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Abstract—A modern DC microgrid often comprises renewable energy sources (RESs) such as Photovoltaic (PV) 

generation units, battery energy storage systems (BESSs), and local load, and it is also connected to the utility grid 

through a point of common coupling (PCC). While most existing approaches have to rely on communication links 

to achieve desirable control performance, this paper proposes a novel control strategy without resorting to the 

communication links. This is achieved by assigning BESSs as master units and regulating the DC bus voltage with 

a novel state-of-charge (SoC)-based droop control, where the BESSs coordinate the slave units (e.g. RES, utility 

grid) with the aid of the DC bus signaling (DBS) technique to avoid overcharging and over-discharging of these 

BESSs. In the proposed droop control, the reference voltage for these BESSs is designed for coordinated operation 

between BESSs and utility grid, it is maintained constant in normal SoC range, which can reduce DC voltage 

variation. Droop coefficients designed for SoC balance of BESS are dynamically adjusted based on their own SoC 

values. Furthermore, the preset maximum deviation between the reference voltage and DC bus voltage ensures 

reliable coordinated operation. Real-time hardware-in-loop (HIL) experiments considering three different 

scenarios are conducted to validate the effectiveness of the propose method. 

I. Introduction  

The growing demands for electricity, compounded by the pressing need for decarbonization, is driving the 

rapid global transition of the electrical power systems [1]. Amongst a wide range of novel power system 

technologies proposed so far, the concept of microgrids is prominent [2]. A microgrid can be AC- or DC-

based and the latter is now drawing substantial interests in recent years due to its distinctive features, such as 

no need for frequency control [3] and harmonics cancellation [4], the absence of reactive power [5] and no 

requirement for synchronization [6]. Further, the need for DC coupling of most renewable sourced generators 

and battery energy storage systems (BESSs) together with increasing DC power demand from electric 

vehicles (EVs), has put the DC microgrid as a trend in developing future distribution systems [7, 8]. As 

illustrated in Fig.1, a typical DC microgrid for EV fast-charging may include renewable energy sources 

(RESs), BESSs, and is connected to the utility grid through the point of common coupling (PCC). 

The control objectives of the DC microgrids include keeping the DC bus voltage within its designed range, 

maintaining the state-of-charge (SoC) of all the BESSs within their acceptable limits, and avoiding BESS 

overcharging or over-discharging; and balancing the SoCs of different BESSs [9]. Additional targets may 

include maximizing the utilization of the RES generated power, and ensuring high efficiency and reliability. 



 

However, due to the stochastic and intermittent natures of RESs and ever-surging time-varying loads imposed 

on the DC microgrid, there exist great challenges to meet these control objectives [10].  

The control strategies for a DC microgrid can be categorized as centralized or decentralized [11]. In 

centralized control, a microgrid central controller (MGCC) monitors the entire system through an external 

communication link and dispatches the sources and loads according to the designed control objectives. Hence, 

the centralized control introduces a high computation burden on the MGCC. In addition, the MGCC needs 

to be reprogrammed when new sources or loads are introduced. Centralized control may suffer from single-

point-failure issues because of heavy dependence on the MGCC, which reduces the system flexibility and 

reliability [12-14].  

Decentralized control overcomes these shortcomings by making decisions based only on the local 

information, droop control is a typical decentralized control and widely used in DC microgrids [15]. In this 

scheme the deviation between the reference voltage and actual DC bus voltage is used for automatic power-

sharing between paralleled converters. As discussed earlier, one of the key control targets for the DC 

microgrid with BESSs is the SoC balancing, and SoC information is often incorporated into the droop control 

law. For example, adaptive droop control is adopted in [16] and [17] to change the droop coefficients based 

on the SoCs of the BESSs, where in the charging mode, droop coefficients are proportional to the n-th order 

of the SoC, while in the discharging mode, droop coefficients are inversely proportional to the n-th order of 

the SoC. References [18] and [19] proposed to change the droop coefficients based on the difference of the 

SoCs of BESSs and the preset reference SoC value. The SoC-based droop controls in these approached [16]-

[19] do not rely on the communication links between different BESSs, and BESSs at low SoC level absorb 

more power while discharge less power by adopting a SoC-dependent droop coefficient, and vice versa. An 

SoC-based current sharing method is proposed in [20], where SoCs are balanced by comparing the preset 

maximum SoC value with the actual SoCs of BESSs in the discharging mode, while comparing the preset 

minimum SoC value with the SoCs of BESSs in the charging mode. Like the approaches in [16]-[19], this 

method also does not rely on the communication links. Zhi et al proposed an SoC-based virtual DC machine 

(VDCM) control strategy for BESSs, where the transient stability of DC bus voltage is enhanced using the 

output inertia of VDCM and SoCs are balanced by comparing the SoCs of BESSs with the average SoC [21]. 

Zeng et al [19] also proposed to balance the SoCs by comparing the SoCs of BESSs with the average SoC, 



 

while three different parameters are used to achieve desirable balancing speed and for accurate regulation 

[19]. Zhang et al [22] also used the average SoC information to ensure that the SoC equilibrium is reached 

quickly [22]. In [19, 21, 22], the communication between BESSs is required to calculate the average SoC. 

