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Abstract-- Modular Battery Energy Storage systems 

(MBESSs) enable the use of lower-rated voltage converters and 

battery modules, and simpler battery management systems. They 

also improve the system’s reliability and allow flexible power 

sharing amongst different modules. This paper proposes a 

power-sharing algorithm which maximizes the energy conversion 

efficiency of this battery energy storage system, considering state 

of charge (SoC) balancing and battery lifespan. Real time 

optimum power sharing is undertaken based on a simple look-up 

table, whose data was generated via off-line Genetic Algorithm 

optimization considering the converter’s efficiency map. To 

demonstrate the proposed algorithms effectiveness, a six-module 

prototype system was constructed, each comprising of a half-

bridge converter and a 10 Ah, 12.8 V, LiFePo4 battery. System 

testing occurred at different battery power levels in both 

charging and discharging modes, using the proposed efficiency 

optimized power-sharing and the conventional SoC-based power-

sharing methods. The results obtained show that the proposed 

power-sharing control significantly improves the light load 

efficiency compared to the conventional and equal power sharing 

methods. At high loads, the proposed method gives a higher 

efficiency than the SoC-based method, and an equivalent 

efficiency to the equal power-sharing method.   

 

Index Terms-- Battery Management Systems, Efficiency 

Improvement, Modular Battery Energy Storage System 

I.  INTRODUCTION 

HE deployment of battery energy storage systems 

(BESSs) is increasing rapidly due to the increased 

integration of renewable energy systems and electric vehicles. 

BESSs are used for various purposes, such as providing a 

standalone power source for electric vehicles and maintaining 

power balance in standalone renewable energy systems. They 

are also used for supplying critical loads during power 

outages, peak shaving, power fluctuation mitigation, and ramp 

rate control in grid-connected systems [1, 2]. To ensure 

reliable operation, safety, and a prolonged battery lifespan of 

BESSs, an appropriate battery management system (BMS) is 

normally used. The BMS monitors the voltage, current, and 
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temperature, and estimates the state of charge (SoC) of the 

individual battery cells [3]. If a predefined limit of one of 

these parameters is reached for one cell in a series string, the 

BMS stops the charging/discharging process, regardless of the 

status of the other cells in the string. This is to prevent 

overcharging/deep-discharging, and it consequently improves 

the battery’s lifespan. However, this also reduces the effective 

overall capacity, due to under-utilization of the other cells’ 

available capacity, if no balancing is performed for this series 

string.  

Many different balancing methods have been proposed in 

the literature. A cheap and simple method is dissipative 

balancing, where the excess energy removed from higher 

charged cells is dissipated through a resistor [4]. In addition to 

wasting the available stored energy, the balancing current in 

this method is limited to several mA to prevent excessive heat 

generation, resulting in slow balancing. To improve the 

balancing efficiency, other methods utilize passive 

components to transfer energy from the higher charged cells to 

the lower ones. The switched capacitor energy transferring 

method [5] is simple and does not require closed loop control. 

However, energy transfer is only possible between adjacent 

cells, resulting in a long balancing time and low efficiency, 

especially in long strings. The chain structure method 

proposed in [6] increases the balancing speed, but energy 

transfer is still only possible between adjacent cells. A star 

connected switched capacitor balancing method that transfers 

energy from any cell to any other cell is proposed in [7]. 

However, capacitor based balancing methods balance voltages 

rather than SoC, resulting in low balancing speeds due to the 

flat discharge curves of batteries. Similarly, multi-inductor 

balancing [8] allows energy transfer between adjacent cells, 

but this also suffers from the slow balancing and low 

efficiency. The single inductor [9], and multi-winding 

transformer [10] methods allow energy exchange between 

arbitrary cells. However, the presence of diodes in the 

balancing paths limits the efficiency due to their power 

dissipation [11]. A symmetrical multi-winding transformer for 

direct cell-to-cell energy transfer is proposed in [11, 12]. 

Nevertheless, their design complexity increases with the 

number of cells in the battery string.   

The battery packs used in a typical dc coupled microgrid 

[13] form a string of numerous series connected cells, 

allowing the battery voltage to match the dc bus. 
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(a) Central converter based BESS (b) Modular BESS 

Fig. 1. Structure of Battery Energy Storage System 

A single dc-dc converter is used to control 

charging/discharging power of the string as shown in Fig. 1a. 

In this application, using the previously mentioned cell 

balancing methods, the cell equalization time, power loss, 

and/or design complexity increases with increased string 

length. For this reason, modular battery energy storage 

systems (MBESSs) with balancing functionality (Fig.1b) have 

been proposed [14-16]. In these modular systems, the power 

electronic converters are connected in series at the dc-bus side. 

This reduces the converter voltage ratings, allows independent 

connection of the battery modules, and gives individual 

battery power control. In addition, the lower battery string 

voltages allow better management of the battery cells with 

simpler cell balancing methods. The module bypassing 

capability of this system also improves the reliability further, 

as any faulty module(s) can be bypassed. 

