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A B S T R A C T  
 

 

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. 

doi: 10.5829/ije.2024.37.09c.12 
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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) for a 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 (CPLs). 

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 Dörfler (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): 

ref

i i i iv = V - r  . I  (1) 

where
ref

i V , ir , iv , and iI  are the rated voltage value, 

droop coefficient, and output voltage and current values, 

respectively. It is necessary that 
iv  tracks ref

i V well. 

On the other hand, the voltage of the bus for multi-

paralleled DGs in a DC microgrid can be given as: 

    . iis ibuV Rv I= −  (2) 

where busV  and iR  are the voltage of the bus and 

resistance of the line, respectively. Considering both 

Equations 1 and 2, the following equation can be written. 

( )  . re

bus

f

i i iiV RV r  I= − +  (3) 

That means: 

( ) ( ) .  .  ,   ,i ki ki kR R rr  iI I k+ = +   (4) 

It is clearly observed that ( )iiR r  +  is inversely 

proportional to current sharing, i.e. 

( ) ( ),  /  / ,k ki ik iI R r R k iI r= + +  . Considering 
iir R  , 

we have: 

 ,   ,i

i

k

kI

I r
k

r
i  (5) 

It can be seen that 
ir  dominates the current sharing.  

Notably, the larger 
ir results in better current sharing and 

worse voltage regulation, and vice versa. Consequently, 

ir  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 
ir  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:  

   . ref

i i i i iv V r I − +=  (6) 

where 
i  is the generated signal by the secondary 

controller. Any delay in the output voltage adjustment 
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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.   

( )  . ref

iv v IV r = − − − +  (7) 

where v , ref

iV , and    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  iv , 

the integral state for the secondary control input,  , can 

be expressed as Equation 9. 

( )

( ) 0

   

 v    

i

i

i ij i j

n N

ij i j i I i

n N

u f x x

g v g v K z





= − − −

− − +





 
(8) 

( )  z  
i

i i ij i j

n N

z v c z


= − − −  
(9) 

In the above equations, iz  shows the integral state;
IK

denotes the integral gain; and 
ijf , ijg , and 

0g  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. 

( ) ( )    
i

i i bus i ij i j

n N

ref

ie V aV   


 
  


= − −


+   (10) 

( )

( ) * *

  

     
i i

ref

I i bus

ji

i ij i j ij

n N n N i j

iK V

II
a a

I

V

I

 

  
 

−

  
−      

= − −

− −
   
 

 
(11) 

where i  and 
i  are positive gains; and ija  denotes the 

weight of the edge between the ith and jth buses. It is worth 

mentioning that  i

p i

k
k e

s


 
 
 

= + . The overall diagram can 

be observed in Figure 1 (For more details on the DAPI 

based controllers (23)).  

 

2. 3. Considering CPL      According to the voltage-

current (V I− ) curve of a resistive load, the current 

varies proportional to the voltage. However, all of the 

loads are not resistive. If a resistive load (
LoadR ) is 

connected to the grid by a buck converter, the 

aggregation of 
LoadR  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.  

 
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 ( / 0V I  ), and the 

small signal resistance is negative ( / 0dV dI  ). 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 I−  

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 

4.  

0

 

  L

dc L

L

P
i

v

di
L v R i v

dt
dv

C i i
dt


=



 = − −



= −

 
(12) 

By linearizing Equation 12 around the operational point, 

we have: 

0

2

0

 

1 1
  

1 1

L
dc L

L

P
i v

v

d i R
v i v

dt L L L

d v
i i

dt C C


 = 


 
 =  −  − 

 

=  − 


 
(13) 

 

 

  
(a) (b) 

Figure 3. (a) The V-I curve of CPL, (b) The V-I curve of 

CPL and source 
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Figure 4. The CPL model with input LC filter 

 

 

where the index of “ 0 ” is the operational point and “ 

” shows the changes around 
0P . By simplification of 

Equation 13,  

0

2

0

1 1
 

1

L
dc L

L

d i R
v i v

dt L L L

Pd v
i i

dt C Cv


=  −  − 




 =  − 


 
(14) 

Based on Equation 14, the characteristic equation of the 

system is derived as: 

2 0 0

2 2

0 0

1
0

P P RR
s s

L LCCv LCv
+

   
   
  

+


− − =  (15) 

Based on Equation 15, two conditions are required to 

have a stable system as the following: 

0

2

0

2

0

0

1

1 1

PR R

L L rCCv

v
R

P R r


  



   



 
(16) 

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, 0vR , vK , and 

viR  are virtual resistances in current feedback mode; and 

in voltage feedback mode, 0K , inK , and iK   are virtual 

variable coefficients; and there is a high pass filter as 

( )  HPF

s
G S

s 
=

+
. 