While Lee et al [23] proposed a SoC-based droop control, which is based on the battery cycle life curve 

comprising the battery degradation information, and an equal incremental cost point for BESSs is calculated. 

As an energy buffer, BESSs can also act as master units and regulate the DC bus voltage, furthermore, they  

can coordinate with other slave sources (e.g. RES and utility grid) with the assistance of the DC bus signaling 

(DBS) technique. The slave power sources change their operation modes according to the DC bus voltage 

which is dependent on the SoCs of BESSs. DBS uses the DC bus as a communication line, which ensures 

normal operation of the DC microgrid even under communication failure or non-communication conditions 

[24]. Wu et al use a BESS to regulate DC bus voltage according to its SoC value, and RES power curtailment 

or load shedding decision is made according to DC bus voltage, hence, the BESS avoid overcharging and 

over-discharging [25]. Based on the DC bus voltage and SoC of the BESS, a decentralized control strategy 

is proposed in [26] to achieve coordinated operation between a photovoltaic (PV) panel, the grid. However, 

in these two papers, only one BESS is considered, and these schemes lack the coordination between different 

BESSs, such as power-sharing and SoC balance strategies. Therefore, the SoC-based droop control with SoC 

balance capability while combing DBS method can address this issue, and the combination of these two 

methods has not yet been fully researched. Authors in [27] and [28] use SoC-based droop control for BESSs 

to coordinate RES and utility grid, where the reference voltages for different BESSs follow the changes in 

their corresponding SoCs across full SoC ranges, and SoC are balanced with different reference voltages. 

However, SoC dependent DC bus voltage regulation across the full SoC range may cause large DC bus 

voltage variations. Furthermore, in [27], the coordinated operation between utility grid and BESSs are not 

addressed, while in [28], the PV is switched from maximum power point tracking (MPPT) into constant 

voltage mode to reduce power generation when the SoCs of the BESSs are high, but this suppresses fully 

utilization of renewable source generated power. 

To address the drawbacks, this paper proposes a novel SoC-based droop control for the parallel connected 

BESSs. With proposed droop control, BESSs act as master units and regulate DC bus voltage, and BESSs 

coordinate the slave units (e.g. RES, utility grid) to avoid overcharging and over-discharging with the aid of 



 

the DBS method. In the proposed droop control, the reference voltage is designed for coordinated operation 

between BESSs and utility grid, it is maintained constant in normal SoC range, unless the BESS reaches its 

low SoC limit or lies in the high SoC range, hence, DC bus voltage variation is significantly reduced; droop 

coefficients are designed for SoC balance, they are dynamically adjusted based on their own SoC values of 

BESSs. Furthermore, the preset maximum deviation between the reference voltage and DC bus voltage 

ensures the reliable coordinated operation between BESSs and utility grid. That BESSs act as master units 

helps RES generates maximum power and DC microgrid work autonomously (in islanded mode) in most of 

time without relying on communication link. Lastly, since the proposed droop controller is current source-

based, the droop coefficients do not affect power-sharing accuracy, hence when determining droop 

coefficients it does not have a trade-off between voltage regulation and power-sharing accuracy like many 

conventional methods.  

The remainder of this paper is organized as follows. Section II first presents a brief introduction of the DC 

microgrid and the proposed droop control is given in details. Then, the SoC balancing based on the proposed 

droop control is investigated under five different scenarios. The constraints on the ranges of the control 

parameters are also analyzed. Section III details the coordinated operations of all elements in the DC 

microgrid using DBS. Section IV presents the the stability analysis of DC microgrid with the proposed droop 

control, while the results of hardware-in-loop (HIL) experiments and analysis are given in Section V. Finally, 

Section VI concludes the paper. 
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Fig.1 Typical configuration of DC microgrid for EV fast-charging station 



 

II. The novel SoC-based droop control for BESSs  

A. Design of reference voltage value and droop coefficient  

The configuration of the grid-connected DC Microgrid under investigation is illustrated in Fig.2. It consists 

of a RES unit, a few BESSs, the utility grid and a load, which are all shunt connected to the common DC bus. 

The BESSs are connected to the DC bus via bidirectional DC-DC converters with line resistance . 

These converters are used for regulating the power flow to and from the DC bus. Power from the utility grid 

is converted to the DC form via an AC-DC converter connected directly to the DC bus. The utility grid is 

treated as a power source that is switched on and off according to system requirements; the dynamics of the 

utility grid power flow are not the focus of this work. Similarly, the RES with its associated DC-DC converter 

is also treated as a variable power source. The BESSs are the key elements in this system to maintain the DC 

bus voltage at the required level, while powering the load. There are no communication links between the 

BESSs, utility grid and RES. The DC bus voltage regulation relies on a flexible SoC-based adaptive V-I 

droop control scheme for the BESSs and converter units, and its expression is given as  

 

 
 

(1) 

where  is DC bus voltage filtered by low-pass filter (LPF),   is the reference voltage for DC bus,  

is the droop coefficient, and 𝐼 is the output current of the DC-DC converter, which is positive when BESS 

is discharging, negative when BESS is charging. And  is the current drawn by the load,  and 

 are the current from the RES and the utility grid, respectively. 
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Fig.2 Diagram of DC microgrid with the V-I droop control 
 

A simplified system-level converter model that focuses on the external behavior rather than the internal 

details is introduced to realize the proposed V-I droop control. Since most converters have current regulating 

loops or are inherently current source converters, they can be represented as a controllable current source, 

with the small-signal dynamics represented by a transfer function . It has high bandwidth and does 

not affect the droop control loop [29]. The detailed control algorithm is illustrated in Fig.3. 