In the literature, different power sharing algorithms have 

been proposed for MBESSs. Huang et al [15], and Rehman et 

al [16]  bring the system down to the cell level, removing the 

need for additional balancing circuits. SoC-based power 

sharing controllers balance the SoC of each cell during 

charging and discharging, along with the regulation of the dc 

bus voltage and battery power [17]. The ability to individually 

control batteries, and the degree of freedom of power sharing 

allowed by MBESSs, allows the use of different battery types, 

including recycled batteries. Considering these abilities, power 

sharing controllers have been proposed for pre-used batteries 

[18], hybrid batteries [19], and pre-used hybrid batteries [20].  

In MBESSs, the converters are designed to process the full 

power of the battery modules, but they may operate at 

different power levels, depending on the power sharing and 

power demands. The power sharing controllers available in the 

literature are aimed at specific targets. For example, in the 

SoC-based power sharing [15, 16], the aim of the controller is 

to balance the SoC of each module while processing the 

battery power. This implies operating the modules at different 

powers depending on the SoC status of each module. In a 

similar manner, to utilize pre-used battery modules in 

MBESSs, different loading conditions for the individual 

battery modules are used depending on their state of health 

(SoH) [20]. In these cases, because the efficiencies of the 

converter modules depend on their loading, the overall energy 

conversion may be compromised. Indeed, the control 

flexibility of MBESSs opens the door to improving the system 

conversion efficiency while achieving the other control targets 

like SoC balancing. However, none of the available power 

sharing methods made use of the power control flexibility of 

the MBESS in improving the overall energy conversion 

efficiency of the system.  

In this paper, an efficiency-based optimized power sharing 

method is proposed, along with the SoC management loop, 

and analyzed for the MBESS. This method is considering the 

effect of different power sharing ratios and battery power 

levels on the overall MBESS efficiency, based on the 

efficiencies of individual converters. An off-line Genetic 

Algorithm (GA) optimization is used to determine the power 

sharing ratios at different loads based on the system 

constraints. To deal with fast changes in battery load, a lookup 

table, generated based on the GA optimization, is used for real 

time implementation. In addition, an SoC management 

algorithm is implemented to ensure the modules SoC is always 

close to each other. 

This paper is organized as follows. In Section II, the 

operational range and limitations of MBESSs are discussed, 

and the MBESS conversion efficiency is analyzed at different 

power levels and power sharing ratios. Section III formulates 

the optimization problem, and Section IV presents the 

implementation of the proposed real time efficiency optimized 

controller. The proposed optimized control method is 

experimentally verified and compared with the classical SoC 

power sharing method in Section V. Finally, Section VI 

concludes this paper. 

II.  CONVERSION EFFICIENCY OF MODULAR CONVERTER 

The power losses in the MBESS consist mainly of battery 

loss and converter loss. Overall loss minimization has been 

studied in [21] to determine the optimum charging strategy of 

a central Li-Ion battery for an EV application. The results 

show that the dominant loss of the system is the converter 

loss. This is because the internal resistances of batteries are 

small for low voltage battery packs, and therefore this has 

little impact on the total energy conversion efficiency 

compared to the converter losses. In MBESSs, lower voltage 

battery packs are mostly preferred, and therefore this paper 

will ignore the battery losses and focus only on the converter 

losses in the overall efficiency optimization of the system.  

To understand the effect of the different power sharing 

ratios on the module efficiencies, a single converter from Fig. 

1b, was analyzed at different power and voltage levels, with 

its efficiency map generated. It is worth mentioning that even 

if identical components are used for each converter in the 

MBESS, there may be slight parameter differences due to 

component tolerances. This may slightly affect the solution of 

the optimization problem. In this paper, for simplicity, the 

module converters are assumed identical, neglecting the 

parameter variations.   

A bi-directional half bridge Buck-Boost converter was 
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(a) Schematic diagram 

 
(b) Operational Range of a Single Converter in MBESS 

Fig. 2. The Modular Battery Energy Storage System  

implemented for this system (Fig. 2a), and the following 

approach can also be used for optimization with other types of 

converters. It is assumed that the total MBESS battery power 

is shared amongst all active modules, and since the converter 

modules are connected in series, and share the same current at 

the dc bus side, each modules power (𝑃𝑥) is directly 

proportional to its voltage at the series connected side (𝑉𝑑𝑐,𝑥).  

This can be estimated from (1) for a given total battery power 

(𝑃𝑏𝑎𝑡). 

𝑃𝑥 =
𝑉𝑑𝑐,𝑥

𝑉𝑏𝑢𝑠

× 𝑃𝑏𝑎𝑡  (1) 

The bus side voltage of each active converter module 

ranges between a minimum and a maximum value, as shown 

in Fig. 2b. Unless it is bypassed, the minimum voltage 

(𝑉𝑑𝑐,𝑚𝑖𝑛) is equal to the battery voltage, and the maximum 

voltage (𝑉𝑑𝑐,𝑚𝑎𝑥) depends on the voltage rating of the 

converter and the maximum duty ratio. When a module is 

bypassed, the active modules` dc bus side voltages, and hence 

power, increase to compensate for the resultant voltage and 

capacity drop. 

