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A B S T R A C T   

In a microgrid architecture that includes energy storage systems based on parallel batteries, the inequalities in 
the batteries’ state of charge may cause inconsistency in the residual capacity of each battery. As a consequence, 
the battery cells may be degraded owing to overcharging or deep discharging. This paper presents an optimized 
load-sharing approach-based droop control strategy for parallel batteries operating in a DC microgrid. The main 
aim of the proposed control approach is to include the real battery capacity, which may be affected during its 
lifecycle, in the control algorithm in order to prevent non-matching conditions. As a result, proportional power- 
sharing will be allowed according to the actual capacity. In addition, all the SoCs will be equalized and the 
parallel batteries, present in the system, will operate equally in terms of SoC when delivering or absorbing power. 
Hence, the batteries lifecycle will be extended while power-sharing is performed in the best way. To this end, the 
identification of the actual battery capacity has been carried out using a metaheuristic optimization algorithm 
called Salp Swarm Algorithm (SSA). Each battery output is controlled by bidirectional DC/DC converters that 
ensure the charging and discharging process. The control approach has been evaluated under different scenarios 
such as similar and different capacities and a sudden disconnection of a battery. The obtained results prove the 
ability of the proposed control strategy to ensure proportional power-sharing while handling the inconsistency of 
residual energy between battery cells and improve the battery state of health.   

Introduction 

Currently, with the increase of the energy crisis and greenhouse 
concerns; microgrid (MG) based power systems are becoming a prom
ising solution [1]. MGs represent a combination of co-operating power 
sources. These sources include renewable energy sources (RESs), 
controllable sources such as fuel cells (FCs) and internal combustion 
engines (ICEs), energy storage systems (ESSs) and local loads [2,3]. MGs 
are equipped with supervisory control, protection and energy manage
ment systems [4,5]. The coordination of their operation is achieved 
using advanced power electronics converters [6]. MG technology is 
gaining more and more attention in many applications that have high 
consumption rates such as commercial buildings [7]. In general, most of 
RESs generates DC power which is compatible with ESSs and a large 

number of loads [8]. Based on these and other advantages, DC micro
grids will dominate energy transmission and distribution in the near 
future. However, the integration of multiple power sources such as RESs, 
which are dependent on weather conditions, may lead to energy balance 
issues. For this reason, adding ESSs is required [9,10]. Integrating ESSs 
provides the system with a continuous power supply, higher reliability 
and resiliency [11]. 

It is well known that batteries baes ESSs have higher efficiency and a 
larger lifespan if their SoC is adequately maintained within their safe 
ranges [12]. However, in real cases, several factors may cause SoC 
unbalancing among paralleled batteries. These factors include initial 
SoCs, ESS capacity and line impedances [13]. It worth to mention here 
that the SoC imbalance accelerates the discharge rate of the weak bat
tery, and as a result, reduces its lifetime. Thus, it is of prime interest, in 
terms of SoC balancing to control the charging/discharging process in an 
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adequate way to guaranty proportional power-sharing [14,15]. 
In the literature, microgrid control strategies can be generally clas

sified as centralized, decentralized, and distributed [16]. The central
ized control strategy is based on one central controller that generates the 
power reference of each power source [17]. In the case of a decentral
ized control strategy, each source operates with its sensors and local 
controller. For the distributed control strategy, serval controllers 

communicate between them to decide the operating state of the power 
system. For instance, centralized SoC balancing strategies are proposed 
in [18,19]. The proposed methods require communication lines and a 
central controller. The main drawback of the proposed strategies is the 
venerability and high installation costs due to the presence of the 
communication lines. A distributed control strategy is proposed in [20] 
in order to balance the SoC. A similar strategy is proposed in [21]. These 
strategies may provide high reliability. Nevertheless, it required large 
communication network. Decentralized methods which no communi
cation lines such as droop control methods remain the most effective 
methods for this kind of application [22]. The author in [23] proposed 
modified droop coefficients as a function of the ESS’s SoC. Different 
droop coefficients are chosen and their power-sharing speed rate is 
investigated based on the small-signal model. Another work proposed in 
[24] presents a different droop control method based on voltage 
scheduling to balance the SoC of different ESSs by adjusting voltage 
references. This strategy can resolve the stability issues that existed in 
conventional strategies based on droop gain scheduling. An intelligent 
droop coefficients scheduling based on fuzzy logic is proposed in [25]. 
The fuzzy logic controller updates the value of the virtual resistance 
according to the ESS’ SoC. This strategy guarantees the SoC balancing 
among ESSs as well as reduced voltage deviation. Master-slave based 
consensus algorithm with pinning node is presented in [14]. Active SoC 
balancing based on the average state of charge and the battery char
ging/discharging state is proposed in [26]. The balancing will be per
formed according to the charging/discharging process. The paper 
presents a SoC estimation algorithm based on an extended Kalman filter. 
Hybrid droop and multi-agent sliding mode control strategy for SoC 
balancing is presented in [27]. The main advantages of this strategy are 
reducing circulating currents, improving efficiency and avoiding battery 