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 ( ( )oZ 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: 

     

  

D Bus

Bus o

V R I Ls I V

Cs V I I

= + +


= −
 (17) 

Based on the control loop, we also have: 

( )

( )

* *

* *

*

   

  

V Bus Bus

Bus

D I

I G V V

V V

V G I I

 = −


=


= −

HPF 0 o,CPL- G K V  (18) 

With the linearization of Equations 17 and 18, the small 

signal model can be derived as: 

     

  

D Bus

Bus o

V R I Ls I V

Cs V I I

 = + +


= −

 (19) 

( )

( )

*

*

 

 

V Bus

D I

I G V

V G I I

 = −


= −

HPF 0 o,CPL- G K V

 

(20) 

 

 

 
(a) 

 
(b) 

 
(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: 

*

 

    

I V Bus

I Bus

G G V

G I R I Ls I V

− −

= + +

I V HPF 0 o,CPL- G G G K V  (21) 

In order to obtain ,o DCZ  which is the total impedance of 

the DC link, all of the variables should be defined based 

on ,DC outV  and oI . Thus,  

,

     

    

Bus Line

Bus Line o Line o DC out

I Cs V I

V R I L s I V

 = +


= + +

 (22) 

Also, we have: 

, , , f o f CPL o CPL o CPLI I C sV I= = +  (23) 

Then,  

( )
( )

( )
( )

( )

, , ,

, , , ,

, , ,

, , , ,

, , ,

 
 

    

  
 

    

   

Line f CPL o CPL o CPL

I V

Line f CPL o CPL o CPL o CPL

Line f CPL o CPL o CPL

I Line f CPL o CPL o CPL o CPL

f CPL o CPL o CPL

R C sV I
G G

L s C sV I V

R C sV I
Cs

G L s C sV I V

C sV I

 
 
 
 

 

 +


 

+

+ + +

 +
 
 − + +
 

+ +

( )
( )( )

( )

( )
( )( )

, , ,

, , , ,

, , ,

, , ,

, , , ,

 

   

 
  

Line f CPL o CPL o CPL

Line f CPL o CPL o CPL o CPL

f CPL o CPL o CPL

Line f CPL o CPL o CPL

Line f CPL o CPL o CPL o CPL

R C sV I
Cs

R L s C sV I V

C sV I

R C sV I
Cs

Ls L s C sV I V

  + +
  
  = + +

  
 + +
 

 +
 
 + + + +
 

+






( )
( )

( )( )

, , ,

, , ,

, , , ,

 

 

f CPL o CPL o CPL

Line f CPL o CPL o CPL

Line f CPL o CPL o CPL o CPL

C sV I

R C sV I

L s C sV I V

 
 
 
 
 +
 

 + +
 +
 + +
 

I V HPF 0 o,CPL- G G G K V

 

(24) 

Eventually, the total output impedance (
oZ ) in 

existence of CPL can be written as: 

( ) ( )
( )
( )

( )

,

,

3 2

4

,

, ,

,

        

      

   

   

     

 

o CPL

o

o CPL

Line I Line Line Line

I V Line I Line Line Line

I V Line Line

f CPL Line

I f CPL Line f CPL Line

f CPL

V
Z

I

C L L s G C L C L R C L R s

G G L G C R C R R L L s

G G R GI R R

C C L L s

G C C L C C L R

C C L

= =

 + + +
 

+ + + + + 
 + + + + 

+

+

+

( )

3

, , 2

, ,

,

, ,

 

      

     

    

  

  1

Line

I V f CPL Line I f CPL Line

f CPL Line f CPL Line

I V f CPL Line I

I f CPL f CPL Line

I V

s
R

G G C L G C C R
s

C C R R C L C L

G G C R G C
s

G C C R C R

G G

 
 
  

+  
  
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(25) 

Based on obtained 
oZ , 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 

oK  and   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): 

 

 

 
(a) 

 
(b) 

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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• Case I: The grid is just controlled by the primary 

droop controller. 

• Case II: The proposed DAPI secondary controller is 

activated at t= 2 s. 