A.  Efficiency Map of a Single Converter Module 

The main energy loss components of a power electronic 

converter are the conduction and switching losses. The two 

MOSFET switches employed in the Buck-Boost converter 

operate in the complementary mode. Their conduction losses 

(𝑃𝑐𝑜𝑛,𝑆1, 𝑃𝑐𝑜𝑛,𝑆2) can be calculated from (2) and (3). The 

inductor conduction loss (𝑃𝐿), in the continuous conduction 

mode, can be calculated from (4), whilst the RMS current 

(𝐼𝑏𝑎𝑡,𝑟𝑚𝑠  ) is calculated from (5) [22].  

𝑃𝑐𝑜𝑛,𝑆1 = 𝐼𝑏𝑎𝑡,𝑟𝑚𝑠
2 × 𝑅𝑑𝑠,𝑜𝑛 × 𝑑 (2) 

𝑃𝑐𝑜𝑛,𝑆2 = 𝐼𝑏𝑎𝑡,𝑟𝑚𝑠
2 × 𝑅𝑑𝑠,𝑜𝑛 × (1 − 𝑑) (3) 

𝑃𝐿 = 𝐼𝑏𝑎𝑡,𝑟𝑚𝑠
2 × 𝐷𝐶𝑅 (4) 

𝐼𝑏𝑎𝑡,𝑟𝑚𝑠 = √𝐼𝑏𝑎𝑡
2 +

𝐼𝑟𝑖𝑝𝑝𝑙𝑒
2

12
 (5) 

where, 𝑅𝑑𝑠,𝑜𝑛 is the on-state resistance of MOSFET, and 𝑑 is 

the duty ratio, and 𝐷𝐶𝑅 and 𝐼𝑟𝑖𝑝𝑝𝑙𝑒  are the equivalent dc 

resistance and ripple current of the inductor, respectively. 

The switching losses of the MOSFET are the sum of the 

voltage and current overlap loss (𝑃𝑉−𝐼) during switching, the 

diode dead-time loss (𝑃𝑑𝑡), diode reverse recovery loss (𝑃𝑟𝑟), 

MOSFET output capacitance loss (𝑃𝐶𝑂𝑆𝑆,𝐹𝐸𝑇), and the gate 

charge loss (𝑃𝐺). These can be calculated from (6)-(10). 

 

𝑃𝑉−𝐼 =
(𝑉𝑑𝑐 + 𝑉𝐷𝑆,𝐹) × 𝐼𝑏𝑎𝑡

2
× 𝑓𝑠𝑤 × (𝑡𝑟 + 𝑡𝑓) (6) 

𝑃𝑑𝑡 = 𝑉𝑆𝐷 × 𝐼𝑏𝑎𝑡 × 𝑓𝑠𝑤 × (𝑡𝑑𝑡𝑟 + 𝑡𝑑𝑡𝑓) (7) 

𝑃𝑟𝑟 = 𝑄𝑅𝑅 × 𝑉𝑑𝑐 × 𝑓𝑠𝑤 (8) 

𝑃𝐶𝑂𝑆𝑆,𝐹𝐸𝑇 = 𝐶𝑂𝑆𝑆 × 𝑉𝑑𝑐
2 × 𝑓𝑠𝑤 (9) 

𝑃𝐺 = (𝑄𝑔1 + 𝑄𝑔2) × 𝑉𝐺𝑆 × 𝑓𝑠𝑤 (10) 

 

where 𝑉𝑑𝑐 and  𝑉𝐺𝑆 represent the dc bus side and gate-source 

voltages, 𝑓𝑠𝑤 is the switching frequency, 𝑡𝑟 and 𝑡𝑓 are the rise 

and fall times of the switching transitions, and 𝑡𝑑𝑡1 and 𝑡𝑑𝑡2 

are the dead times. 𝐶𝑂𝑆𝑆 and 𝑄𝑔 are the MOSFET’s output 

capacitance and total gate charge, and 𝑄𝑅𝑅  represents the 

diode reverse recovery charge. 

The converter loss (𝑃𝐶), is the sum of the individual loss 

components (11), and the converter efficiency (𝜂𝑐) can be 

calculated using (12) at different battery power and voltage 

levels. 

 

𝑃𝐶 = 𝑃𝑐𝑜𝑛,𝑠1 + 𝑃𝑐𝑜𝑛,𝑠2 + 𝑃𝐿 + 𝑃𝑉−𝐼 + 𝑃𝑑𝑡 + 𝑃𝑟𝑟 + 𝑃𝐶𝑂𝑆𝑆

+ 𝑃𝐺  
(11) 

𝜂𝑐(%) =
𝑃𝑖𝑛 − 𝑃𝐶

𝑃𝑖𝑛

× 100% (12) 

 

The converter efficiencies are calculated for a switching 

frequency of 250 kHz, assuming a 12.8 V battery, dc bus 

voltages between 12.8 V and 40 V, and currents from 0 to 10 

A. The Boost and Buck mode converter efficiencies are shown 

in Figs. 3a and 3b, respectively. In both cases, low converter 

efficiency occurs at light load due to the higher contribution of 

the switching losses, with a peak efficiency occurring around 

30% load.  After the peak efficiency point, it starts to decrease 

slightly because of the quadratic relationship between the 

conduction losses and the current. 