Nomenclature 

MG Microgrid 
ESS Energy storage system 
RES Renewable energy source 
MG Microgrid 
SoC State of charge 
SoH State oh health 
Vbatt The battery voltage 
ibatt The battery current 
VOC The open-circuit voltage 
Q The battery capacity 
Rint The battery internal resistance 
kd Droop compensation factor 
α Convergence factor 
Vref The common bus reference voltage 
Vestimated The model output voltage 
Rload The load resistance 
MA Metaheuristic algorithm 
SSA Salp Swarm Algorithm  

Fig. 1. The proposed DC microgrid Architecture includes the energy storage system (ESS), the loads, the PV array and the main grid connector.  
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overloading. A modified virtual resistance based on the battery SoC to 
update the droop control strategy is proposed in [28]. This strategy 
controls the balancing speed by adjusting the exponent of SoC in the 
proposed control strategy. An intelligent fuzzy-based droop control 
strategy is presented in [29], where the fuzzy controller updates the 
droop control parameters. The key advantage of this strategy is its 
performance with unknown or complex models. However, the accurate 
design of the fuzzy controller is difficult. However, all the previous 
methods are based on prior knowledge of the ESS parameters such as the 
capacity. In fact, because of their chemical characteristics, batteries are 
gradually degrading by the ageing effect [30]. A deep learning-based 
artificial neural network for SoC balancing considering the state of 
health is proposed in [31]. However, the complexity of this strategy is 
relatively high and data to train the estimation model. Instead of SoC 
balancing, droop control for SoH balancing is proposed in [32]. This 
strategy includes only the SoH in the control strategy, where the SoC is 
not included, moreover, the SoH variations is very slow compared with 
the SoC variations. SoC balancing based model predictive control (MPC) 
that includes the states such as temperature and state of charge is pro
posed in [33]. The thermal balancing may restrict the battery degra
dation; however, the battery capacity did not include; in addition, the 
MPC based control strategy is very complex. 

Motivation and contribution 

Since the conventional droop control strategy does not take into 
account the actual value of the capacity, it may reduce its state of health 
(SoH) faster. For this reason, the identification and the consideration of 
the actual capacity are required to avoid premature ageing. In this 
paper, the main aim of the proposed control approach is to include the 
real battery capacity, which may be affected during its lifecycle, into the 
control algorithm in order to prevent the non-matching conditions and 
therefore allow proportional power-sharing according to the actual ca
pacity. As a result, the state of charge will be matched and all parallel 
batteries, present in the system, will be equalized in terms of SoC. Hence, 
the batteries lifecycle will be extended while power-sharing is per
formed in the best way. To this end, the identification of the actual 
battery capacity has been performed using a metaheuristic optimization 
algorithm called Salp Swarm Algorithm (SSA). Each battery output is 
controlled by a bidirectional DC/DC converters that ensure the charging 
and discharging process. Battery parameters identification based on 
metaheuristic algorithms is gaining more attention due to their high 
performance and simplicity [34]. Because of its significant advantage, 
the salp swarm algorithm (SSA) [35] is used to estimate the real bat
tery’s capacity. The droop coefficients are thus updated according to the 
obtained results by the optimizer. 

The rest of the paper is organized as follows; Part 2 explains the 
proposed power system configuration including the models. Part 3 dis
cusses the droop control strategy including the PI controller. The battery 
state of health estimation algorithm is proposed in Part 4. The results are 

discussed in Part 5. This paper ends with a conclusion and future works. 

System Configuration and Modeling 

The proposed power system is based on a grid-connected DC 
microgrid, which is composed of a combined solar PV array and energy 
storage system (ESS). The power system topology is given in Fig. 1. The 
ESSs are connected to the common bus (380V) in parallel. Each one 
shares its power based on the droop control strategy. The other sources 
including the load are considered as bidirectional current sources. 