 

Fig.3 Control algorithm for the V-I droop 

The DC bus voltage   is processed by a LPF with a cut-off frequency  , and transfer function 

, then filtered DC bus voltage  is compared with , and the error signal divided by the 

droop coefficient  gives the required output current of the DC-DC converter,  is the limit for 

output current of BESS. Thus, with this control loop and neglecting the , the output current of the 

DC-DC converter is given by Eqn (2) 



 

         
(2) 

When , BESS is discharging, and when , BESS is charging. 
The key requirements in the DC microgrid control with BESS elements are to avoid overcharging or over-

discharging of BESSs, while ensuring SoC balance when there are multiple BESSs. To achieve this, the SoC 

levels for the BESSs need to be included in the V-I droop control law in Eqn (1), and this is done by linking 

 and  with the SoC as follows. First,  in Eqn (1) is expressed as 

 

 

(3a) 

 
 

(3b) 

where  and are, respectively, the upper and lower limits of the reference voltage,  is the 

nominal value. These three values are usually determined by the desired DC bus operating range. Similarly, 

 and are the upper and low limits of SoC. The control curve of  versus SoC is shown 

in Fig.4. In the normal SoC range,  is maintained constant, equal to . It increases linearly with SoC 

when the latter reaches to the high range, which is greater than . On the other hand when the SoC 

reaches its lower limit,  is set to . The benefits of varying  are three folds; Firstly, it facilitates 

that BESSs coordinate utility grid as master units without relying on communication links. By setting  to 

 when SoC falls to ,  becomes low (the relationship between  and is shown in 

Subsection C), this, effectively, informs the utility grid that the SoC is reaching the low limit , hence 

utility gird needs to be switched on to inject power to the DC bus and support BESSs. Similarly, when the 

SoC is higher than ,  increases linearly with SoC according to Eqn (3), resulting, higher  which 

alerts the utility grid controller that the BESSs are in the high SoC range. Correspondingly the utility grid 

would be switched on to absorb the extra power. Detailed explanations of this coordinated operation will be 

given in Section III. Secondly, instead of changing  with SoC,  is maintained to  while SoC is in 

the normal operating range. This reduces the variation of which is important for maintaining the stable 

operation of the DC microgrid. Thirdly, based on the proposed droop control,  will be set high when SoC 



 

is in the high range, this allows BESSs discharging more as shown in Eqn (2), hence accelerating the SoC 

balancing process when multiple BESSs are operating together. This aspect will be further elaborated in 

Subsection B. 

 

Fig.4 Control curve of  versus SoC 

Similarly, the droop coefficient   is also designed according to the SoC of the BESS, which is 

expressed as 

 

 

 (4) 

where  and  are the charging and discharging constants and  is an index for SoC balancing. Setting 

  according to Eqn (4) will facilitate automatic adjusting of charging and discharging speeds [16]. 

According to Eqn (2), a smaller  results in higher BESS charging and discharging currents than a larger 

. Therefore, in the charging phase, when the BESS with a high SoC value,  will take a large value as 

it is proportional to  according to Eqn (4), and as a result, the BESS will be charged with smaller 

current compared with BESS with a low SoC value. On the other hand, in the discharging phase, when the 

BESS has a high SoC value, since  is inversely proportional to ,  will become small, hence 

the BESS will be discharged with a larger current compared with BESS with low SoC value. Finally, for the 

BESS with larger power capacity, their corresponding and  will be set to smaller values. The details 

will also be elaborated below Subsection B. 

B. SoC balancing study in different scenarios 

The proposed voltage droop control enables automatic SoC balancing when multiple BESSs are operating 



 

simultaneously. This can be demonstrated, for the sake of simplicity, using a system with two BESSs (BESSi 

and BESSj) with different power capacities  and terminal voltages  under five different scenarios. 

With proposed droop control, the charging and discharging currents of BESSi can be obtained according to 

Eqn (2) as 

 
 

(5a) 

        
(5b) 

Assuming   stays constant within the SoC range from  to  , while the SoC of the 

BESS can be updated using the coulomb counting method 

 

 

(6) 

Where  and  are, respectively, the initial SoC and output current of BESS. Neglecting the power 

loss on  and converter,  is obtained. With , the ratio of SoC changes for BESSi 

and BESSj derived from Eqn (6) is given as 

 

        

(7) 

If the SoCs of two BESSs are already balanced, then the ratio of SoC changes for the two BESSs defined in 

(7) to be set to 1 in order to maintain SoC balancing in the subsequent time instants. Substituting Eqn (5) into 

 yields 

        
(8) 

Eqn (8) reveals that for the two BESSs, the ratios of their charging and discharging constants are equal to 

the inversely proportional to their power capacity ratio. Based on this analysis, five scenarios are considered 

to reveal the dynamics of SoCs balancing with different initial SoCs for the two BESSs. 

