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Abstract - This paper presents an adaptive power-
sharing methodology for management of dc microgrids 
powered by fuel cell (FC) and storage system (SS). In this 
context, the use of an adaptive k-sharing function in the 
control scheme is proposed to compensate the fast 
transients on the ac-side and manage the power sharing at 
steady-state regime between the FC and SS. The adaptive 
k-sharing is implemented with a low-pass filter transfer 
function for the FC and a complementary transfer function 
associated with the adaptive k-sharing gain for the SS. The 
proposed adaptive k-sharing function links the FC and the 
SS dynamics with the management of the dc microgrid, 
ensuring that the entire FC operation is performed in 
accordance with its operational limits. One of the main 
advantages of the proposed adaptive k-sharing is to reach 
high levels of stability and minimum disruptions on the FC 
terminals. To evaluate the feasibility of the proposed 
approach, we analyze the k-sharing behavior to determine 
the operational limits of the dc microgrid. Finally, to 
support the theoretical analysis we carried out a set of 
experimental results. 

Index Terms - Fuel cells, dc/dc power converters, 
interconnected systems. 

I.   INTRODUCTION 

N dc microgrids, the use of storage system (SS) reduces the 

intermittency of renewable energy sources dependent on the 

environmental conditions. In this solution, the use of fuel cells 

(FCs) as a main source is more attractive because they are 

supplied by hydrogen, and its power production is not affected 

by the sun irradiation or wind speed as in classical renewable 

energy sources [1], [2]. 
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Unfortunately, FCs are characterized by low-voltage and 

high-current with slow dynamic response (around seconds or 

minutes), i.e. the control structure to manage the microgrid has 

an important role to prevent FC collapse, while the SSs present 

a faster dynamical response to block the instabilities produced 

on the ac-side [3], [4]. 

Considering the aforementioned drawbacks, many papers 

have discussed the use of FC in microgrids. In the most of 

them, the FCs are a part of the dc microgrid where the use of 

SSs, PV arrays and wind generators improve the system 

stability, capability of power production and power quality, 

respectively. Additionally, this type of solution is known as 

hybrid integration and it can be connected to the main grid or 

operate in standalone mode [5], [6]. 

Regarding the FC control structure, in general, two basic 

strategies have been used to compensate the FC dynamics, one 

with the direct control of the reactants, and another with the 

management of SSs. In the first, the goal is the direct control 

of fuel (flux of hydrogen and oxygen), where the hydrogen 

pressure control is the main technique applied to prevent fuel 

starvation [7], [8]. However, the main disadvantage of this 

method is the delay time of the mechanical devices 

(compressors, fans and valves) to regulate the fuel flux. 

On the other hand, in the second strategy, the use of SSs 

provides the dc microgrids the capability to supply rapid 

transients, while the FCs, PV arrays and wind generators are 

in-charge of the steady-state regime [9]–[11]. 

In other studies, many centralized, decentralized, and 

hierarchical control methods have been proposed to manage 

and control dc microgrids [12]–[16]. The two main methods 

found are: droop based methods and active current-sharing 

methods. Droop based methods can be applied by means of a 

virtual resistance related to the dc-link voltage. A key feature 

of this method is that it does not need a communication link 

between the generation units. In contrast, active current-

sharing methods use a low-bandwidth communication (LBC) 

to improve the performance of the dc microgrid operation. 

However, the literature shows that most of the papers 

published present a general strategy to achieve power sharing 

in  dc  microgrids  such  as  in [17]–[25].  In [17],  the  authors  
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Fig. 1. Typical scheme for power-sharing.

develop a decentralized coordination control strategy that 

applies V–I droop concept to cooperate multiple PV sources in 

a dc microgrid. Moreover, an extended droop control (EDC) 

strategy to achieve dynamic current sharing autonomously 

during load maneuver and source variations is proposed in 

[19], and a voltage control that combines fuzzy logic with gain-

scheduling techniques to accomplish both power sharing and 

energy management is presented in [20]. Lastly, a hierarchical 

active power management strategy for microgrids, including a 

fuel cell power conversion system, is described in [21]. 

In this context, the main difference of the proposed 

approach, as well as the papers published in the literature, is: 

in the proposed technique, we designed an adaptive k-sharing 

function, which suppresses the fast transients at the FC 

terminals to comply with FC slow dynamics related to the 

aforementioned delay time of mechanical devices. In this 

scenario, the system stability is improved by using a SS 

operating with complementary dynamics. In addition, the 

adaptive k-sharing includes the capability to manage the power 

sharing at steady-state and transitory regimes, widely 

controlling the dc-link over/under voltage. 