Li-ion batteries are currently the most used batteries even with their 
high cost. They provide superior performance over the other types such 
as lifespan, energy density, and response time. Based on Shepherd 
Relation [36,37] the Li-ion battery discharging equation can be written 
as 

Vdis = VOC −
Q

Q − it
− Rint.i + A.e(− B*it) − K

Q
Q − it

i* (1) 

where Vdis denotes the battery output voltage during the discharging 
phase (V). VOC is the battery constant voltage (open circuit voltage). Q is 
the battery capacity (Ah). K is a polarization constant (V/Ah) or polar
ization resistance (Ω). it is the actual battery charge (it =

∫
idt) (Ah). A 

is the exponential zone amplitude (V). B is the exponential zonetime 
constant inverse (Ah− 1). Rint is the internal resistance (Ω). i and i* are the 
battery current and the filtered current respectively (A). 

According to the internal resistance model [38,39] (Fig. 2 (a)), the 
battery voltage can be expressed as a function of the battery open-circuit 
voltage (Voc) and the internal resistance (Rint) as follow 

Vbatt = VOC(SoC) − Rint(SoC,T)ibatt (2)  

where Vbatt and ibatt are the battery voltage and current, SoC is the bat
tery state of charge and T is the operating temperature. According to 
[40], VOC and Rint can be calculated as a function of the state of charge as 
follow 

X = a0 + a1SoC + a2SoC2 + a3SoC3 + a4SoC4 ++a5SoC5 + a6SoC7

+ a7SoC7 (3)  

where a0, a1, a3, a4, a5, a6 and a7 are model parameters and X is the 
model variable (VOC and Rint). 

The battery SoC can be estimated as follow. 

SoC(t) = SoC0 −
1
Q

∫

ibattdt (4)  

where SoC(t) is the battery state of charge, SoC0 is the initial SoC. 
A bidirectional boost converter (BBC) is used to control the battery 

output power; its topology is represented in Fig. 2(b). The BBC is used to 
charge the battery (buck mode) using the bus power or to supply the bus 
by injecting battery power (boost mode). The BBC is controlled by the 
duty ratio d. The model of BBC can be described as 

Fig. 2. Elements topology: a- Rint battery equivalent circuit model (ECM), b- Bidirectional Boost Converter.  
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⎧
⎪⎪⎨

⎪⎪⎩

L
diL

dt
= vi − (1 − d)voibatt

Co
dvo

dt
= (1 − d)iL − io

(5)  

where vi and vo are the input and output voltages, iL is the inductor 
current, io is the output current flowing into the dc bus, L is the induc
tance, and Co is the converter output capacitance. Based on the small- 
signal model, the converter transfer functions are given in Table 1. 

Proposed Control Strategy 

SoC balancing method 
The proposed control strategy is based on the droop control 

approach. This method allows each power source to control its own 
power locally. Fig 3 represents the V-I droop characteristics of two 
different batteries, from this figure, to control the battery output voltage 
at the reference bus voltage (Vbatt =Vbus), the output current must be 
maintained at the suitable value Ibatt. The current value is defended 
according to the virtual resistance (Rvb) as described in Eq. (6) 

Vbatt = Voc − RVbibatt (6) 

The Droop control forces the batteries to provide the currents ibatt1 
and ibatt2 so that Vbatt1 = Vbatt2 = Vbus

ref, but the SoC balancing problem 
has yet to be resolved. Several methods have been presented in the 
literature review that includes the SoC in the control low. Adaptive 
droop compensation functions for SoC balancing have been reported in 

[41], the modified droop function can be written as follow 

Vbatt = Voc − kd(SoC,α)RVb.ibatt (7)  

where kd is the compensation function and α is the droop factor; these 
functions are presented in Table 2. 

The used method is based on the combination of the SoC with droop 
control, the modified droop equation becomes: 

Vbatt = Voc − RVb.ibatt + α.SoC (8)  

where α is the droop factor which determines converges speed. 
The battery reference voltage can be written as 

Vref = Voc + α.SoC (9)  

Vbus = Vref − RVb.ibatt (10) 

Balancing speed 
From Eq. (4), the balancing speed can be exposed as a function as the 

SoC variation, as follow 

v =
dSoC

dt
= −

ibatt

Q
(11) 

The balancing speed between two batteries can be written as 

Table 1 
BBC transfer functions.   

