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ABSTRACT

Dedicating more attention to renewable energies and power electronic improvements results in increased
direct current microgrids (DC MGs) application. However, DC MGs have some challenges with voltage
adjustment and power sharing. To do so, a two-layer hierarchical control structure, including a new fully
distributed secondary control strategy and conventional primary droop control method, is proposed and
employed in this paper to share power and swiftly adjust the voltage accurately. Indeed, a distributed-
averaging proportional-integral (DAPI) secondary control strategy is introduced. Another problem in
DC MGs is the existence of constant power loads (CPLs), which may result in instability. To overcome
the problems caused by CPLs, a term based on the output voltage of CPL is added to the proposed DAPI
to prevent instability. The required control inputs are obtained using localized data of the DC bus and
their neighbor’s secondary control inputs inspired by cooperative control. Besides, this strategy needs
no knowledge of the microgrid topology, which enhances flexibility. For validating the proposed DAPI
strategy in DC MGs, an islanded DC MG is simulated in the MATLAB/SIMULINK software.
Comparing the results with those obtained from another existing method proves the performance of the
proposed DAPI controller under different scenarios of plug-and-play, communication failure, and load
changes.
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1. INTRODUCTION

Since 19th century, AC grids have garnered attention
among researchers due to their capability to transform
several voltage levels and cover wide areas by
transmitting power to removed areas (1). Despite their
benefits, the high costs and challenges associated with
expanding and constructing new power plants and
transmission lines to meet the growing demand and
advancements in power electronics have prompted the
adoption of DG grids. The utilization of microgrids
(MGs) has surged due to the integration of DC-based
renewable energy resources (2, 3). The reduced power
and voltage conversions required, along with fewer
losses and the absence of reactive power and frequency-
related issues, have further promoted the adoption of DC
MGs.

In a DC MG, several distributed generations (DG)
units such as storages, loads, and controllers exist. The
controllers are responsible for regulating the voltage and
accurately distributing power among DGs (4). Various
strategies have been studied and employed to control DC
MGs, which can be categorized as centralized and
decentralized schemes (5). Among all, hierarchical
control strategies have received attention due to their
high reliability and flexibility. This method consistently
implements the primary level by the droop strategy
surveyed in literature (2, 6, 7) for DC MGs. Even though
the droop controller works appropriately, it has some
drawbacks. A trade-off between voltage regulation and
current sharing should be considered (8). The secondary
level is utilized to address limitations (9, 10). In most
research,  distributed  manner-based  controllers
outperform  other schemes because a sparse
communication graph can be utilized without the need for
central controllers, resulting in high reliability (11).

Previous studies have utilized various types of
distributed methods (12-21). A comprehensive and
descriptive multilevel distributed hybrid control
architecture has been implemented by Mathew et al. (12)
for an isolated low-voltage DC MG to address the
limitations of centralized and decentralized control
strategies. A cooperative distributed method has been
implemented by Nabian Dehaghani et al. (14) and
Biglarahmadi et al. (13) to control the DC subgrid of a
hybrid AC/DC MG. Nabian Dehaghani et al. (15)
proposed a cooperative distributed voltage and current
control-based secondary level for DC MG in the presence
of noise. In this setup, two DGs are connected through
boost converters, while the other two are connected
through buck converters. Li et al. (16) presented a
distributed cooperative control approach for islanded DC
microgrids. The approach utilizes a dynamic consensus
algorithm to estimate the average voltage for each agent.
Additionally, a unified voltage closed-loop controller is
employed to achieve voltage adjustment and load-sharing

control objectives. Another distributed control strategy is
discussed by Morstyn et al. (17) fora DC MG in seamless
mode transitions between various operational modes,
including islanded and grid-connected operations. A
distributed secondary control scheme is presented by Guo
et al. (18) for islanded DC MGs to allocate power and
restore voltage. Their proposed strategy involves a
feedback loop, in contrast to the feed-forward approach
used by other existing literature. A consensus-based
distributed finite-time secondary controller is introduced
by Sahoo, and Mishra (19) to achieve its objectives
within a finite settling time in DC MGs. For sharing the
power of loads proportional to DGs' power ratings and
restoring the voltage by load changing, a power rating-
based shifted voltage technique is recommended by Dam
and Lee (20). The proposed distributed strategy results in
less voltage drop, ensuring that voltages remain constant
regardless of load variations. Xing et al. (21) introduced
a dynamic average consensus-based distributed
secondary control scheme to achieve voltage adjustment
and current sharing within a fixed settling time. However,
a few research studies have focused on the consistent
presence of power loads (CPLSs).

