is changed to perturb the operating point
in the droop curves. As a result, the other power agents with
the normal DCV sensor can maintain the DCV at the nominal
value instead of the power agent with the faulty DCV sensor.
Simulation and experimental results under various conditions
have demonstrated the effectiveness and reliability of the
proposed seamless power management strategy.
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