Scenario 1: , both BESSs are in charging mode. 

Substituting Eqn (5a) into Eqn (7) yields 

    

(9) 



 

As , . Eqn (9) implies that the increment change of  is higher than that of 

, hence  and will be eventually balanced.  

Scenario 2: , both BESSs are in discharging mode. 

Substituting Eqn (5b) into Eqn (7) yields 

   

(10) 

As , . Eqn (10) implies that the decrement variation of  is greater than 

, hence  and  will be gradually balanced. 

Scenario 3: , both BESSs are in the charging mode. 

The ratio of SoC change is expressed as 

  

 (11) 

As , , and . Eqn (11) implies that the increment variation of 

 is higher than , hence and will gradually be balanced. 

Scenario 4: , both BESSs are in discharging mode. 
The ratio of SoC change is expressed as  

  

(12) 

As and , . Eqn (12) implies that the decrement change of  

is higher than , hence and will be gradually balanced. 

Scenario 5: , BESSi is discharging and BESSj is charging. 

In this scenario, naturally the  and  will be eventually balanced. 

In the above five scenarios, scenarios 3, 4 and 5 have faster SoC balancing speeds compared to scenarios 

1 and 2, this is due to the fact that the difference of  between two BESSs helps to accelerate this balancing 

process. Further, these five scenarios show that index  has an influence on the SoC balancing speed, since 



 

a higher   value leads to a higher ratio of charging or discharging speed between two BESSs. Fig.5 

illustrates the balancing process of the two SoCs with =2 in both BESS charging and discharging modes. 

Using a constant voltage source injecting or absorbing power to or from the BESSs under the droop control 

rule (1) while they share the same , it is evident that the difference of SoCs between the two BESSs is 

reducing exponentially with time, and eventually converges to zero. Fig.6 shows the reduction speed of the 

SoC difference between the two BESSs with different . It is clear that a larger  leads to a faster SoC 

balancing speed in both the charging and discharging phases. 

 
(a)                      (b) 

Fig.5 SoCs of two BESSs obtaining balance with n=2 in (a) charging (b) discharging 

 

(a)                      (b) 

Fig.6 The difference of SoC between two BESSs with different  in (a) charging (b) discharging 

C. Limitations of the control parameters in the proposed SoC-based droop control  

To ensure that the variation of  is sufficiently small around its nominal value,  is set to  when 

the SoC of a BESS is in the normal range according to Eqn (3). Furthermore, the deviations between  and 

 also should be confined to a small range. This requirement consequently sets the limits on the parameters 

in the proposed droop control and is analyzed below. 

As shown in Fig.2, when several BESSs of different capacities are connected in parallel on the DC bus, 



 

their power capacities satisfy the relationships . The voltage of the DC bus capacitor 

 can be expressed as  

   (13) 

Substituting Eqn (2) into Eqn (13) and taking derivative of  gives 

  (14) 

When SoCs of the BESSs are balanced, according to Eqn (8),  , 

 . Subsequently let  , the dynamic of   is derived 

from Eqn (14) and expressed by 

  (15) 

At the steady-state, the voltage deviation between  and  can be expressed as 

   (16) 

where  is the voltage deviation, which is a small value. Eqn (16) reveals that must be sufficiently 

small to ensure a faster response and a smaller voltage deviation range. Assuming allowed maximum  is 

. The corresponding feasible range for and can be derived from Eqn (16) with  given as  

        (17a) 

        (17b) 

Apart from the voltage deviation constraint, the power-sharing accuracy between BESSs also needs to be 

considered. In the conventional droop control [30], only when   is satisfied, power-sharing 

accuracy is ensured. However, in the proposed current-source-based droop control,  has no influence on 

the power-sharing accuracy, as elaborated below. Considering , the ratio of the output power of BESSi 

and BESSj is expressed by  

  (18) 



 

According to the Kirchhoff current laws (KCL), it holds that 

  (19) 

where  

As , substituting Eqn (2) into Eqn (19) yields 

  (20a) 

  (20b) 

         (20c) 

As substituting Eqn (20) into Eqn (18) yields 

  (21) 

The desirable power-sharing between BESSi and BESSj is equals to their power capacities , thus 

according to Eqn (21), as long as the inequalities  and 

 are satisfied, the power-sharing accuracy is ensured. More importantly, it is 

clear that  has no influence on the power-sharing accuracy, hence it can be designed independently. 

In the microgrid, the SoC operating range is usually set between 0.3-0.9, and  is used in this paper. 