This paper is organized as follow: in section II we present 

the system description. In section III the k-sharing description. 

In section IV we evaluate the adaptive k-sharing in terms of 

stability, while in section V we discuss the main results to 

prove the theoretical analysis. Finally, in section VI we 

conclude the proposed approach. 

II.   SYSTEM DESCRIPTION 

In Fig. 1 we show an interleaved boost with voltage 

multiplier (IBVM) converter powered by a fuel cell and a 

bidirectional buck-boost converter driven by a SS. To connect 

the dc microgrid to the main feeder, we use a voltage source 

inverter (VSI) controlled in the current (synchronous reference 

frame) mode and synchronized to the grid by means of a phase 

looked-loop (PLL) [26]–[28]. 

A.   IBVM Mathematical Model 

To define the mathematical model of the IBVM power 

converter, we assume in Fig. 1 that the state vector 𝒙 =

[𝑖𝐿1  𝑖𝐿2  𝑣𝐶1  𝑣𝐶2  𝑣𝑑𝑐_𝑙𝑖𝑛𝑘]
𝑇
is composed by the current of the 

inductors (𝑖𝐿1 and 𝑖𝐿2  ), the voltage of the doubler cells (𝑣𝐶1 

and 𝑣𝐶2) and the dc-link voltage (𝑣𝑑𝑐_𝑙𝑖𝑛𝑘). The input vector 

𝒖 = [𝑣𝑓𝑐 𝑖0]𝑇 is composed by the FC voltage and the dc-

current of the load (𝑖0) (VSI equivalent model) with the VSI 

equivalent resistance defined by 𝑅𝑂 = 𝑣𝑑𝑐_𝑙𝑖𝑛𝑘 𝑖0⁄ . In addition, 

the output vector 𝒚 = [𝑖𝐿1 + 𝑖𝐿2 𝑣𝑑𝑐_𝑙𝑖𝑛𝑘]
𝑇
 is a function of the 

FC current (𝑖𝑓𝑐 = 𝑖𝐿1 + 𝑖𝐿2 ) and the dc-link voltage. 

In this context, each switching interval (𝑘1…𝑘4) has its 

mathematical model given by [29], while the IBVM model is 

achieved by applying the superposition theory, i.e. multiplying 

the state, input, output and feedforward matrices of an 𝒊𝑡ℎ 

subinterval (𝑨𝒊, 𝑩𝒊, 𝑪𝒊 and 𝑫𝒊) by an 𝒊𝑡ℎ duty-cycle (𝑘𝑖). 
Considering that the MOSFETs are commuting with 180o 

of displacement, the interval in which the 𝑆1 or 𝑆2 stay off is 

(1 − 𝑘)𝑇𝑆. In this type of simplification, we obtain as result 

𝑘1𝑇𝑆 + 𝑘2𝑇𝑆 = 1 2⁄ 𝑇𝑆 and 𝑘3𝑇𝑆 + 𝑘4𝑇𝑆 = 1 2⁄ 𝑇𝑆, i.e. 𝑘2 and 

𝑘4 are equal to (1 − 𝑘), 𝑘1 = 𝑘3 = 1 2⁄ − (1 − 𝑘) = 𝑘 − 1 2⁄  

and the state matrix takes the form: 

𝑨 = ∑ 𝑨𝒊
4
𝑖=1 𝑘𝑖 = 𝑨𝟏 (𝑘 −

1

2
) + 𝑨𝟐(1 − 𝑘) + 𝑨𝟑 (𝑘 −

1

2
) +

𝑨𝟒(1 − 𝑘) = (−𝑨𝟏 + 𝑨𝟐 + 𝑨𝟒) + 𝑘(2𝑨𝟏 − 𝑨𝟐 − 𝑨𝟒)  
(1) 

Consequently, substituting (1) in the state-space model and 

taking into account that 𝑩 = ∑ 𝑩𝒊
4
𝑖=1 𝑘𝑖 = 𝑩𝟏 and 𝑫 = 0, the 

following IBVM average model illustrated in Fig. 1 is 

achieved: 
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{
�̇� = [(−𝑨𝟏 + 𝑨𝟐 + 𝑨𝟒) + 𝑘(2𝑨𝟏 − 𝑨𝟐 − 𝑨𝟒)]𝒙 + 𝑩𝒖
𝒚 = 𝑪𝒙                                                                                      