Buck Boost 

Voltage TF 
Vdc

d  
Vbatt

Rload

s2LCdcRload + sL + Rload  

Vbatt

(1 − D)
(1 − D)2Rload − sL

s2LCdcRload + sL + Rload  

Current TF 
LL

d  
Vbatt

1 + sCdcRload

s2LCdcRload + sL + Rload  

Vbatt

(1 − D)
2 − sCdcRload

s2LCdcRload + sL + Rload  

Where Rload is the load resistance and Cdc = Co. 

Fig. 3. V-I droop characteristics of two distinguished batteries.  

Table 2 
BBC transfer functions.  

Function Compensation function kd 

Discharging Charging 

Linear α(1 − SoC)+ 1  α− 1(SoC − 1)+ 1  
Power SoCα  SoC− α  

Exponential e− α(SoC− 1) eα(SoC− 1)

Hyperbolic Sine sinh( − α(SoC − 1))+ 1  sinh(α− 1(SoC − 1))+ 1  
Logarithmic − α.ln(SoC)+ 1  α− 1.ln(SoC)+ 1   
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v1 − v2 = −
ibatt1

Q1
−

(

−
ibatt2

Q2

)

(12) 

From Eq. (10), the battery current can be expressed as 

ibatt =
Vref − Vbus

RVb
(13) 

Thus, the current of batteries 1 and 2 and the bus can be expressed as 

ibatt1 =
Vref 1 − Vbus

Rb1
(14)  

ibatt2 =
Vref 2 − Vbus

Rb2
(15)  

ibus =
Vbus

Rload
= ibatt1 + ibatt2 =

Vref 1 − Vbus

Rb1
+

Vref 2 − Vbus

Rb2

=
Rb1
(
Vref 2 − Vbus

)
+ Rb2

(
Vref 1 − Vbus

)

Rb1Rb2
(16) 

The bus voltage can be written as 

Vbus = ibusRload =
Rb1
(
Vref 2 − Vbus

)
+ Rb2

(
Vref 1 − Vbus

)

Rb1Rb2
Rload (17) 

The output power of each battery is 

Pbatt = ibattVref =

(
Vref − Vbus

)

Rb
Vref (18) 

Replacing the value of Vbus Eq. (17) on Eq. (18) and following the 
same steps with [42,43], the output power and the power difference 
between the batteries if R1 = R2 = R, they can be written as 

Fig. 4. Balancing results of each strategy.  
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Pbatt1 = (Voc − αSoC1)
SoC1(R + Rload)α − αRloadSoC2 + RVoc

R(2Rload + R)
(19)  

Pbatt2 = (Voc − αSoC2)
SoC2(R + Rload)α − αRloadSoC1 + RVoc

R(2Rload + R)
(20)  

ΔP =
α(SoC1 − SoC2)(R + Rload)(2VOC + α(SoC1 + SoC2))

R(2Rload + R)
(21) 

If the batteries are identical, the balancing speed express in Eq. (12), 
it can be rewritten as 

v1 − v2 = −
Pbatt1

Vbatt1Q1
+

Pbatt2

Vbatt2Q2
=

ΔP
VbattQ

=
α(SoC1 − SoC2)(R + Rload)(2VOC + α(SoC1 + SoC2))

Vbatt.Q.R.(2Rload + R)
(22) 

If the batteries have deferent capacities, Eq. (12) can be presented as 

v1 − v2 = −

(
Vbatt1

RVb1Q1
−

Vbatt2

RVb2Q2

)

(23) 

To balance the SoC, Eq. (23) must be equal to zero, thus, if the bat
teries have to provide the same output voltage, the virtual resistances 
have to be set as 

RVb1 =
RVb2Q2

Q1
(24) 

For a storage system with three batteries, the virtual resistance have 
to be set as follows 

RVb2 =
RVb3Q3

Q2
(25)  

RVb1 = RVb2
Q2

Q1
=

RVb3Q3

Q1
(26) 

Droop factor limitation speed 
Although a large droop factor could increase the SoC balancing 

speed, there are some constraints on its selection including the bus 
voltage control, the battery current limits, and the transmission power 
limits. 