Although a larger leads to faster SoC balancing, it causes large voltage variation of . Once  is set, Eqn 

(17) guarantees a feasible range for  and , and then,  and  can be calculated as 

  (22a) 
        (22b) 

III. Coordinated operation of the DC microgrid 

To fully utilize the power generation capability of RES, it is always desirable to operate renewable 

generators at their maximum power point (MPP). To regulate the SoCs of BESSs in the microgrid in their 

operating ranges (avoid overcharging or over-discharging of BESSs), coordinated operation of the utility 

grid and BESSs is vital. DBS is a widely used decentralized control strategy for DC microgrids due to its 

simplicity and practicality. It changes the operation mode of utility grid according to . The proposed 

droop control for the BESSs assisted with DBS realizes the required coordination which is elaborated 



 

below.  

Fig.7 illustrates the coordinated operation between BESSs and utility grid at , which aims to 

prevent the SoC being lower than . With preset , the possible  range when BESS operates 

between  and  is shown by the blue shading. Thus, if the utility grid detects that  is 

lower than , which implies that  will be set to  according to Eqn (3) and SoC is lower 

than , then the utility grid will be switched on and injects power to charge the BESSs. Similarly, 

if the utility grid detects that  is higher than , which implies that SoC is slightly higher than 

, then utility grid will be switched off.  

Fig.8 illustrates the coordinated operation between the BESSs and utility grid in the high SoC range, 

which aims to prevent charging the BESSs when their SoC is exceeding . In summary, the utility 

grid is switched on to absorb power when   increases to  , and is switched off when  

decrease to . If utility grid detects  increases to , BESSs are charging and  satisfies 

,  hence  is slightly less than  and SoC is slightly less than . If 

  decreases to  , BESSs are discharging and   satisfies  , hence   is 

slightly larger than   and SoC is slightly higher than  . As only   is the accessible 

information for estimating SoC of BESSs by the utility grid assisted with the DBS technique, considering 

that   in high SoC range, the maximum deviation between   and 

 ( ) limits the SoC estimation error within the range of . Thus, this design enables utility grid to 

switch on when the SoC is slightly less than  (between and ) and switch 

off when the SOC is slightly higher than  (between  and  ).  With these two 

hysteresis cycles, the coordinated operation of the BESSs and the utility grid can be achieved 

As mentioned earlier, with the preset value , the grid can not only sense whether the SoC of BESSs 

reaches , but also can estimate the SoC within the error limit when BESSs are in high SoC 

range, which ensures reliable coordinated operation between the grid and the BESSs. 



 

 

(a)                      (b) 

Fig.7 The coordinated operation between utility grid and BESS at  (a)  versus SoC 

in BESS (b) Utility grid control 

 

(a)                      (b) 

Fig.8 The coordinated operation between utility grid and BESS in high SoC range (a)  versus SoC in 

BESS (b) Utility grid control 

IV. Stability analysis  

A. Stability analysis of the DC microgrid with proposed droop control 

The stability of the DC microgrid using proposed droop control scheme can be evaluated by applying 

small-signal analysis. The principle of small-signal analysis is assuming system variables are subject to small 

disturbances when the system works near the stable operation points, then the system state equation is derived 

to check if the system is kept stable at small disturbances. The variables  used in the system are expressed 

as the sum of their steady-state values  and small perturbations  [21]. The BESS output current , SoC, 

and DC bus voltage  are taken as variables and perturbed in the following analysis. 

Consider the droop curve in Fig.4, the analysis is performed only in the high SoC range since the operation 

in this range is relatively complicated compared to that in the normal SoC range and low SoC limit. In 

particular, the control curve in normal SoC range can be viewed as a specific example of high SoC range 

when , on the other hand, BESSs do not work at low SoC limit, as the utility grid is switched on to 



 

charge BESSs immediately when BESSs fall into low SoC limit. 

Neglecting the power losses in converter and line resistances and combing Eqn (6), the SoC of the BESS can 

be expressed as   

      (23) 

In the charging mode when BESSs work at high SoC range, the output current of DC-DC converter is  

  (24) 

where  is the transfer function of LPF as shown in Fig.3. Introducing a perturbation to Eqn (24), it 

yields  

   (25) 

Introducing a perturbation to Eqn (23), it yields 

         (26) 

Combing Eqns (25) and (26), we have 

        (27) 

Considering that RES output current variation   and grid output current variation   are 

neglectable, according to KCL, the current balance equation can be derived as  

     (28) 

where  is the equivalent load resistance. 

For the sake of simplicity, using a system with two BESSs as an example, expanding Eqn (28) and shifting 

all terms to the left side, the state equation of DC microgrid at the charging mode can be formulated as 

                         (29) 

where  are provided in Appendix. 

Similarly to the charging mode, the output current of DC-DC converter in discharging mode is  



 

     (30) 

Introducing a perturbation to Eqn (30),  

  (31) 

Combing Eqn (26) and (31), we have 

    (32) 

According to KCL, the current balance equation can be derived as  

  (33) 

Expanding Eqn (33) and shifting all terms to the left side, the state equation of DC microgrid at the 

discharging mode can be formulated as 

        (34) 
where  are provided in Appendix. 