 (2) 

Considering the duty-cycle as the input variable, we apply 

the small-signal analysis in (2) to find the average model 

presented as follows: 

{
 

 
�̇� + �̇̂� =                                                                                              
[(−𝑨𝟏 + 𝑨𝟐 + 𝑨𝟒) + (𝐾 + �̂�)(2𝑨𝟏 − 𝑨𝟐 − 𝑨𝟒)](𝑿 + �̂�)     

+𝑩(𝑼 + �̂�)                                                                                       
𝒀 + �̂� = 𝑪(𝑿 + �̂�)                                                                            

  (3) 

In the analysis, the input, output, state variables and the 

duty-cycle are evaluated considering the ac (small-signals) and 

dc (steady-state regime) components 𝒖 = 𝑼 + �̂�, 𝒚 = 𝒀 + �̂�, 

𝒙 = 𝑿 + 𝒙 and 𝑘 = 𝐾 + �̂�, where the uppercase denotes the 

steady-state regime, and the circumflex accent means the 

small-signal perturbation around the quiescent operating point. 

In (3) the gradient of the state vector at steady-state regime 

is zero (�̇� = 0), 𝑿 = −𝑨𝒏
−1𝑩𝑼, 𝑨𝒏 = (−𝑨𝟏 + 𝑨𝟐 + 𝑨𝟒) +

𝐾(2𝑨𝟏 − 𝑨𝟐 − 𝑨𝟒), and 𝑭 = (2𝑨𝟏 − 𝑨𝟐 − 𝑨𝟒)𝑿. Finally, the 

ac-model of the IBVM converter is found according to: 

{

�̇̂� = [(−𝑨𝟏 + 𝑨𝟐 + 𝑨𝟒) + 𝐾(2𝑨𝟏 − 𝑨𝟐 − 𝑨𝟒)]�̂�        

+𝑩�̂� + (2𝑨𝟏 − 𝑨𝟐 − 𝑨𝟒)𝑿�̂�                          
�̂� = 𝑪�̂�                                                                                   

 (4) 

To simplify the ac-model defined in (4), 𝑭 is incorporated 

in 𝑩 to produce a new matrix 𝑩′ = [𝑩 𝑭]. In the same 

way, �̂� is incorporated in the input vector �̂� to produce a new 

input vector �̂�′ = [�̂� �̂�]
𝑇, as seen in: 

{
�̇̂� = 𝑨𝒏�̂� + 𝑩�̂� + 𝑭�̂� = 𝑨𝒏�̂� + [𝑩 𝑭] [

�̂�

�̂�
] = 𝑨𝒏�̂� + 𝑩

′�̂�′

�̂� = 𝑪�̂�                                                                                              
 (5) 

B.   Mathematical Model of the Bidirectional Converter 

The mathematical model of the bidirectional power 

converter is achieved when we assume in Fig. 1 that the state 

vector 𝒙𝒔𝒔 = [𝑣𝑑𝑐_𝑙𝑖𝑛𝑘   𝑣𝐶𝑠𝑠  𝑖𝐿𝑠𝑠]
𝑇
 is composed by the dc-link 

voltage, the voltage on the capacitor terminals (𝐶𝑠𝑠) and the 

inductor current (𝑖𝐿𝑠𝑠). Using the same idea, the input 

vector 𝒖𝒔𝒔 = [𝑖0 𝑣𝑠𝑠]
𝑇 is composed by the voltage on the SS 

terminals, and the VSI is modeled as a current source (𝑖0).  
Therefore, we calculate the state-space model switching-on 

and off 𝑆3 (buck mode) and 𝑆4 (boost mode) to produce the 

states matrices 𝑨𝟓 and 𝑨𝟔, input matrices 𝑩𝟓 and 𝑩𝟔, output 

matrices 𝑪𝟓 and 𝑪𝟔, and feedforward matrices 𝑫𝟓 and 𝑫𝟔 of 

each interval of switching, as follows: 