Bus voltage control constraints 
The bus voltage must be maintained within its allowable range ± u 

%, thus, the droop factor at SoC = 100% has the following constraint 

α + imax
chargingR < uVref (27) 

Battery current limits 
The battery output power have to be lower than the maximum one, 

thus, the droop factor have the following constraint 

α < ((Rload +R)imax − Vbatt) (28) 

As demonstrated in the previous analysis, the droop control strategy 
is based on battery capacity. Thus, the real capacity value will be 
updated by means of the updating mechanism. 

Fig. 4 shows the balancing results of each strategy, the testing was for 
two batteries. From these results, the balancing speed using the modified 
droop control strategy is much better than the other reported strategies. 

PI controller designing 
The PI controller has been designed based on the transfer function 

(TF) of the converter that is provided in Table 1. The TF on the open-loop 
can be written as 

Tvd(s) = T0
1 − s/ωz

1 + s/ξω0 + s2(s/ω0)
2 (29) 

where 

T0 =
Vbatt

(1 − D)
; ξ = (1 − D)Rload

̅̅̅̅̅̅̅̅̅̅̅
Cdc/L

√

ωz = (1 − D)Rload/L; ω0 = (1 − D)
/ ̅̅̅̅̅̅̅̅̅̅

LCdc
√

(30) 

Based on the control law proposed in [44], the PI controller pa
rameters can be calculated as follow 

Fig. 5. Flowchart that expresses the battery observatory and the identification algorithm.  
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kp =
1

|Tvd(s)|

ki = 2πfc
kp

10

(31) 

where fc is the cutoff frequency. The PI controller TF is written as 
follow 

CPI(s) = kp +
ki

s
(32)  

Battery capacity identification strategy 

The proposed droop control method is mainly based on the capacity 
of the battery Q. This method applies to batteries that their Q is known. 

However, if one of the used batteries is aged, the power-sharing will be 
unbalanced. And therefore, the batteries lifecycle will be reduced. For 
this, the battery state of health (SoH) should be identified. 

The identifier is turned on by means of the observer. The observer 
compares the battery output voltage and the output model if the error is 
greater than 5%, the identifier is switched on. The error is defined as 
follows 

ε =
Vbatt − Vmodel

Vbatt
.100 (33)  

where Vbat is the battery voltage, Vmodel is the battery model output that 
is defended in Eq. (1). 

In this paper, the identification method is used to determine the 
actual capacity. This method is based on the salp swarm algorithm (SSA) 
[35]. SSA is a stochastic metaheuristic algorithm (MA), this character
istic allows the algorithm to converge toward the global optima and 
prevent attempting on the local optima. As a MA, this algorithm starts 
from random solutions. These solutions will be updated according to the 
best-obtained result in the previous iteration and according to the SSA 
updating mechanism. 

A battery model based on Eq. (1) is used as a reference, where the 
only unknown parameter is Q. The optimizer tends to minimize the 
voltage error between the model and the real data. 

In each iteration, the agents move toward the target (the actual Q), 
where the objective function is to minimize the root main square error 
(RMSE) between the model output voltage and the battery 
measurements 

Fig. 6. The global operating scheme of the proposed control strategy includes the battery observation and identification algorithm, the modified droop control block 
and duty cycle generation block based on the PI controller. 

Table 3 
Simulation parameters.  

Parameters Value 

Bus voltage reference 380 V 
SoC01 80 (%) 
SoC02 60 (%) 
SoC03 40 (%) 
А 0.22 
R 0.1 Ω 
Rload 5 k Ω 
C 0.001 H 
L 0.001 F  
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J = min

( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
T
(Vbatt − Vestimated)

2

√ )

(34) 

The first step is to initialize the population, each agent from this 
population is a candidate solution. The value of each agent is assigned as 
the actual capacity and the simulation runs with this value. The RMSE 

will send back to the optimizer as a fitness of the candidate solution and 
the optimizer will update the best position according to these results. 
The simulation runs again with the newly updated positions. According 
to the obtained fitness, the optimizer updates the position of his agents 
and evaluates the fitness of the new positions. This process will repeat 
until the last iteration. 

Fig. 7. The Load Current and Power and the ESS Power.  

Fig. 8. Power-sharing with the proposed droop strategy.  
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In this population, there are two types of agents: leaders and fol
lowers, the updating mechanism of the leaders are presented as 

LP(t) =
{ TP(t − 1) + c1((ub − lb)c2 + lb) c3 < 0.5

TP(t − 1) − c1((ub − lb)c2 + lb) c3 > 0.5
(35)  

c1 = 2e− (4k/Tmax)
2

(36)  

where LP the leaser positions at the iteration t, is c1 and c2 are random 
numbers from zero to one, Tmax is the max number of iterations, ub and 
lb are the search space upper and lower boundaries and TP is the target 

Fig. 9. SoC of three similar batteries.  