 

With Eqns (29) and (34), the stability range of DC microgrid are conducted. The influences of  and 

 to DC microgrid stability are illustrated in Fig.9 (a) and (b). Assuming  and ,

, , is 0.7,  is 0.9,  both  and  are set to 0.8.  and  

increase from 1e-5 to 1 (  and  also increase accordingly to satisfy , ), the red 

and black star represent two different dominant poles for a specific . It is found that all the dominant 

poles of the DC microgrid system are located in the left half of the s-plane, which confirms that the DC 

microgrid system is stable with different  and . The influence of the SoC value on DC microgrid 

stability is illustrated in Fig.9 (c) and (d). Assuming , , .  

keeps equals to  and they both increase from 0.7 to 0.9, it is found that all the dominant poles of the 

DC microgrid are located in the left half of the s-plane when SoC varies from 0.7 to 0.9, which confirms that 

the DC microgrid is stable within the allowed SoC range.  



 

 

(a) charging with different        (b) discharging with different  

 

(c) charging with different SoC        (d) discharging with different SoC 

Fig.9 Dominant pole of DC microgrid with proposed droop control 

B. Stability analysis of paralleled converters with different loads 

To further validate our control strategy, as illustrated in Fig.10, the BESSs are controlled with detailed 

bi-directional converters and different loads characteristics are considered in the DC microgrid, where the 

outer control loop for converters is the droop loop which generates reference current , while the inner 

loop is current loop which tracks the reference current and generates two complementary PWMs for the 

converters. As the dynamics of the RES and the utility gird are out of the scope of this paper, they are 

represented by current sources, and the load in the microgrid is categorized into resistive load and constant 

power load, respectively, where the former is represented by a positive resistance , and the latter can be 

approximated by a negative resistance  and a current source  at the operating point , 

as follows: 



 

    

       (35) 

 

Fig.10 DC microgrid model with paralleled converters and different loads 

To analyze the stability of paralleled converters with different loads, we use two paralleled bi-directional 

converters as an example, and LPF are neglected, based on the average switch model of converters, the 

stability model based on Fig.10 is illustrated in Fig.11, where , and the parameters for 

and  are set as follows: 

,  

 Hence, the state equation based on Fig.11 can be formulated as  

              (36) 

where  

  

  

  



 

 

Fig.11 The stability model of paralleled converters with different loads  

With Eqn (36), the stability of two paralleled converters with different loads is analyzed. The system is 

loaded by a resistive load and constant power load, if power of constant power load is lower than resistive 

load, , and , the system is stable when converters are loaded by a positive . If  

power of constant power load is higher than resistive load, , then , and system may 

be unstable with a negative   [15], thus only the stability with negative   is analyzed. The 

influence of   to paralleled converters stability is illustrated in Fig.12 (a), assuming 

 ,  ,

 ,  decreases from 0.03 to 0.004, the red and black stars in Fig. 12 (a) represent two 

different dominant poles. It can be seen that the dominant poles approach the right half of the s-plane as 

  decreases, and the system would be stable only when  , note that the stability 

criterion for a buck converter with load is  [31], that is in this 

case. Therefore, a smaller  boundary is presented when converters are controlled by the proposed 

droop control strategy. According to Eqn (35), it allows more constant power load to be plugged into the DC 

microgrid at a fixed . The influence of  to paralleled converters stability is illustrated in Fig 12 

(b), assuming ,  and increases from 0.005 to 0.05, other parameters 



 

remain unchanged. It can be seen that the dominant poles approach the right half of the s-plane as  

increaseas, the system would become unstable when . 

 

(a) Stability analysis with  changing        (b) Stability analysis with  changing 

Fig.12 Dominant poles of parallel converters stability model 

V. Hardware-in-loop Results and Discussions  

To validate the proposed droop control, the hardware-in-loop (HIL) real-time experiments is conducted at 

the Typhoon-604 platform and three different scenarios are tested. The HIL experimental set-up is illustrated 

in Fig.13, where the real-time simulator platform Typhoon HIL604 device shown in the figure has the 

capability to control the real converters and emulate large power systems in real-time, thus two typhoon 

HIL604 devices are used in the HIL tests. One device is used as real controller, and the other one is used as 

a real-time simulator, both the controller and simulator are set up using typhoon’s dedicated software in the 

personal computer. The communication between the controller and real-time simulator is realized through 

the Ethernet connection interface of the Typhoon HIL604 devices. The first scenario is used to validate the 

dynamics of the proposed droop control with BESSs mode switching, the second scenario investigates the 

SoC balancing of three BESSs with the proposed droop control, a 24-hour EV fast charging data set is then 

used to validate the coordinated operation with the proposed droop control in the third scenario. 

 



 

  

Fig.13 Setup of HIL experiments 

A. Dynamic of proposed droop control with BESSs mode switching.  

In this scenario, A DC microgrid consists of two BESSs, a RES, the utility grid and a load are used. The 

control strategy for converters of BESSs is based on Fig.10, and the parameters used in the simulation of 

Subsection A are given in Table I.  