{
 

 
�̇�𝒔𝒔 = [𝑨𝟓𝑚𝑠𝑠 + 𝑨𝟔(1 −𝑚𝑠𝑠)]𝒙𝒔𝒔 +

           +[𝑩𝟓𝑚𝑠𝑠 + 𝑩𝟔(1 − 𝑚𝑠𝑠)]𝒖𝑠𝑠       

𝒚𝒔𝒔 = [𝑪𝟓𝑚𝑠𝑠 + 𝑪𝟔(1 − 𝑚𝑠𝑠)]𝒙𝒔𝒔 +

           +[𝑫𝟓𝑚𝑠𝑠 + 𝑫𝟔(1 − 𝑚𝑠𝑠)]𝒖𝒔𝒔

  (6) 

Additionally, (6) needs to represent the overall 

mathematical model of the bidirectional dc/dc converter, i.e. 

when we have the boost model the duty-cycle (𝑘𝑠𝑠) ponders 

the matrix 𝑨𝟓, 𝑩𝟓, 𝑪𝟓 and 𝑫𝟓, while (1 − 𝑘𝑠𝑠) multiply 𝑨𝟔, 

𝑩𝟔, 𝑪𝟔 and 𝑫𝟔. Moreover in the step-down mode 𝑨𝟓, 𝑩𝟓, 𝑪𝟓 

and 𝑫𝟓 are multiplied by (1 − 𝑘𝑠𝑠) and 𝑨𝟔, 𝑩𝟔, 𝑪𝟔 and 𝑫𝟔 by 

𝑘𝑠𝑠. To generalize the model, we introduce a new variable 

𝑚𝑠𝑠 = 𝑘𝑠𝑠 when the boost mode is active and 𝑚𝑠𝑠 = 1 − 𝑘𝑠𝑠 
when buck mode is active, respectively. 

In this context, we apply the small-signal analysis in (6) to 

represent the ac and dc-models 𝒖𝒔𝒔 = 𝑼𝒔𝒔 + �̂�𝒔𝒔, 𝒚𝒔𝒔 = 𝒀𝒔𝒔 +
�̂�𝒔𝒔, 𝒙𝒔𝒔 = 𝑿𝒔𝒔 + �̂�𝒔𝒔 and 𝑚𝑠𝑠 = 𝑀𝑠𝑠 + �̂�𝑠𝑠, where the 

uppercase also denotes the steady-state regime, and the 

circumflex accent represents the small-signal perturbation 

around the quiescent point: 

{

�̇̂�𝒔𝒔 = 𝑨𝒔𝒔𝑿𝒔𝒔 + 𝑩𝒔𝒔𝑼𝒔𝒔⏟          
=0

+ 𝑨𝒔𝒔�̂�𝒔𝒔 + 𝑹�̂�𝑠𝑠 + 𝑩𝒔𝒔�̂�𝒔𝒔

𝒀𝒔𝒔 + �̂�𝒔𝒔 = 𝑪𝒔𝒔𝑿𝒔𝒔 +𝑫𝒔𝒔𝑼𝒔𝒔⏟          
=𝒀𝒔𝒔

+ 𝑪𝒔𝒔�̂�𝒔𝒔 + 𝑸�̂�𝑠𝑠 + 𝑫𝒔𝒔�̂�𝒔𝒔
 (7) 

In (7) 𝑨𝒔𝒔 = 𝑨𝟓𝑀𝑠𝑠 + 𝑨𝟔(1 − 𝑀𝑠𝑠), 𝑹 = (𝑨𝟓 − 𝑨𝟔)𝑿𝒔𝒔 +
(𝑩𝟓 −𝑩𝟔)𝑼𝒔𝒔, 𝑩𝒔𝒔 = 𝑩𝟓𝑀𝑠𝑠 + 𝑩𝟔(1 −𝑀𝑠𝑠), 𝑪𝒔𝒔 =
𝑪𝟓𝑀𝑠𝑠 + 𝑪𝟔(1 − 𝑀𝑠𝑠), 𝑸 = (𝑪𝟓 − 𝑪𝟔)𝑿𝒔𝒔 and 𝑫𝒔𝒔 = 𝑫𝟓 =
𝑫𝟔 = 0. Additionally, the steady-state regime can be 

represented by 𝑿𝒔𝒔 = −𝑨𝒔𝒔
−1𝑩𝒔𝒔𝑼𝒔𝒔 (�̇�𝒔𝒔 = 0) and 𝒀𝒔𝒔 =

𝑪𝒔𝒔𝑿𝒔𝒔, respectively. Therefore, the ac-model of the 

directional power converter is calculated according to: 