B.   System Conversion Efficiency  

The MBESS system conversion efficiency can be estimated 
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(a) Discharging (Boost) mode (b) Charging (Buck) mode 

Fig. 3. The efficiency of the half-bridge converter  

using (13). The effect of the individual converter efficiency 

(𝜂
𝑥
) on the total system efficiency (𝜂

𝑠
) is directly proportional 

to its share of the total power. As the current at the series 

connected side is the same for all modules, the power 

weighting factor (𝑤𝑥) of an individual module is directly 

proportional to its dc bus side voltage (14). 

𝜂𝑠 = ∑ 𝜂𝑥 × 𝑤𝑥
𝑛
𝑥=1   (13) 

𝑤𝑥 =
𝑉𝑑𝑐,𝑋

𝑉𝑏𝑢𝑠

 (14) 

III.  PROBLEM FORMULATION & OPTIMIZATION 

In this paper, an offline GA is used to optimize the power 

sharing ratios of the active modules based on the efficiency 

map of the converter and operating powers of the modules. 

The objective is to minimize the total system conversion loss 

as defined in (15), considering the loss components of the 

individual converters represented in (11). Offline optimization 

is considered because the loss component calculations depend 

on some component parameters that are not easy to measure 

online. These include the rise and fall times of switching 

transitions and the MOSFET’s output capacitance and total 

gate charge. However, advances in the parameter 

identification of power electronic devices/converters may 

make online optimization possible in the future.  

min. 𝑓𝑜𝑏𝑗 = ∑ 𝑃𝐶,𝑥
𝑛
𝑥=1  (15) 

There is a tradeoff between the accuracy and the required 

time and memory size for the calculation of the optimization 

problem. As an offline algorithm is used in this paper, the 

main concern is the accuracy of the solution. Therefore, a 

relatively large population size of 400 was chosen to increase 

the accuracy of the optimum solution.  

The sum of the module voltages is equal to the dc bus 

voltage (16). In order to limit degradation of the battery, the 

charge/discharge current is limited to 5A/10A respectively. 

These are the maximum continuous battery charge and 

discharge currents stated in the battery datasheet. The system 

parameters and limitations for this optimization are 

summarized in Table I. 

∑ 𝑉𝑑𝑐,𝑥

𝑛

𝑥=1

= 𝑉𝑏𝑢𝑠 
 

(16) 

𝑉𝑑𝑐,𝑚𝑖𝑛  ≤  {𝑉𝑑𝑐,1, 𝑉𝑑𝑐,2, … , 𝑉𝑑𝑐,𝑛}   ≤  𝑉𝑑𝑐,𝑚𝑎𝑥 (17) 

0 ≤  {𝐼𝑏𝑎𝑡,1, 𝐼𝑏𝑎𝑡,2, … , 𝐼𝑏𝑎𝑡,𝑛}   ≤  𝐼𝑏𝑎𝑡,𝑚𝑎𝑥 (18) 

 

TABLE I 

SYSTEM PARAMETERS 

 System Parameters Value 

 Number of Modules, n 6 

 dc Bus Voltage, Vbus (V) 120 

 Discharging Power, 𝑃𝑠,𝑑 (W) 768 

 Charging Power, 𝑃𝑠,𝑐  (W) 384 

B
a

tt
er

y
 Rated Voltage, 𝑉𝐵𝑎𝑡 (V) 12.8 

Capacity, C, (Ah) 10 

Maximum Continuous Discharge Current, 𝐼𝑏𝑎𝑡,𝑚𝑎𝑥  (A) 10 

Maximum Continuous Charge Current, 𝐼𝑏𝑎𝑡,𝑚𝑎𝑥  (A) 5 

C
o

n
v
e
r
te

r Maximum Voltage, 𝑉𝑑𝑐,𝑚𝑎𝑥 (V) 40 

Minimum dc Bus Side Voltage, 𝑉𝑑𝑐,𝑚𝑖𝑛  (V) 0/12.8 

Current Ratings, (A) 10 

Maximum duty ratio, 𝑑𝑚𝑎𝑥 

 

0.8 

 

 
(a) Discharging mode 

 
(b) Charging mode 

Fig. 4. The power allocation and bypassed modules  

 

0 ≤  {𝑑1, 𝑑2, … , 𝑑𝑛}   ≤  𝑑𝑚𝑎𝑥  (19) 

The dc bus side converter voltages are the decision variables. 

The optimization algorithm is run from 0% to 100% load in 

5% steps to generate the lookup table used in the practical 

implementation. A smaller step size would increase the 

accuracy, but at the expense of an enlarged lookup table, and 

consequently increased memory requirements. 

The GA considers all possible operating points to find the 

minimum system loss within the system constraints using the 

equations from (2) to (19). Figures 4a and 4b show how the 

module voltages vary depending on the number of bypassed 

module(s) and load used, with Fig. 4a showing discharging 

mode, and Fig. 4b charging mode. Due to the continuous 

battery current charging limit, the maximum operation of the 

converter is half of its rated power in this mode. The results 

show that at light load, as many modules as possible should be 

bypassed to enable the operation at the modules’ peak 

efficiency. However, this is normally restricted by the 

converter voltage ratings. As shown in Figs. 4a and 4b, with 

up to 15% load, 3 modules are bypassed, and the rest of the 

modules operate at their highest load. At 20% load 2 modules 

are bypassed, and at 25 % load only 1 module is bypassed. 