Table I Parameters used in the simulation of Subsection A 

Parameters Value Parameters Value 

 0.02  650V 

 0.04  650V 

 2.5e-3 n 2 

 5e-3  1F 

(i=1,2) 1e-2H  200A 

(i=1,2) 1e-4   100A 

Assuming the two BESSs have the same SoC values, the dynamics of the proposed droop control with 

mode switching of BESSs is illustrated in Fig.14. From 0s to 3s, the total current from the external power 

sources and loads   is 0A, and the initial   is 0V due to the large difference 

between  and . Hence, the two BESSs start to discharge with their maximum output current to 

support the regulation of  ,  and   starts to increase linearly with time until it reaches and 



 

stabilizes around 650V eventually. Then, BESSs switch between charging and discharging modes to 

balance the power mismatch between sources and load, and   is stable between mode switching. 

Furthermore, it can be found that   is slightly higher than   while BESSs are charging,  

equals to  while BESSs are in idle mode, and  is slightly lower than  while BESSs are 

discharging, two BESSs generate or absorb according to their power capacities. 

 

  

 
Fig.14 Dynamic of proposed droop control with BESSs mode switching 

B. Performance of SoC balance with proposed droop control.  

Table II Parameters used in the simulation of Subsection B 

Parameters Value Parameters Value 

 1300Wh  5e-3 

 650Wh  5e-3 

 650Wh n 2 

 0.02  1F 

 0.04  200A 

 0.04  100A 

 2.5e-3  100A 

In this scenario, three parallelly connected BESSs are adopted, their initial SoCs, namely , , 

and  are assumed to be 0.8, 0.6, 0.5, respectively. The parameters used in the simulation of Subsection 

B are shown in Table II, and  is set 0.7, according to Eqn (3),  is set higher than  and 



 

. As shown in Fig.15, during the period from 0s to 15s,  is -250A, and three BESSs 

are in discharging mode to meet the power demand. The SoC balancing is accelerated due to higher , 

after about 3s, the reference voltage for BESS1 reaches the same level as the other two BESSs because it 

starts to work within the normal SoC range ( ), the SoC balancing of these BESSs are achieved 

through adjusting the droop coefficients. From 15s to 30s,  equals 250A, and the three 

BESSs switch to the charging mode, and the sudden decrease of  implies that the BESSs are switching 

from the discharging mode to the charging mode. During the charging and discharging of BESSs, the 

difference of SoCs between the three BESSs is reducing with time, and  and  gradually converge 

to , BESSs gradually generate power according to their power capacities. 

 

 

 

Fig.15 Simulation results of SoC balancing with proposed droop control 

C. Performance of coordinated operation of DC microgrid with proposed droop control 

To validate the coordinated operation of DC microgrid with proposed droop control, a data set covering 

24-hour real-world BESS charging power measured at an EV fast-charging station in Beijing with three 

charging outlets is used [28]. The configuration of EV fast-charging station is shown in Fig.1, two BESSs, 

two PVs, utility grid, three piles are connected to DC bus, and three piles act as a load and absorb power. The 

output powers of PV1 and PV2 at the standard weather condition (1000W/𝑚2, 298.15K) are about 40kW and 



 

30kW, respectively. Fig.16 shows the variations of the solar irradiance on a PV panel over a 24-hour period 

and the profile of the load charging power in this fast-charging station. To accelerate real-time simulation 

speed, the initial 24-hour time range data set is compressed 100 times, so the total simulation time is 864s 

now.  

 

Fig.16 Solar irradiance and load profile in Beijing fast-charging station 

 

Table III The parameters used in the simulation of Subsection C 

Parameters Value Parameters Value 

 130kWh  0.3 

 65kWh  0.9 

 0.018  50 

 0.036  0.7 

 2.4e-3 n 2 

 4.8e-3  1F 

 645V  200A 

 660V  100A 

 

The nominal bus voltage  for EV fast-charging station is set as 650V, and the SoC range for BESSs is 

set within 0.3-0.9. Although the tolerance limit on the   variations in a microgrid is not yet to be 

standardized [32], a small limit of ±2% of the nominal voltage is adopted, and  is set as 2.5V, therefore, 

according to   variations requirement and   constraint, other parameters used in the simulation are 

obtained and shown in Table III. According to Fig.4, in the high SoC range, the slope,  is 50, hence that 

 is 2.5V enables the utility grid to sense the SoC value within 5% (2.5/50) error. 

The virtual-battery-model method proposed in [28] is introduced to make a comparison with the proposed 

method. For a DC microgrid, to maintain the bus voltage within the nominal range is the most critical 

requirement for system stability, the DC voltage variation range is used as the only criterion for evaluating 



 

the performance of the two methods. Fig.17 shows the variations of  using the virtual-battery-model 

method and the proposed method. In the proposed method, due to the coordinated operation between the 

BESSs and utility grid,  is maintained between 645V and 660V, which are predefined limits  and 

, respectively. Clearly is close to  (650V) for most of the time. Fig.18 illustrates  and 

voltage difference between  and  ( ), as the SoC of two BESSs is balanced after 50s (shown in 

Fig.20), only  for BESS1 is shown. Furthermore, it is found that  is constrained smaller than 2.5V. 