{
�̇̂�𝒔𝒔 = 𝑨𝒔𝒔�̂�𝒔𝒔 + 𝑹�̂�𝑠𝑠 + 𝑩𝒔𝒔�̂�𝒔𝒔
�̂�𝒔𝒔 = 𝑪𝒔𝒔�̂�𝒔𝒔 + 𝑸�̂�𝑠𝑠

  (8) 

III.   POWER-SHARING MODELING AND CONTROL 

Based on the proposed management method, the load step 

required from the ac-side has to be compensated by the dc 

microgrid as fast as possible. However, this type of transient 

produces stability drawbacks because of the slow-time 

response of the FCs. Considering the slow dynamics of the FCs 

and power quality problems, a set of SSs is included in the dc 

microgrid to compensate the load demand connected to the ac-

side, as illustrated Fig. 2. 

In this context, the total power available on the dc-side has 

to be supplied by the SS and FC: 

𝑝𝑑𝑐 = 𝑝𝑆𝑆 + 𝑝𝑓𝑐 + 𝑝𝑙𝑜𝑠𝑠𝑒𝑠 (9) 

where 𝑝𝑑𝑐 is the instantaneous power available on the dc-side, 

𝑝𝑓𝑐 is the instantaneous power produced by the FC, 𝑝𝑠𝑠 is the 

instantaneous power produced by or absorbed from the SSs, 

while 𝑝𝑙𝑜𝑠𝑠𝑒𝑠  are the converter losses, as well. 

Moreover, in Fig. 2 we observe that 𝑝𝑠𝑠 and 𝑝𝑓𝑐 are 

weighted by a filter transfer function because they have 

different dynamic response. In terms of frequency response, 

the power produced by the dc sources and exchanged by the 

SSs are complementary, i.e. the SS is weighted by a high-pass 

filter (1 − 𝑛𝑑) while the FC is weighted by a low-pass filter 

(𝑛𝑑) as: 

𝑝𝑑𝑐 = (1 − 𝑛𝑑)𝑝𝑠𝑠 + 𝑛𝑑𝑝𝑓𝑐  (10) 

In other words, the filter transfer function compensates the 

converter losses, i.e. (9) must be equal to (10). To generalize 
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the mathematical model, we include the ac-side in the problem 

(Fig. 2.a). In this case, the dc-link power balance (𝑝𝑙𝑖𝑛𝑘) is 

achieved when the power demanded by the ac-side (𝑝𝑝𝑐𝑐) is 

completely produced by the dc-side (𝑝𝑑𝑐) as shown in: 

𝑝𝑙𝑖𝑛𝑘 = 𝑝𝑑𝑐 − 𝑝𝑝𝑐𝑐  (11) 

Substituting (10) into (11), we obtain the following 

instantaneous power model to represent the dc microgrid: 

𝑝𝑙𝑖𝑛𝑘 = (1 − 𝑛𝑑)𝑝𝑆𝑆 + 𝑛𝑑𝑝𝑓𝑐 − 𝑝𝑝𝑐𝑐  (12) 

Therefore, we can define the low-pass filter transfer 

function (𝑛𝑑(𝑠)). In order to respect the FC slow dynamics 

response and to prevent damage in the FC, the time-

constant (𝜏)  is designed according to the characteristics of a 

specific FC as follows: 

𝑛𝑑(𝑠) =
1

𝑠𝜏 + 1
 (13) 

As a final point, in the scenario presented in Fig. 2.b the SS 

shares power only during the transitory regime, while the FC 

is in-charge of the steady-state regime. 

A.   Modelling dc/dc Converters for Power-Sharing Operation 

From the mathematical model described in sections II.A and 

B (model of both dc/dc converters), we propose a control 

diagram with power-sharing dynamics as shown in Fig. 3. In 

this figure, 𝐻𝑣 , 𝐻𝑖  and 𝐻𝑖𝑠𝑠 represent the sensor gains of the 

dc-link voltage, the FC and SS current sensors, as well as the 

proportional-integral (PI) regulator 𝑃_𝐼𝑣, 𝑃_𝐼𝑖𝑠𝑠 and 𝑃_𝐼𝑖𝑓𝑐  for 

controlling the dc-link voltage, FC and SS current, 

respectively. Also in Fig. 3, we show the ac-voltage and 

current references of the dc-link (�̂�𝑑𝑐_𝑙𝑖𝑛𝑘_𝑟𝑒𝑓), FC (𝑖�̂�𝑐_𝑟𝑒𝑓) and 

SS (𝑖�̂�𝑠𝑠_𝑟𝑒𝑓), respectively. 