Fig. 10. Power-sharing of district batteries with similar initial SoC.  
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position. 
Each follower update his position (FPi(t)) depending on the position 

of the previous agent and his previous position as 

FPi(t) = 0.5(FPi(t − 1)+FPi− 1(t)) (37) 

The battery state observation and identification including the main 

steps of the SSA optimization algorithm are presented in Fig. 5. 
The battery state of health (SoH) can be estimated according to the 

initial capacity (Q0) and the actual capacity (Q(t)) as follow 

SoHi(t) =
Q(t)
Q0

(38) 

Fig. 11. SoC of three different batteries with similar initial SoC.  

Fig. 12. Power-sharing of district batteries with different initial SoC.  
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The global operating scheme of the proposed control strategy 
including the observer and the identifier is presented in Fig. 6. 

Results and Discussion 

A simulation model composed of three energy storage systems (ESSs) 

is constructed in MATLAB/Simulink to verify and investigate the pro
posed strategy. Different scenarios are considered to examine the 
feasibility of the proposed method. These scenarios include similar and 
different capacities and a sudden disconnect of a battery. The system 
parameters are presented in Table 3. 

Fig. 7 presents the load power, load current, and ESS power. The load 

Fig. 13. SoC evolution of district batteries with different initial SoC.  

Fig. 14. Power-sharing of district batteries with adjustable virtual resistance.  
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is positive and the batteries inject their power to supply the load. After 
1500s, the renewable production is turned on and the load power is 
negative, the excess power will be stored in the ESS. 

Scenario 1: Similar batteries with deferent initial SoCs 

In this case, all the batteries have the same capacity (Qbatt1= Qbatt2=

Qbatt3=1500 Ah) with different initial SoC (SoCbatt1=80%;SoCbatt2=60%; 
SoCbatt3=40%). 

Fig. 8 presents the sharing power curves of the three considered 

Fig. 15. SoC evolution of district batteries with adjustable virtual resistance.  

Fig. 16. Power-sharing under battery faults.  
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batteries. Battery 1 has the higher initial SoC (80%), thus it will inject its 
power much higher compared with the other batteries. Meanwhile, the 
other batteries rise their power-sharing whereas the power of battery 1 
decreases according to the converging of the SoC. After 1500s, the load 
power is negative and all the batteries will charge. Battery 3 which has 
the lower SoC will receive much power compared with the other ones. 

The SoC waveforms are presented in Fig. 9. As explained in Fig. 8, 
battery 1 has a higher SoC with discharge much faster. At the end of the 
discharging period, the SoC error difference has been decreased by 25%. 
In the charging case, battery 3 that received higher power, its SoC rises 
faster. The SoC has been balanced at the end of the charging phase. 

Fig. 17. SoC under battery faults.  

Fig. 18. DC Bus Voltage under battery faults.  
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Scenario 2: Different batteries 

Case 1: Different batteries with identical initial SoCs 
In this scenario, all the batteries have the same initial SoC (60%) with 

deferent capacity (Qbatt1= 1500 Ag; Qbatt2= 1000 Ah; Qbatt3=500 Ah), 
the vertical resistance is set as the first case (R1=R2=R3=R=0.1Ω). The 
power-sharing is controller using a conventional droop strategy that 
does not include the battery capacity. 

Fig. 10 presented the power-sharing curves applying the conven
tional droop strategy. The SoC of each battery is illustrated in Fig. 11. 
From these results, the power-sharing is unequal due to the difference in 
the battery capacities. Battery 1 has a higher capacity (Q); thus, its SoC 
decrease slowly compared with the other batteries. The same notes can 
be observed in the charging case, the battery with the lower capacity 
(battery 3) will charge faster. Hence, it will achieve its max limit before 
the other batteries. In this case, battery 3 can achieve its max limit 

Fig. 19. Agent Evolution during the identification Process for New Battery.  

Fig. 20. Estimated and Measured SoC of a New Battery.  
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before the other batteries, and therefore, it is exposed to the overcharge 
risk. 