Most of the aforementioned works employ traditional
straightforward control approaches. However, this paper
aims to propose a scheme called the Fully Distributed-
Averaging Proportional-Integral (DAPI) controller to
achieve its goals. This protocol is thoroughly investigated
in AC MGs. For instance, a distributed averaging PI
controller is adopted by Schiffer and Dorfler (22) for AC
MGs to control power and frequency, stability, and
frequency restoration. Tegling and Sandberg (23)
discussed on distributed proportional-integral (PI) and
proportional  derivative (PD) controllers. These
controllers can significantly improve voltage adjustment
performance by a consensus protocol in double-
integrator networks. The transient performance of DAPI
is also compared with a droop controller by Andreasson
et al. (24) for a multi-terminal high-voltage DC grid. The
results obtained validate that the expected deviations
from nominal voltages using the DAPI method are less
than those obtained in the droop-controlled mode.
However, there is less research focusing on
implementing this method in DC MGs. Lee et al. (25)
employed a consensus distributed-based load sharing for
DC MG by considering the identical per-unit current of
each converter, which is based solely on a proportional
controller. In addition to the voltage and current
regulations, the presence of CPLs poses certain
challenges, particularly stability issues (26, 27). The
presence of CPLs is studied in numerous literature
sources (28, 29), and the compensation methods are also
surveyed and reviewed (30, 31). Most of the research
studies focus on controlling the buck converter of CPL.

The primary contribution of the presented paper is to
introduce a DAPI controller for controlling a low-voltage
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DC MG, which has not been considered before. This
controller can achieve a good balance between voltage
restoration and current sharing without relying on a
central controller and with limited low-bandwidth
communication links. This strategy is model-free
because there is no need to know the MG's topology.
Given that the presence of Constant Power Loads (CPLS)
poses a challenge in DC MGs, a virtual control loop is
incorporated into the suggested secondary controller of
the reference DG. This control loop is based on the output
voltage of CPL as a correction term to mitigate instability
in the DC MG.

The rest of this paper covers the following issues.
Section 2 describes the conventional droop method and
introduces the DAPI secondary controller. The studied
DC MG and results provided by implementing the
proposed method are illustrated in section 3. Eventually,
section 4 concludes the paper.

2. THE PROPOSED CONTROLLER

Most of the literature discusses the implementation of a
decentralized strategy for power sharing and voltage
regulation. Occasionally, the droop method is considered
a strategy in DC microgrids. However, a secondary
controller is being considered due to some setbacks of the
droop method. In this research, a distributed-based
controller is designed and integrated into the droop
strategy to address its limitations. This section first
explains the droop method, followed by a detailed
description of the proposed secondary controller in the
following subsections.

2. 1. Primary Droop Based Controller In the
traditional droop strategy, the reference voltage can be
mathematically expressed as follows based on the output
current (32):

v, =V -1l (1)

where V', r., v, and |, are the rated voltage value,

droop coefficient, and output voltage and current values,
respectively. It is necessary that v, tracks V"' well.

On the other hand, the voltage of the bus for multi-
paralleled DGs in a DC microgrid can be given as:
Vbus =Vi— I:Qi . Ii 2

where V,,, and R are the voltage of the bus and

resistance of the line, respectively. Considering both
Equations 1 and 2, the following equation can be written.

V

bus

:VirEf - (Ri +1 ) . Ii 3)

That means:

(R+5) - Li=(R+5) .1, . Vik 4)
It is clearly observed that (R +r ) is inversely
proportional to current sharing, i.e.