To calculate the FC and the SS current references (ac-

components to keep the microgrid stable), we process the total 

current available on the dc-link (𝑖̂𝑒(𝑠)) through the low-pass 

filter transfer function to give the FC a slower dynamics (14) 

and 𝑖�̂�(𝑠) through the complementary function to obtain a 

faster dynamics on the SS terminals: 

{

𝑖�̂�𝑐_𝑟𝑒𝑓(𝑠) = 𝑖�̂�(𝑠)𝑛𝑑(𝑠)  

𝑖�̂�𝑐_𝑟𝑒𝑓(𝑠) = 𝑖�̂�(𝑠)
1

𝑠𝜏 + 1

 (14) 

{
𝑖�̂�𝑠𝑠_𝑟𝑒𝑓(𝑠) = 𝑖�̂�(𝑠)(1 − 𝑛𝑑(𝑠))   

𝑖̂𝐿𝑠𝑠_𝑟𝑒𝑓(𝑠) = 𝑖�̂�(𝑠) (1 −
1

𝑠𝜏 + 1
)

 (15) 

In Fig. 3, we show the capability of each converter to 

compensate the voltage deviation on the dc-link, i.e. the effect 

of the FC current (𝑖�̂�𝑐_𝑟𝑒𝑓) and the SS current (𝑖̂𝐿𝑠𝑠_𝑟𝑒𝑓) 

references on the dc-link voltage (�̂�𝑑𝑐_𝑙𝑖𝑛𝑘_𝑟𝑒𝑓). Firstly, we 

calculate the current model in the closed-loop for the FC via a 

simple arithmetic of blocks in the time-domain when the 

output vector 𝑪𝒊 = [1 1 0 0 0] , such as: 
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Fig. 2. Power management strategy to the transitory regime (a) ac-side and 
(b) dc-side. 

�̇̂� = 𝑨𝒏�̂� + 𝑩�̂� − 𝐻𝑖𝑃_𝐼𝑖𝑓𝑐𝑭𝑪𝒊�̂� + 𝑃_𝐼𝑖𝑓𝑐𝑭𝑖�̂�𝑐_𝑟𝑒𝑓 (16) 

Later, we apply the Laplace’s transform in (16), and make 

the ac-input vector equal to zero (𝒖 ̂(𝑠) = 0) to find the closed-

loop transfer function expressed as: 

𝑮𝒄𝒊(𝑠) =
�̂�(𝑠)

�̂�𝑓𝑐_𝑟𝑒𝑓(𝑠)
= (𝑠𝑰 − 𝑨𝒏 +

𝐻𝑖𝑃_𝐼𝑖𝑓𝑐(𝑠)𝑭𝑪𝒊)
−1
𝑃_𝐼𝑖𝑓𝑐(𝑠)𝑭  

(17) 

However, our goal is the FC current effect on the dc-link 

voltage. Taking into account that 𝑮𝒄𝒊(𝑠) is a relationship 

between 𝑖�̂�𝑐_𝑟𝑒𝑓(𝑠) and 𝒙(𝑠), the final objective is achieved 

multiplying 𝒙(𝑠) by a specific output vector 𝑪𝒗 = [0 0 0 0 1] 
according to: 

�̂�𝑑𝑐_𝑙𝑖𝑛𝑘(𝑠)

𝑖�̂�𝑐_𝑟𝑒𝑓(𝑠)
= 𝑪𝒗𝑮𝒄𝒊(𝑠) (18) 

We adopt a similar procedure to the SS, i.e. we also compute 

the current model in closed-loop for the SS (𝑖𝐿𝑠𝑠(𝑠)) via Fig. 

3, arithmetic of blocks and considering in (8) that 𝑪𝒔𝒔𝒊 = 𝑪𝟓 =
𝑪𝟔 = [0 0 1] in the time-domain (19). 