After the peak efficiency points, all modules are active and the 

power is evenly shared for the minimum system conversion 

loss. 
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IV.     REAL-TIME IMPLEMENTATION 

The implementations of the proposed efficiency-based 

power sharing method and the conventional SoC-based power 

sharing method are discussed in this section. In the SoC-based 

power sharing controller, there are two cascaded control loops 

[15] to balance the SoCs while regulating the dc bus voltage 

and battery power. The outer SoC balancing loop, shown in 

Fig. 5a, is common for both discharging and charging modes. 

This generates correction values, 𝛼𝑣1 to 𝛼𝑣𝑛, for each module 

based on the module`s relative SoC (𝑆𝑜𝐶𝑥 − 𝑆𝑜𝐶𝑎𝑣𝑔). The 

initial correction values are zeros. When the module`s relative 

SoC is positive, i.e., the module has a higher SoC than the 

average value, its corresponding correction value will be 

positive, and vice versa. The reference dc bus side voltage of 

each module, 𝑉𝑑𝑐,𝑟𝑒𝑓1 to 𝑉𝑑𝑐,𝑟𝑒𝑓𝑛, is then determined by 

adding/subtracting the corresponding correction value in 

discharging/charging mode, respectively. As the dc bus side 

current is the same for all modules, the module with a higher 

dc bus side voltage will be assigned a higher power.  

Therefore, modules with a higher SoC than the average will be 

discharged with higher powers, and vice versa. Conversely, 

the module will be charged with a higher battery power than 

that of the average when its relative SoC is negative, and vice 

versa. The sum of the 𝛼𝑣𝑥 parameters (𝑀𝑣) is used to keep the 

dc bus voltage at the desired value, and the individual module 

voltages are regulated using the inner voltage controller.  

Figures. 5b and 5c show the control in the discharging and 

charging modes, respectively. Two parameters have been 

added to the block diagram in Fig. 5a compared to the 

controller proposed in [15] to make the charging and 

discharging control loops (Figs. 5b and 5c) applicable to the 

proposed method. The first is the SoC balancing loop 

enabling/disabling parameter (∆), and the second is the 

module’s bypass/activate parameter (βx), which are both set at 

1 for the SoC balancing case.  

In the proposed power sharing controller, Fig. 5a is 

disabled by setting Δ= 0 which results in all 𝛼𝑣𝑥 values being 

zero, and consequently equal power sharing of the active 

modules occurs. In this case, the power sharing is achieved by 

determining the optimum settings of the βx parameters in Figs. 

5b and 5c considering the total battery power and modules’ 

SoC. A lookup table is used for real time implementation to 

ensure a fast response to battery power variations. The real-

time execution of the GA may not be fast enough to respond 

to a rapid change in the battery powers, so optimum sharing 

may not be achieved. In the worst-case scenario, efficiency 

reduction or/and overloading may occur for some battery 

modules. This may happen if some module(s) stay in their 

bypassed state when the battery power suddenly increases 

from low to full power. Therefore, to avoid any time delays 

between the change in the battery power and the optimum 

power sharing results, and to protect the battery from possible 

overloading, an off-line optimization algorithm is used. In 

addition to the execution time limitation, online optimization 

requires parameters that are difficult to measure/estimate as 

discussed in Section III. 

 

 
(a) SoC balancing loop

 
(b) Power sharing loop in discharging mode 

 
(c) Power sharing loop in charging mode 

Fig. 5. SoC-based power sharing controller  

A simplified block diagram of the efficiency-based optimized 

power sharing controller is presented in Fig. 6a. In the off-line 

efficiency power sharing loop, the number of bypassed 

modules is determined using a lookup table.  The input of the 

lookup table is the battery power, and six arbitrary bypass 

commands (𝛽𝑎1 to 𝛽𝑎6) are generated based on the 

optimization results. To bypass any module, its corresponding 

bypass command is set to 1, otherwise it is 0. Up to 15% 

battery power, 𝛽𝑎1, 𝛽𝑎2, and 𝛽𝑎3 are set to 1, while the rest of 

the bypass commands are 0. At 20% battery power two 

commands (𝛽𝑎1 and 𝛽𝑎2) are set, while only 𝛽𝑎1 is 1 at 25% 

battery power. The power sharing is then accomplished by the 

SoC management loop. 

In the SoC management loop, the modules’ SoCs are 

calculated using the coulomb counting method. When the SoH 

of battery reduces, calibration of capacity is necessary to 

accurately tracking the SoC of battery modules.  and they are 

sorted in ascending order using the bubble sorting algorithm. 

Although the complexity of the bubble sorting algorithm 

increases with an increasing number of modules, it is easy to 

implement for the low number of modules considered in this 

study. After sorting the modules` SoCs, the modules to be 

bypassed, if any, are determined based on their relative SoC 

(𝑆𝑜𝐶𝑥 − 𝑆𝑜𝐶𝑎𝑣𝑔), and the systems’ mode of operation. 