I /1, =(R +r)/(R+r ), Vik. Considering >R ,
we have:

sl vk (5)

It can be seen that r, dominates the current sharing.
Notably, the larger r; results in better current sharing and
worse voltage regulation, and vice versa. Consequently,
I, is designed by considering a tradeoff between power

sharing and voltage restoration. The droop-based primary
controller schematic is illustrated in Figure 1.

2. 2. Proposed Distributed Secondary Controller
Even r, is designed well based on equations, errors in
current sharing and voltage restoration can be observed.
In order to restore voltage to its nominal value and
accurately share power, a DAPI controller is considered.
To design the DAPI controller, Equation 1 can be
considered as:
Vi:\/iref _r; . I

+9 (6)

where @ is the generated signal by the secondary
controller. Any delay in the output voltage adjustment

Secondary controller
Just for

\:
UHNG SR E
jeN |/ S ] I, |J
Reference DG
Vbus—?_—» Q '—i(f—l
* Vo.CPL
V ref

91_»2%(&-9;)|->ﬁ.}
t

jEN, jeN;

Figure 1. The structure of droop based primary controller
and proposed DAPI-based secondary controller
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can be tackled by passing through a low-pass filter,
preventing unnecessary technical complications.
Assuming these considerations yields Equation 6 to be
written as below in vector notation.

v=—(v—Vi“")—r.I+.9 0

where v, V™" ,and g are voltage amplitude, reference
voltage, and secondary control input vectors. Based on
the theorem stated by Tegling and Sandberg (23) for the
DAPI controller, as we can consider Equation 8 for v, ,
the integral state for the secondary control input, 9, can
be expressed as Equation 9.

Ui =— Z fu(xi_ XJ)_

neN;

Zgij(vi_ Vj)_govi+Kl Z;

neN;

Zi=—Vi—ZCij(Zi_Zj) 9)

neN;

@)

In the above equations, z; shows the integral state; K,
denotes the integral gain; and f,, g;,and g, are positive
gains (23).

Considering Equation 9 along with the total
secondary error as Equation 10, and combining with
Equations 8 and 9; Equation 11 can be consequently
defined for & in this paper as the secondary control
variable.

& = ( Vi —Viref)+ﬂi[2au (4- 31)} (10)

neN;

Kid==a; (Vi -V )-

bus i

a(Zata-a)) 2l ] @

neN; j
where ¢; and g are positive gains; and &; denotes the

weight of the edge between the i and j™ buses. It is worth
mentioning that g :( K, +ﬁjei . The overall diagram can
S

be observed in Figure 1 (For more details on the DAPI
based controllers (23)).

2. 3. Considering CPL According to the voltage-
current (V —1) curve of a resistive load, the current
varies proportional to the voltage. However, all of the
loads are not resistive. If a resistive load (R,,) is

connected to the grid by a buck converter, the
aggregation of R _, and buck converter, depicted in
Figure 2, is assumed as a CPL. Indeed, since the buck
converter maintains the output voltage constant, it results
in fixed consumed power of the resistive load.

AKX
ol
< L
A -
Via Diode Cl Rioa ds’

Figure 2. The aggregation of RL load and buck converter as
a CPL from Vin’s side

The power of CPL provided by voltage and current is
constant. Thus, based on Figure 3(a), if the voltage
increases/decreases, the current decreases/increases,
which leads to instability. According to Figure 3(a), the
instantaneous resistance is positive (V /1 >0), and the
small signal resistance is negative (dV /dl <0). As a
result, this negative resistance can impact power quality
issues as well as the stability of the system (33).

Figure 3(b) shows the instability resulting from the
negative resistance. At the point P, the slope of V —1
curve of the source is bigger than that of CPL, which
means that even though the small signal resistance is
negative, its absolute value is smaller than the source’s
resistance; thus, P is unstable. Conversely, the slope of
the CPL curve at P"' is negative and its absolute value is
bigger than the source’s resistance, and thus, P' is stable.