�̇̂� = 𝑨𝒔𝒔�̂�𝒔𝒔 + 𝑩𝒔𝒔�̂�𝑠𝑠 + 𝑃𝐼𝑖𝑠𝑠
𝑹𝑖�̂�𝑠𝑠𝑟𝑒𝑓 −𝐻𝑖𝑠𝑠𝑃𝐼𝑖𝑠𝑠

𝑹𝑪𝒔𝒔𝒊�̂�𝑠𝑠  (19) 

In addition, the output vectors in (8) are the same, i.e. 𝑸 =
(𝑪𝟓 − 𝑪𝟔)𝑿𝒔𝒔 = 0. Later, we apply the Laplace’s transform in 

(19), and make the ac-input vector equal to zero (�̂�𝒔𝒔(𝑠) = 0) 

to find the SS transfer function 𝑮𝑪𝒔𝒔𝒊(𝑠) defined in: 

𝑮𝑪𝒔𝒔𝒊(𝑠) =
�̂�𝒔𝒔(𝑠)

�̂�𝐿𝑠𝑠_𝑟𝑒𝑓(𝑠)
= (𝑠𝑰𝒔𝒔 − 𝑨𝒔𝒔 +

𝐻𝑖𝑠𝑠𝑃_𝐼𝑖𝑠𝑠(𝑠)𝑹𝑪𝒔𝒔𝒊)
−1
𝑃_𝐼𝑖𝑠𝑠(𝑠)𝑹  

(20) 

As previously shown, the main objective is the influence of 

the SS current reference on the dc-link voltage, such as: 

�̂�𝑑𝑐_𝑙𝑖𝑛𝑘(𝑠)

𝑖�̂�𝑠𝑠_𝑟𝑒𝑓(𝑠)
= 𝑪𝒔𝒔𝒗𝑮𝑪𝒔𝒔𝒊(𝑠) (21) 

i.e. we ponder the vector 𝒙𝒔𝒔(𝑠) by the output vector when 

𝑪𝒔𝒔𝒗 = [1 0 0] to get as result the dc-link voltage �̂�𝑑𝑐_𝑙𝑖𝑛𝑘(𝑠) =

𝑪𝒔𝒔𝒗𝒙𝒔𝒔(𝑠). 
After  reducing  the  FC  and  SS  current  loops  to  specific 
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Fig. 3. Dc-link voltage control for dynamic power-sharing during transition. 

transfer functions (18) and (21), we estimate the stability of the 

dc-link voltage loop when a PI controller is used and calculate 

via theory of superposition the following open-loop transfer 

function: 

𝐻𝑣𝑃_𝐼𝑣(𝑠)𝑛𝑑(𝑠)𝑪𝒗𝑮𝒄𝒊(𝑠) + 𝐻𝑣𝑃_𝐼𝑣(𝑠)(𝑠)(1 −

𝑛𝑑(𝑠))𝑪𝒔𝒔𝒗𝑮𝑪𝒔𝒔𝒊(𝑠) = 𝐻𝑣 [𝑘𝑝𝑣

(
𝑘𝑖𝑣
𝑘𝑝𝑣

+𝑠)

𝑠
] (

1

𝑠𝜏+1
)𝑪𝒗(𝑠𝑰 −

𝑨𝒏 + 𝐻𝑖 [𝑘𝑝𝑓𝑐

(
𝑘𝑖𝑓𝑐

𝑘𝑝𝑓𝑐
+𝑠)

𝑠
] 𝑭𝑪𝒊)

−1

[𝑘𝑝𝑓𝑐

(
𝑘𝑖𝑓𝑐

𝑘𝑝𝑓𝑐
+𝑠)

𝑠
] 𝑭 +

𝐻𝑣 [𝑘𝑝𝑣

(
𝑘𝑖𝑣
𝑘𝑝𝑣

+𝑠)

𝑠
] (1 −

1

𝑠𝜏+1
)𝑪𝒔𝒔𝒗 (𝑠𝑰𝒔𝒔 − 𝑨𝒔𝒔 +

𝐻𝑖𝑠𝑠 [𝑘𝑝𝑠𝑠

(
𝑘𝑖𝑠𝑠
𝑘𝑝𝑠𝑠

+𝑠)

𝑠
]𝑹𝑪𝒔𝒔𝒊)

−1

[𝑘𝑝𝑠𝑠

(
𝑘𝑖𝑠𝑠
𝑘𝑝𝑠𝑠

+𝑠)

𝑠
]𝑹   

(22) 

where 𝑘𝑝𝑣 , 𝑘𝑝𝑓𝑐 and 𝑘𝑝𝑠𝑠 are the proportional gains, and 𝑘𝑖𝑣 , 

𝑘𝑖𝑓𝑐  and 𝑘𝑖𝑠𝑠 are the integral gains of the voltage (dc-link) and 

current (FC and SS) controllers. 