Therefore, the bypass commands for the modules (𝛽1 to 𝛽𝑛 ) 

are determined within this loop. The reference dc bus side 

voltages of the modules are multiplied by the complementary 

signals of their associated bypass commands. When the bypass 
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(a) Real-Time Implementation 

 
(b) SoC management algorithm in discharging mode 

Fig.6. Proposed efficiency optimized power sharing  

 

command for any module is 1, its reference dc bus side 

voltage will be 0, and the corresponding PWM is disabled.  

A flowchart describing the SoC management control in the 

discharging case is shown in Fig. 6b. In this control, the 

module(s) with the lowest SoC are bypassed when bypass 

commands are generated. In MBESSs, although individual 

battery modules are not connected in series, it is important to 

keep their SoCs close to each other for better SoH degradation 

management. In the efficiency optimized power sharing 

proposed in this paper, a threshold limit of 1% deviation from 

the average SoC is chosen for the battery modules. A smaller 

limit will increase the swapping frequency of the bypassed 

modules. With SoH degradation, the effective capacity of the 

battery modules is reduced and consequently the swapping 

frequency of the bypassed modules is expected to increase. 

The SoCs of the bypassed modules are checked, and when any 

bypassed module`s relative SoC reaches 1% it will be 

reconnected, and the active module with the lowest SoC is 

then bypassed. When the number of bypassed modules 

changes, the previously bypassed modules are kept in their 

bypassed state as long as their relative SoCs are within the 1% 

limit. A similar flowchart can be created for the charging 

mode but in this case, bypassing of the higher SoC modules 

occurs.  

  

TABLE II 

EXPERIMENTAL SYSTEM PARAMETERS 
 

System Parameters 
Value  

Discharging    Charging  

Sampling Time (s) 1  1 

Initial SoC of Battery-1 (%) 90  53 

Initial SoC of Battery-2 (%) 88  54 

Initial SoC of Battery-3 (%) 86  55 

Initial SoC of Battery-4 (%) 87  53.5 

Initial SoC of Battery-5 (%) 87.5  52 

Initial SoC of Battery-6 (%) 89  52.5 

Time (min) 
Battery 

Discharge-Power 
(%) 

    Battery 

      Charge-Power 

             (%) 

 0-8   10   10  

 8-16   20   20  

 16-24   25   25 ` 

 24-32   40   30  

 32-40   70   40  

 40-48   100   50  

 

 
Fig. 7. Experimental 6-module MBESS System   

V.  EXPERIMENTAL RESULTS     

The experimental setup which comprises of six LiFePo4 

battery modules, and six half-bridge bidirectional dc-dc 

converters is shown in Fig. 7. The experimental systems 

parameters are listed in Table I while the test parameters are 

presented in Table II. The control system was implemented on 

a TMS320F28377d Texas Instruments digital signal processor 

(DSP). Both the SoC-based power sharing and the proposed 

power sharing controllers were tested in the charging and 

discharging modes, with different power and initial SoC 

mismatches. In discharging mode, the system was loaded with 

a dc electronic load connected to the dc bus, and the dc bus 

voltage was regulated to 120V by the MBESS. In charging 

mode, a dc power supply was connected to the dc bus to 

charge the battery modules at different power levels, with the 

power sharing achieved using the power sharing controller. 

Figures. 8a and 8b present the experimental efficiency of a 

single half-bridge converter in the Boost and Buck operating 

modes. The input and output voltages and currents of the 

module were measured at specific charging/discharging 

currents and dc bus side voltages. In discharging mode, a 

single battery module was connected to the resistive load via a 

converter. The efficiency was then calculated using the input 

and output converter powers. For the discharging case, 
samples were taken at 1 A, 2 A, 4 A, 7 A, and 10 A battery 

currents, and 16 V, 20 V, 30 V, and 40 V dc bus side voltages. 

SoC Management Loop
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(a) Discharging (Boost) mode (b) Charging (Buck) mode 

Fig. 8. The experimental efficiency of the half-bridge converter  

For the charging case, the same dc bus side voltages were 

used, with battery currents of 1 A, 2 A, 3 A, 4 A, and 5A. The 

measured efficiency is slightly lower than that based on the 

datasheet values, with a peak efficiency of 93.1 % obtained in 

discharging mode, and 93.6 % in charging mode. Additional 

cable connections and parameter variations are contributing to 

the total losses in the practical system.  

A.  Discharging Mode 

Results for the SoC-based power sharing controller in 

discharge mode are presented in Fig. 9 for the initial SoC 

values and battery discharging powers shown in Table II. 

Figure 9a shows the individual module voltages at the dc bus 

side. As the higher charged modules are being discharged with 

higher powers in discharging mode, Module 1, which has the 

greatest voltage and SoC, will be discharged the most, whilst 

Module 3, which has the lowest SoC, has the lowest discharge. 

Balancing is achieved based on the power difference of any 

module with respect to average value, which can be estimated 

at any time from (20). The balancing time depends on the 

initial SoC mismatches (𝛥𝑆𝑜𝐶𝑖), battery capacity (C), and 

power differences (21).  