Consequently, an investigation of the stability
condition of CPLs is required. To do so, the following
equations can be derived according to considering Figure

P
i =—

v
L(L—Ithvdc—R i -V (12)
CdditozlL—l

By linearizing Equation 12 around the operational point,
we have:

Ai =E‘2Av
VO
A 1 —Roai -t (13)
L Lot L
dav_ 1 _Lai
dt c - ¢C

VA
Load V.I=P = Constant

{*}dl

'f Source AV :

Al I
(@) (b)
Figure 3. (@) The V-I curve of CPL, (b) The V-I curve of
CPL and source
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Iy
A ,\_’AE a ij I_’
+ R L *
Vd.c = v
_ ¢ CPL

Figure 4. The CPL model with input LC filter

where the index of “0 ” is the operational point and “A
” shows the changes around p,. By simplification of

Equation 13,

dai,_ lAvdc _R Ai, YW

dt L L L (14)
gav_ 1y -To i

dt C Cv,

Based on Equation 14, the characteristic equation of the
system is derived as:

. (R PR 1 PR
- - 0
° +S[L Cvg}r[LC LCVOJ (15)
Based on Equation 15, two conditions are required to
have a stable system as the following:

R P _R_1
L

L Cy rC (16)
2

V—°>R:>1>1

P, R r

The above conditions are stability conditions, although
the first condition typically encompasses the second one.
It is clear that changing the CPL, the input filter to ensure
stability (34).

In literature, various methods are introduced mitigate
for the negative effects CPLs, which are mainly
categorized as passive and active methods. The former
introduces a passive element to the output LC filter of the
converter, which corrects the filter values and ensures
stability. The latter employs methods such as feedback
stabilizers, control loops, and virtual impedances to
maintain stability. Active methods demonstrate higher
efficiency, lower costs, and greater reliability due to the
absence of passive and physical elements and the sole
utilization of control loops (35, 36). An active strategy
based on a feedback stabilizer is implemented here.

First, it should be mentioned that the feedback
stabilizers are considered in two voltage and current
modes and are also added to the system in three ways

demonstrated in Figure 5. In these figures, R,,, K,, and
R,; are virtual resistances in current feedback mode; and

in voltage feedback mode, K;, K, , and K; are virtual
variable coefficients; and there is a high pass filter as

S
GHPF(S)_SJra) '

As illustrated in Figure 5, these feedback loops are
considered in their primary controller. However, this
paper adds these loops in just the secondary controller of
the reference DG, which is depicted in Figure 1.
Concerning the added feedback stabilizer to the control
system, we first obtain the transfer function of the output
impedance of the source (Z_(s)), and then, we analyze

the system’s stability (equations are related to
considering CPL). It should be mentioned that the
voltage feedback is studied here, but the current one is
the same, so we skip it. According to the circuit shown in
Figure 1, we have:

{VD:RI + Lsl+V

Bus
CsVy, = I-1, @7

Bus

Based on the control loop, we also have:

*

I” :Gv (VBus _VBus)
VBUS _V GHPFK VD CPL (18)
Vo =G, (I"-1)

With the linearization of Equations 17 and 18, the small
signal model can be derived as:

V =RIT + LsI+V 19
CsVy, = 11, (19)
N :Gv( VBus GHF‘FKVOCPL) (20)

Vo =G, ("= 1)

To buck

To buck

To buck

Inner Loop

(C)
Figure 5. Control of buck with stabilizer virtual loops, (a)
The outer one, (b) The middle one, (c) The inner one
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By Equations 19 and 20, the following equation is
obtained:

_GI G/\]Bus - GIGVGHPF K0V~0‘CPL - (21)
G =RT +LsT+V,

Bus

In order to obtain Z, . which is the total impedance of

the DC link, all of the variables should be defined based
on Vpe o @nd 1. Thus,

{I~:CS VBus j’ ILine ~ ~ (22)
VBus = RLine Iu + I‘Lines Io +VDC,out
Also, we have:
e =1,= Cf,CPLSVO,CPL + Io,CPL (23)
Then,
G G\V RLine( CV,CPLS\]’D‘CPL + I"u‘CPL)
| ~ . -
+ LLine S ( Cv‘ch SVO‘CPL + In‘CPL)+V0‘CPL
CS RLine( Cf,CPL S\70,(3PL + i~o,CPL)
_GI + LLine S ( Cf,CPL SVO,CPL + Io,CPL)+Vo,CPL
+( Cf,CPL SVO,CPL + I~u,CPL)
CS RLine(cI,CPL s\70,CPL + rc‘CPL)_'—
=R LLines((Cf,CPL SVU‘CPL + |~0‘CPL) +\70,ch)
(24)