• Case III: A CPL (with a constant power of 320 W) is 

added to loads at t = 4 s.   

• Case IV: At t=5.5 s, the link between DG2 and DG3 

is disconnected and connected again a t=7 s. 

• Case V: DG4 is considered to be the backup unit that 

can be disconnected and connected. Plugging out is 

occurred at t= 8.5 s, and at t =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 
 

 

,3lineZ

,2lineZ

,1lineZ
fL

fL

fL

fC

fC

fC

fL

fC

Load 2
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,4lineZ

 
Figure 7. Diagram of the studied DG MG 

 

 
TABLE 1. Parameters of the DC MG 

Symbol Quantity DG1 & DG2 DG3 & DG4 

ref

iV  nominal DC voltage 48 V 48 V 

V  allowable deviation 5% 5% 

dcV  voltage source 100 V 100 V 

L  filter inductance 1.5 mH 1.5 mH 

C  filter capacitance 470 F  470 F  

P Ik k−  voltage controller 0.1-1 0.1-1 

P Ik k−  current controller 0.01-1 0.01-1 

r  droop coefficient 1.2  V/W 0.8 V/W 

Secondary controller parameters 

IK  Integrator gain 1 1 

  Combination gain 1 1 

  Combination gain 1 1 

DG communication links. The following adjacency 

matrix is considered here. 

0 1 0 1

1 0 1 0

0 1 0 1

1 0 1 0

A

 
 
 =
 
 
 

 
(26) 

 

 

 
(a) 

 
(b) 

 
(c) 

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 (DG1 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 
 

 

 
(a) 

 
(b) 

 
(c) 

Figure 9. (a) Output voltage, (b) Output current, (c) Output 

power obtained by the proposed method 

 
(a) 

 
(b) 

 
(c) 

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 

ve  

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] 1.97% 3.13% 3.39% 3.26% 

pe  

Proposed Method 1.5% 15.38% 15.38% 19.6% 

Method of [21] 12.5% 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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Persian Abstract 

 چکیده 
 DC یها MGحال،  نی. با اشده است   (DC MGs) میمستق انیجر یهازشبکه یر شتریقدرت منجر به کاربرد ب کیالکترون پیشرفت درو  ریدپذیتجد یهایبه انرژ شتریتوجه ب

 دیشده جدع یکاملاً توز  هیکنترل ثانو  یاستراتژ  کی  شامل  هیدو لا  یساختار کنترل سلسله مراتب  کی،  حل این مشکل  یهستند. برا  تقسیم توانولتاژ و    میتنظ  نظیر   ییهاچالش  یدارا

کنترل    یاستراتژ  کیکند. در واقع،    میو ولتاژ را به سرعت تنظ  تقسیم کندتوان را    قیشده است تا به طور دق  و به کار گرفته   شنهادیمقاله پ  ن یمرسوم در ا  هیاول  یو روش کنترل افت 

 ی داریاست که ممکن است منجر به ناپا (CPL) توان ثابت یوجود بارها، DCیهاMG در گریشده است. مشکل د یمعرف (DAPI) شدهع ی توز انتگرالی-تناسبی یانتگرال هیثانو

کند. با ی م  ی ریجلوگ  ی دارید که از ناپاگردیاضافه م  یشنهادیپ DAPI به CPL یولتاژ خروجمبتنی بر    ترمی ،  CPLت به وجود آمده از حضور  مشکلا  نی غلبه بر ا  یشود. برا

 نیا  ن،یبرا. علاوهندیآی به دست م   ازیکنترل مورد ن  یهایورود  ،یبا الهام از کنترل مشارکت   و  ،واحدهای مجاور  هیکنترل ثانو  یهایو ورود    DCشین  یمحل  یهااستفاده از داده

 ی ارهی جز DC MG کیها،   DC MGدر  یشنهادیپ DAPI یاستراتژ  یاعتبار سنج  ی. برادهد یم  شیرا افزا  یریپذندارد که انعطاف  زشبکه یر  یتوپولوژ  ستنبه دان  یازین  یاستراتژ

نرم  نتا  یسازه یشب MATLAB/SIMULINK افزاردر  نتا  سهیو مقا  جیشده است.  با  از روش موجود ددستبه  جی آنها  را در    یشنهادیپ DAPI کنندهعملکرد کنترل   گر،یآمده 

 کندی بار اثبات م رات ییارتباط و تغ  قطع، plug-and-playمختلف یوهایسنار
 

 
 
 

  
 