𝛥𝑃(𝑡) = 𝐼𝐵𝑈𝑆(𝑡) × (𝑉𝑑𝑐,𝑥(𝑡) − 𝑉𝑑𝑐,𝑒𝑞(𝑡))                (20) 

𝛥𝑆𝑜𝐶(𝑡) = 𝛥𝑆𝑜𝐶𝑖 −
1

𝐶
× ∫(𝑉𝑑𝑐,𝑥(𝑡) − 𝑉𝑑𝑐,𝑒𝑞) × 𝐼𝐵𝑈𝑆(𝑡)𝑑𝑡

𝑡

0

 
 

(21) 

When the battery power increases, the power difference 

increases, and faster equalization occurs. In this experiment, 

all modules are balanced after 35 minutes, after which the 

battery power is evenly shared as shown in Fig. 9d.  

Results for the efficiency-based optimized power sharing 

controller in discharging mode are presented in Fig. 10. For 

this testing, the maximum number of bypassed modules was 

kept at 3 to not exceed the voltage rating of the active 

modules.  Based on the optimized power sharing controller 

shown in Fig. 6, with the load requiring 10% of the systems 

battery power, the 3 modules with the lowest SoC are 

bypassed. In this case, the 3 active modules are each loaded at 

20% (instead of loading the 6 modules at 10%). When the 

battery power is increased from 10% to 20% at 8 minutes, one 

additional module is activated, with each active module 

operating at 30% of their rated load. During this transition, 

Module 5 has the highest SoC amongst the 3 bypassed 

modules, so this module is activated. At around 10 minutes, 

the relative SoC of the bypassed Module 4 reaches the 

predefined turn on value, and it is activated to ensure it does 

not exceed the predefined SoC differences. At the same time, 

the module with the lowest SoC (Module 2) is bypassed. 

Similarly, different modules are bypassed at different times, 

with Modules 3 and 6, 6 and 1, and 1 and 5 swapping at 

around, 12, 18, and 23 minutes, respectively. Between 16 and 

24 minutes, five modules support the dc bus voltage, each 

providing 30% of their active module power. After the peak 

efficiency point (24 minutes), all modules share the power 

evenly, and each module`s relative SoC difference is less than 

1%, as shown in Fig. 10c. 

The system efficiency with both control methods is 

calculated using (13) and is presented in Fig. 11a for the 

discharging mode. The efficiency with the equal power 

sharing method is also included to show the effect of the 

power sharing ratios on the system efficiency at different 

power levels. With the proposed efficiency-based power 

sharing control method, the system efficiency is increased by 

5.05%, 1%, and 0.6% at 10%, 20%, 25% battery powers 

respectively, compared to the equal sharing method. In 

comparison to the SoC-based power sharing controller, higher 

efficiencies of 3.35%, 0.7%, and 0.2% are obtained with the 

optimized power sharing controller at 10%, 20% and 25% 

battery power respectively. It is worth mentioning that the 

power difference in the SoC-based power sharing controller 

depends on the SoC mismatch level. When all modules` SoC 

are equal, the modules share the power evenly, and the system 

conversion efficiency will be equal to the equal sharing case. 

Indeed, because of the continuous balancing with the SoC-

based power sharing, the expected imbalance levels and power 

differences of the modules are very low. Thus, the modules 

operation is very close to the equal sharing case, restricting the 

light load efficiency improvement capability of the SoC-based 

power sharing.  

The experimentally measured efficiencies with the SoC 

based power sharing and proposed efficiency-based power 

sharing control methods in discharging mode are included in 

Fig. 11b with 1 s sampling time. The results show that, when 

the SoC differences changes the system conversion efficiency 

varies with the SoC-based power sharing controller. Indeed, 

the system conversion efficiency reduces with the reduction in 

the SoC differences at 10%, 20% and 25% total battery power. 

Whilst, there is slight efficiency increase at 40%, and 70% 

battery power because of reduction in the level of SoC 

mismatches among the battery modules. Both the SoC-based 

and efficiency-based optimized power sharing controllers have 

the same system conversion efficiency at 100% battery power, 

as the power is shared evenly among the modules in both 

cases. There is a slight difference between the estimated and 

measured efficiencies as shown in Fig.11, which may be 

caused by nonlinear behavior of the circuit components and 

losses in the added wires. However, both analytical and 

experimental results verify the superiority of the proposed 

optimized power sharing controller. The proposed efficiency 

optimized controller has a higher system efficiency than that 

of the SoC-based power sharing controller at all battery 

powers.  Compared to the efficiency of the SoC-based power 

sharing controller, the experimental efficiency is improved 

using the proposed controller by 2.6%, 0.5% and 0.15% at 

10%, 20%, and 25% battery powers, respectively. 