+ (Cf ,CPLSVO,CPL + IO‘CPL)

RLme (CT‘CPLS\]D,CPL + I~D,CPL)
Cs
+Ls )

+ LijneS ((CLCPLS\ZJ‘CPL + ro,CPL)+V

0,CPL

+ (Cf Vo cpL + Iu,ch)

[RLine (Cf‘CPLS\’/‘o,CPL + i~o,CPL) + ]
' o)

LiineS ((Cf‘CPLS\io,CPL + I~o,CPL) +Vo,CPL
- GIGVGHPFKOVO,CPL

Eventually, the total output impedance (Z,) in

existence of CPL can be written as:
Z0 — \’/:'O,CPL —
IO,CPL
C L I‘Lins)33 +(GI C I‘Line +C I‘Line
+(G, G, Lje +G, CR, +CRR
+( G, Gy Ry +GI +R+ Ry, )
(C Cf,CF’L L I‘Line)84 +
GI C Cf,CPL I—Line +CCf,CPL I—Line R sa + (25)
+CCy e LR
GI GV Cf‘CPL I‘Line"—GI C Cf,CPL RLine s2
+C C:f,CPL R RLinE +C L+Cf,CPL I‘Line
+ G, G Ciep Rine tG, C s+
+GI Cf,CPL +C R + Cf‘CPL RLine
+( G G, +1+ GIGVGHPFKO)

R+CLR,,)Ss
+L+L,)s

Line

Line

Based on obtained z_, when CPL does not exist in the
grid, there is no pole on the right side of the axis;

therefore, the system is stable. However, adding CPL
leads to the movement of poles to the right side. When
the feedback stabilizers are considered as the above
equations, the system’s stability depends on changes in
K, and o of HPF. Figures 6(a) and 6(b) show the pole

locus investigations by changing these parameters.

As evident from Figure 6, when these parameters are
increased, the system's poles move to the left side, and as
a result, the system remains stable. Thus, the system can
be stable without adding any passive elements and
merely with virtual control loops in the proposed
secondary controller. It is worth mentioning that K=0 and
a frequency of 100 Hz are considered here.

3. RESULTS AND DISCUSSION

To verify the performance of the proposed scheme, a DC
MG is studied and simulated using MATLAB/Simulink
software. This MG is illustrated in Figure 7 and operates
in islanded mode. The nominal voltage of the MG is 48
V, and there are two 500 W loads. Four DGs are
integrated into the studied MG, and each DG is connected
to the grid by a DC/DC buck converter. The data of the
DGs and other required information are provided in
Table 1. The forthcoming scenarios will be thoroughly
verified and compared with the results obtained by other
methods reported in literature (21, 29):

Root Locus
500

400 & .
300 -

-100 -

200 “
100 - e

-200 -

Imaginary Axis(seconds-1)
-

-300

A
-400 =~ ~
2500 . . . . . .
-7 -600 -500 -400 -300 -200 -100 0
Real Axis(seconds-1)
(@)
Root Locus
500
*
375
7250
34
=
S 125 .
: %
R R i T I A O S R S S SR G S +r vl
Z e *
Il .
g -125 ¥
Bl
=
g -250 1
-375 -
*
2500 . . . . . . )
-700 -600 -500 -400 -300 -200 -100 0
Real Axis(seconds-1)

Figure 6. (a) Increase in Ko from 0 to 2.5 and constant value
of 100 for frequency of HPF, (b) Increase in frequency of
HPF from 0 to 200 and Ko = 1
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e Case I: The grid is just controlled by the primary
droop controller.

e Case II: The proposed DAPI secondary controller is
activated att=2s.

e Case I1I: A CPL (with a constant power of 320 W) is
added to loads att = 4 s.

o Case IV: At t=5.5 s, the link between DG, and DGs

is disconnected and connected again a t=7 s.

Case V: DGy is considered to be the backup unit that

can be disconnected and connected. Plugging out is

occurred at t=8.5 s, and att =4.5 s, it is plugged in.