Case 2: Different batteries with different initial SoCs 
In this case, the batteries have different initial SoC with different 

capacities. The injected power and SoC variations are presented in 
Fig. 12 and Fig. 13 respectively. The inequality problem will reduce the 
lifecycle because of the overcharge or the deep discharge for the 

batteries that have lower capacity. 
Unlike the conventional droop strategy, the adaptive droop strategy 

can resolve this problem by adjusting the virtual resistances as explained 
in Eqs (24–26), the power-sharing will be controlled as illustrated in 
Fig. 14. 

From Fig. 14, the battery that has a higher capacity (battery 1) share 
the power much higher than the other batteries. The battery that has a 
lower capacity (battery 3) share less power to prevent the deep 

Fig. 21. Estimated and Measured Battery Voltage of a New Battery.  

Fig. 22. Agent Evolution during the identification Process for an aged battery.  
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discharge and to balance the SoC as illustrated in Fig. 15. The proposed 
strategy meet the SoC of the batteries before the end of the charging 
process considering the capacity of each one. 

This scenario includes the battery ageing effect, where the aged 
battery has a lower capacity. Hence, it will share less power. The iden
tifier allows the control system to know the existing capacity of each 
battery and to reconfigure the control gains according to the identifier 
results. 

Scenario 3: Frailer of one battery 

In this scenario, a robustness test will be performed. Similar batteries 
with different initial SoCs will be considered. During this scenario, the 
third battery will disconnect at t=500s, then battery 1 will disconnect at 
t = 1500s. 

The power-sharing curves are illustrated in Fig. 16 and their SoC 
waveforms are presented in Fig. 17. These results can be explained as 
follows 

Fig. 23. Estimated and Measured SoC of an Old Battery.  

Fig. 24. Estimated and Measured Battery Voltage of an Old Battery.  
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- After the disconnection of battery 3 (t=500s), battery 1 and battery 2 
rise their power injection to meet the load. In this instant, battery 2 
still has higher SoC, therefore, it will share more power.  

- After the injection of the renewable power at t=1000s, the batteries 
store the excess power.  

- After the disconnection of battery 1 (t=1500s), battery 2 will absorb 
all the surplus power and ensure the power balance in the DC com
mon bus. 

Even with the disconnection of the batteries, the system voltage is 
still stable as illustrated in Fig. 18, which proves the robustness of the 
proposed droop method. 

Identification of the real battery’s capacity 

Identification of new battery 
Fig. 19 (a) illustrates the evolution of the agent positions toward the 

optimal solution (Q) during the identification process. Fig. 19 (a) pre
sents the evolution of the objective function as a function of the 
iterations. 

From this figure, the real capacity of the battery has been identified. 
The best agent position is 1509.69 with a precision error of 0.664%. 
Fig. 20 presents the curves of the real battery SoC and the estimated one, 
after the identification, the battery output model is similar to the battery 
data, the estimated voltage is also identical to the measured as presented 
in Fig. 21.  

2- Identification of old battery: 

In this case, old battery data is used, from the obtained results; the 
real battery is different from the initial value, and the estimated capacity 
is about 1353.84 where the real value is 1350 Ah. The identification 
error is about 0.28 %. The evolution of the agent position and the 
objective function during the optimization process are presented in 
Fig. 22 (a) and Fig. 22 (b) respectively. 

The estimated data is identical to the measured battery data as 
illustrated, where Fig. 23 presents the SoC curves and Fig. 24 presents 
the estimated and battery voltage. 

Conclusion and Future Work 
This paper presented an optimized load-sharing approach based 

droop control strategy for parallel batteries applied in a DC microgrid. 
The fundamental purpose here is to extend the battery lifecycle by 
including the actual capacity in the control strategy. The proposed 
strategy updates the V–I curve either upwards or downwards according 
to the battery state of charge (SOC) and state of health (SoH) without 
communications between the converters. This paper proposed an esti
mation algorithm that estimates the battery SoH by estimating the real 
capacity, this last will be used to update the droop control. The esti
mation algorithm is based on a metaheuristic optimization algorithm 
called salp swarm algorithm (SSA). The power system model, the 
operating principle and its limitations were explained and investigated. 
Several operating scenarios including similar and different capacities 
and a sudden disconnect of a battery were simulated. The obtained re
sults in the part of the simulation prove the ability of the proposed 
control strategy to handle these cases. 

In future work, the combination of these control strategies with an 
effective energy management strategy (EMS) that handles the charge- 
discharge rate. The EMS is based on techno-economic objectives 
which tend to extend the battery SoH and meet the load with high power 
quality and low costs. 
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