For the virtual-battery-model method,  has similar variation trends which are dependent on the profiles 

of the solar irradiance and load. However, compared to the results produced by the proposed method, using 

virtual-battery-model method,  exhibits more significant variations. As  changes with the SoC in the 

virtual-battery-model method, it is more fluctuating compared with the proposed method which is kept 

unchanged when the SoC is within the normal range. To quantify the error between  and , the root-

mean-square-error (RMSE) is defined as  

      (37) 

where N is the number of measurements. RMSE values for the virtual-battery-model method and the 

proposed method are 8.7932V and 1.9229V, respectively. It is evident that the latter is significantly smaller, 

demonstrating better voltage control performance of the proposed method. 

 

Fig.17  using the proposed method and the virtual-battery-model method 

 



 

Fig.18  and  using the proposed method  

Fig.19 illustrates the output power of the PV and utility grid obtained with the proposed method. PV always 

works at the MPPT mode, and the power generation from the PV unit is fully utilized. The solid red line 

represents the utility grid being switched on to inject power, and the dot red line represents the utility grid 

being switched on to absorb power. At about 80s, 220s, 670s, and 790s, the SoC reaches its minimal limit 

, and the utility grid is switched on to inject power, and at about 550s, the SoC is near its maximal 

limit , and the utility grid is switched on to absorb power. The decrease or increase of  at these 

time intervals is shown in Fig.18, which indicates the signals for gird switched on.             

 

Fig.19 Output power of the PVs and the utility grid  

Fig.20 shows the SoC changes of the two BESSs with their initial SoCs of 0.85 and 0.36 respectively. It is 

shown that they are balanced at around 50s and maintain the same levels in the subsequent hours. Also, they 

operate at the predefined SoC range of 0.3-0.9 for safety and health purpose. The blue bars in the figure 

represent the time when the utility grid is switched on to inject power once the SoC drops to  (0.3) 

and then is switched off when SoC reaches around its predefined value (0.7). The green bar shows 

the time when the utility grid is switched on to absorb power once the SoC is near to its upper limit 

( 0.9) and then is switched off when the SoC decreases to around  (0.7). 

Fig.21 illustrates the output current of the two BESSs controlled by the proposed droop control, the output 

current of BESS1 is the twice of BESS2 when their SoCs are balanced, which implies that the power is shared 

according to their power capacities. In addition, the output current of the BESS is within its set boundaries 

 and .  



 

 

Fig.20 The SoC dynamics of two BESSs  

 

Fig.21 The output Current of the two BESSs  

VI. Conclusion  

This paper has proposed a novel control strategy for DC microgrids with BESSs without resorting to the 

communication links. This is achieved by letting the BESSs acting as master units and regulating DC bus 

voltage with a novel SoC-based droop control, and BESSs coordinate the slave units (e.g. RES, utility grid) 

to avoid overcharging and over-discharging of the BESSs with the aid of the DC bus signaling (DBS) 

technique. In the proposed droop control, the reference voltage for BESSs is designed for coordinated 

operation between BESSs and utility grid, it is maintained constant in the normal SoC range, unless the BESS 

reaches its low SoC limit or lies in the high SoC range, which reduces DC bus voltage variation; droop 

coefficients are designed for SoC balance, they are adjusted dynamically based on their own SoC values of 

the BESSs. Furthermore, the preset maximum deviation between the reference voltage and DC bus voltage 

ensures reliable coordinated operation between BESSs and utility grid. That BESSs act as master units helps 

RES generates maximum power and DC microgrid work autonomously (in islanded mode) in most of time. 

Since the proposed droop controller is current source-based, the droop coefficients do not affect power-

sharing accuracy, hence when determining droop coefficients it does not have a trade-off between voltage 

regulation and power-sharing accuracy like many conventional methods. Finally, the real-time HIL 

simulation experiments have validated the effectiveness of the proposed method with three different scenarios. 



 

Comparisons of the proposed method with the popular virtual-battery-model method confirm the efficacy 

and superiority of the proposed control method. 

Considering the health and output characteristics of batteries, they are often used to compensate the low-

frequency power fluctuations in the microgrid, and high-frequency power fluctuations are compensated by 

supercapacitors. Besides the frequency of power fluctuations, the degradation costs of multiple batteries and 

supercapacitors also should be considered in the power-sharing among these different energy storage devices. 

To investigate the power fluctuation frequency and degradation costs of energy storage devices based power-

sharing strategy for hybrid energy storage systems will be a future work. In our previous work, we have 

introduced a constrained optimization framework for charging and discharging control of batteries 

[33][34][35] which could incorporate multiple objectives including the degradation costs. More specifically, 

from the manufacturer’s datasheet, the battery theoretic life cycle with depth of discharge (DoD) can be 

obtained. Since DoD=1-SoC, the incremental battery degradation cost (IBDC) with SoC variation changing 

can be timely updated while the battery is charging or discharging. Then droop coefficient for each battery 

can be adjusted according to the IBDC, where higher droop coefficient leads to lower charging or discharging 

current. Therefore, the battery with a higher IBDC will adopt a higher droop coefficient both in charging 

mode and discharging mode. This principle can be incorporated into the future power sharing controller 

design. 
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