It is worth noting that to implement the secondary

controller, a graph is considered for the demonstration of

DG,

E_lé— L}oad 1
DG,

J'_ "L Oa

T__l,_I L} d2
DG,

A

'T,:—,%_ cPL
DG, }

I i

T_—'q

Figure 7. DTiagram of the studied DG MG

TABLE 1. Parameters of the DC MG

Symbol Quantity DG, & DG, DG;& DG,
v nominal DC voltage 48V 48V
AV allowable deviation 5% 5%

Ve voltage source 100 V 100 V

L filter inductance 15mH 15mH

C filter capacitance 470 uF 470 uF
Ko —k, voltage controller 0.1-1 0.1-1

K, —k, current controller 0.01-1 0.01-1

r droop coefficient 1.2 VIW 0.8 VIW

Secondary controller parameters

K, Integrator gain 1 1
Combination gain 1 1
B Combination gain 1 1

DG communication links. The following adjacency
matrix is considered here.

60
Controller with Correction Term
55 e Controller without Correction Term
250 -
z
3 ——
= H
s £
‘;9 45 H b
3
&
3 40
35 <— —> <— — —><— —>
30 . !
1 1.5 2 25 3 35 4 4.5 5
Time (s)
@)
18 T
16 |- Controller with Correction Term ul
---------- Controller without Correction Term s
14 8
ERERS —
2
510
=
a
T osr ]
)
S
a4k /
2 |&— —> < — — >
Added
0 .
1 1.5 2 2.5 3 3.5 4 4.5 5
Time (s)
600
500
Z a0l 1
z
£ H
£.300
200 ' 1
100 , R
1 L5 2

3 35 4 45 5
Time (s)

(©
Figure 8. (a) Output voltage, (b) Output current, (c) Output
power obtained by the proposed method

The activation of the proposed secondary controller is
compared for two cases: considering and ignoring the
virtual loop. The results are illustrated for DG2 in Figure
8. It is evident that when the secondary controller is
activated, the voltage is restored to its nominal value of
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48 V (Figure 8(a)), and the current and power are shared
proportionally (Figures 8(b) and 8(c)). While adding CPL
at t=4 s, considering the proposed virtual loop for the
reference DG (DGL in this case) results in a negligible
voltage drop of 3 V. However, neglecting this loop causes
a significant voltage drop, posing a threat of instability.
Therefore, it can be said that based on Figure 8,
considering the feedback of CPL's voltage in the
secondary controller prevents instability and ensures
better performance of the controller.

To provide a more meaningful comparison and
demonstrate the superior performance of the proposed
controller, the results obtained from implementing the
proposed strategy and the strategy proposed by Xing et
al. (21) are depicted in Figures 9 and 10. The primary

100 -
%0
T
0
1 1
1 '
| '
1 '
! '
s ! v
40 T._/v
<
30 .
1 3 4 6 8 9 10 1" 1
Time (s)
16
14
12
10
=
S
5 6f -
3 7 |
/ '
s ' .
, '
v '
' '
' '
\
R !
<
2
1 3 4 6 7 8 9 10 i 1
Time (s)
1200
1000
500
7 600
H
2 a0k
200 b’ 4
1 '
[ \ |
! |
0 AJSpEp—,
o
00 . I i I i J
1 4 6 7 8 9 10 1 1
Time (s)

Figure 9. (a) Output voltage, (b) Output current, (c) Output
power obtained by the proposed method

Output Voltages (V)

Outout Current (A)

1400

1200

1000

= 800

(©)
Figure 10. (a) Output voltage,(b) Output current, (c) Output
power obtained by the proposed method of [21]

control is initially activated. From Figures 9 (a) and 9(b),
the output voltages decrease to about 40 V. Once the
proposed secondary control is implemented, the output
voltages are restored to their nominal value. Our
proposed method exhibits no overshoot when the
secondary controller is implemented, whereas the
approach by Xing et al. (21) showed a significant
overshoot. Moreover, despite the slow convergence in
results obtained by the method proposed by Xing et al.
(21), the absence of overshoot in the proposed method
results in rapid convergence and earlier voltage
stabilization. As far as Figures 9(b) and 10(b), which
show the current sharing, and Figures 9(c) and 10(c),
which illustrate the power-sharing, are concerned, it is
evident that the proposed method outperforms the
method presented by Dam and Lee (20). Having a more
comprehensive comparison between the proposed
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method in this paper and that of by Xing et al. (21), the
voltage and power errors of DG4 are presented in Table
2. This table shows the following cases: 1) Secondary
controller, 2) Adding CPL, 3) After link restoration, and
4) After DG plugged in.