The full range of estimated system efficiencies for the SoC-

based, efficiency-based, and equal power sharing controllers 
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(a) Module dc bus side voltages b) Battery Currents (c) SoC (d) Individual Module Powers 

Fig. 9. Experimental results with SoC-based power sharing controller in discharging mode   

    
(a) Module dc bus side voltages (b) Battery Currents (c) SoC (d) Individual Module Powers 

Fig. 10. Experimental results with efficiency-based power sharing controller in discharging mode   

 
 

(a) Estimated efficiency (b) Experimental efficiency  

Fig. 11. System Conversion Efficiency during discharging  

 

  
(a) Estimated efficiency  (b) Experimental efficiency 

Fig. 12. Discharging operational system efficiency at different loading 

are shown in Fig. 12a for the discharging mode. The battery 

modules power differences in the SoC-based power sharing 

controller depends on the cell mismatch level. Therefore, 

when all cells are under balanced conditions, there will be no 

light load efficiency improvement with the SoC-based power 

sharing, and the conversion efficiency will be the same as the 

equal power sharing method. In addition, if there is SoC 

mismatch, the SoC-based controller has a lower system 

efficiency than that of the equal sharing case after the peak 

efficiency point, 28% of battery power in this case. This 

reduction is prevented if the optimized power sharing 

controller is used.  The full range of measured system 

efficiencies are shown in Fig. 12b. Although, the measured 

efficiency is slightly lower than that of the estimated, the light 

load efficiency of the system is improved using the proposed 

optimized power sharing controller compared to the equal 

sharing case by 4.9%, 1.1%, and 0.35% at 10%, 20% and 25 

% total battery powers, respectively. Both estimated and 

measured efficiency results validate the effectiveness of the 

proposed power sharing controller over the full load range of 

battery discharging.  

B.  Charging Mode 

For charging mode, the initial module SoC and the battery 

charging powers, are shown in Table II. A dc power supply 

with a voltage of 𝑉𝑏𝑢𝑠 is connected to the dc bus to charge the 

batteries with the variable charging current. The SoC 

balancing and power distribution are accomplished by the 

power sharing control loop shown in Fig.5c. The results of the 

SoC-based power sharing controller and the proposed 

efficiency-based optimized power sharing controller are 

presented in Figs. 13 and 14, respectively. In comparison to 

the discharging mode, with the SoC-based power sharing 

controller, the higher charged modules are charged with lower 

powers, and vice versa. When the battery module SoCs 

converge, the dc bus side voltages also converge, as the 

modules relative SoC differences and correction values 

reduce. When all modules SoC are balanced, they share the 

power evenly. With the efficiency-based power sharing 

controller, the higher charged modules are bypassed if there is 

any bypass command. 

Fig 15a. shows the estimated system efficiency with the 

SoC-based power sharing controller, optimized power sharing 
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(a) Module dc bus side voltages (b) Battery Currents (c) SoC (d) Individual Module Powers 

Fig. 13. Experimental results for the SoC-based power sharing controller in charging mode   

    
(a) Module dc bus side voltages (b) Battery Currents (c) SoC (d) Individual Module Powers 

Fig. 14. Experimental results for the efficiency-based power sharing controller in charging mode   

 

  
(a) Estimated efficiency (b) Experimental efficiency 

Fig. 15. System Conversion Efficiency during charging  

 

  
(a) Estimated efficiency (b) Experimental efficiency 

Fig. 16. Charging operational system efficiency at full load range 

 

controller, and equal power sharing method. A limited 

efficiency improvement of 1.5% is achieved at 10% load with 

the SoC-based power sharing controller compared to the 

equal power sharing case. On the other hand, up to a 4.8% 

efficiency improvement can be achieved with the efficiency 

optimized controller at the same battery power regardless of 

the cell mismatch level. The measured efficiency for the SoC-

based power sharing and optimized power sharing controllers 

is shown in Fig. 15b. These results show that the optimized 

power sharing controller increases the system conversion 

efficiency compared to the SoC-based power sharing 

controller, by 1.3%, 0.2%, and 0.1% at 10%, 20%, and 25% 

battery powers, respectively. 

The operational system efficiencies of the SoC-based, 

efficiency-based, and equal power sharing controllers are 

shown in Fig. 16 for the charging mode. In a similar way to 

the discharging case, the SoC-based power sharing controller 

efficiency varies between the SoC-based power sharing curve 

and equal power sharing curve depending on the mismatch 

level. On the other hand, the optimized power sharing 

controller has a higher charging efficiency at light load, and 

the same efficiency as the equal power sharing case at heavy 

load. When the modules operate with a very low SoC 

mismatch level, for a 10% battery power, the practical 

efficiency of the proposed power sharing controller is 2.7% 

higher than that of the SoC-based power sharing method.  

This is presented in Fig. 16b. Apart from the slight variations 

between the estimated and measured efficiencies, both results 

evidence the superiority of the proposed efficiency optimized 

power sharing controller.    

VI.  CONCLUSION 

This article proposes an efficiency-based power sharing 

controller for an MBESS.  The effect of power sharing ratios 

on the systems conversion efficiency is analyzed by 

considering a single converters efficiency. The results show 

that the light load efficiency is improved by up to 5.05 % with 

the proposed optimized controller without any additional 

components, by utilizing the bypassing ability of the MBESS. 

In addition, compared to the SoC-based power sharing 

controller, where the system efficiency reduces with 

mismatches after the peak efficiency point, the efficiency 

reduction is reduced with equal power sharing in the proposed 

method. Rather than keeping all of the modules SoCs at an 

equal state, this strategy keeps the SoC values very close to 
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each other and improves the total system conversion 

efficiency.  
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