Based on the results presented in Table 2, it is evident
that our proposed method outperforms the others,
demonstrating higher accuracy in voltage adjustment and
power sharing. In case 1, which involves the activation
of the secondary controller, the voltage error and power
error percentages of DG2 are 0% and 1.5% consecutively
according to the proposed method. In comparison, they
are 2.08% and 12.5% for the method proposed by Xing
et al. (21), respectively. The validation of the proposed
method is also compared to other schemes, with the
strategy proposed by Hassan et al. (29) being considered.
The errors are also calculated, and the mentioned values
are obtained as 1.97% and 9.94% for the method (29).
The method presented here achieves the precise reference
voltage. For case 2, the CPL is added, and the voltage
error percentages obtained by the proposed method and
the methods of Xing et al. (21) and Hassan et al. (29) are
0.83%, 2.39%, and 3.13%, respectively. The power
errors are 15.38% for our method, 55% for Xing et al.
(21), and 56.3% for Hassan et al. (29). These results
illustrate better performance in power-sharing achieved
by the proposed strategy. In case 3, where errors are
calculated after the link restoration between DG2 and
DG3, the voltage and power errors of our strategy are
0.83% and 15.38%, respectively. In comparison, they are
2.5% and 21.15% for the strategy proposed by Xinget al.
(21), and 3.39% and 23.8% for the strategy proposed by
Hassan et al. (29), demonstrating better performance.
Moreover, in case 4, which displays the values after the
reconnection of DG4, the voltage errors are 1.6%, 2.5%,
and 3.26% for the proposed method and the methods of
Xinget al. (21) and Hassan et al. (29), indicating superior
voltage adjustment. The power errors are 19.6%, 23.07%,
and 19.87%, showcasing significantly improved results
of the proposed method for power allocation in play

TABLE 2. Voltage and Power Error Percentages of DG4

€

v

Cases 1 2 3 4

Proposed Method 0% 0.83% 0.83% 1.6%
Method of Xing et al. [21] 2.08% 2.39% 2.5% 2.5%

Method of [29] 197% 3.13%  339%  3.26%
ep

Proposed Method 15% 15.38% 15.38%  19.6%

Method of [21] 125%  55% 21.15% 23.07%

Method of [29] 9.94% 56.3%  23.8% 19.87%

mode. It is worth mentioning that if the voltage and
power errors are calculated for the link disconnection
case and DG4 plug-and-play mode, the proposed method
can perform adequately. The errors are significantly
lower compared to the errors in the methods proposed by
Xing et al. (21) and Hassan et al. (29), indicating that the
proposed method operates effectively. In addition, the
convergence speed for achieving a stable condition after
any changes in topology or communication links is
evident in all figures.

4. CONCLUSION

A DAPI secondary control strategy was introduced in this
paper for islanded DC MGs to allocate power and adjust
voltage. This strategy also included a virtual control loop
based on the output voltage of CPL. Like most literature,
the primary layer was controlled by a droop controller,
while the secondary level was influenced by a feedback
strategy, in contrast to other existing feed-forward
secondary control strategies. This DAPI controller
requires sparse communication among neighboring DGs
and utilizes decentralized control actions to regulate
voltage precisely and share current appropriately. The
effectiveness of this method was confirmed by applying
it in an islanded DC MG, consisting of 4 DGs, regular
loads, and CPL, and comparing it with another existing
strategy. The results obtained from the simulation
showed better convergence, no overshoot, and more
accurate adjustments of the proposed method. In
addition, the stability of DC MG was guaranteed by
considering the virtual control loop in the presence of
CPL.
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