 

B.   Adaptive k-Sharing 

In general, the SSs are in-charge only during the transitory 

regime in classical operations of dc microgrids. In a modern 

scenario, the SS could assume an additional functionality as 

power production at steady-state regime as illustrated in Fig. 

4. However, this task must be performed during a predefined 

interval of time to avoid the SS depth discharging and 

consequently its permanent damage in the case of batteries.  
In this case, we proposed the adaptive k-sharing function 

shown in Fig. 5. This solution is based on the inclusion of an 

adaptive k-sharing function and k-sharing gains (𝑘𝑝𝑠, 𝑘𝑠) to 

manage the steady-state power absorbed from or supplied by 

the SS: 

𝑘𝑠 =
2

1 + 𝑒𝑘𝑝𝑠∆�̂�𝑙𝑖𝑛𝑘
 (23) 

In Fig. 2.b, the k-sharing gain (𝑘𝑠) is set to one and the SS 

shares power only during the transitory regime. On the other 

hand, in Fig. 4b the k-sharing gain (𝑘𝑠) assumes different 

values of one and the SS operation mode is improved allowing 

it to absorb or deliver power also at steady-state regime. 

Unfortunately, as aforementioned this state of operation has to 

be managed accurately to prevent depth-of-discharge levels. 

Therefore, when 𝑘𝑠 = 1 the function (23) is linearized and 

the SSs will work only during the transients. However, when 

k-sharing gain 𝑘𝑠 ≠ 1, besides mitigating the transient and 

improving the SS response to keep the dc-link voltage stable, 

the k-sharing function also regulates the steady-state power 

(absorbed or delivered) by the SS to the dc-link. Thus, the 

variable 𝑘𝑠 is related to the amount of power shared by the SS 

at steady-state regime. 

In the k-sharing function (23), the 𝑘𝑝𝑠 gain is responsible 

for changing the 𝑘𝑠 value dynamically, as shown in Fig. 6, 

which is associated to the dc microgrid stability. Additionally, 

Fig. 6 shows that for higher 𝑘𝑝𝑠 gain values, the power sharing 

dynamics is faster. At the same time, with increasing 𝑘𝑝𝑠 gains, 

the dc-link voltage error at steady-state regime is lower, 

because the dynamic behavior to reach the required 𝑘𝑠 value is 

enhanced as illustrated in (23) and in Fig. 6. 

The SS current reference 𝑖�̂�𝑠𝑠_𝑟𝑒𝑓(𝑠) is calculated taking 

into account the definition shown in (15), and weighting 𝑛𝑑(𝑠) 
by 𝑘𝑠 as in: 

𝑖�̂�𝑠𝑠_𝑟𝑒𝑓(𝑠) = 𝑖�̂�(𝑠)[1 − 𝑘𝑠𝑛𝑑(𝑠)] (24) 

Substituting (23) in (24) we get as result the final mathematical 

mode to calculate the SS current reference: 
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Fig. 4. Power management strategy to the transitory and steady-state regimes 

(a) ac-side and (b) dc-side. 
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Fig. 5. Dc-link voltage control structure for dynamic k-sharing during the 

transitory and steady-state regimes. 
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𝑖�̂�𝑠𝑠_𝑟𝑒𝑓(𝑠) = 𝑖�̂�(𝑠) [1 − (
2

1 + 𝑒𝑘𝑝𝑠∆�̂�𝑙𝑖𝑛𝑘
) (

1

𝑠𝜏 + 1
)] (25) 

A similar analysis is performed on the FC current reference, 

considering the model in (14) we also multiply 𝑛𝑑(𝑠) by 𝑘𝑠 to 

obtain the FC current reference (26). Finally, we apply (23) in 

(26) to get the final model of the FC current reference in: 

𝑖�̂�𝑐_𝑟𝑒𝑓(𝑠) = 𝑖�̂�(𝑠)[𝑘𝑠𝑛𝑑(𝑠)] (26) 

𝑖�̂�𝑐_𝑟𝑒𝑓(𝑠) = 𝑖�̂�(𝑠) [(
2

1 + 𝑒𝑘𝑝𝑠∆�̂�𝑙𝑖𝑛𝑘
) (

1

𝑠𝜏 + 1
)] (27) 

In Fig. 7 we plot the effect of the dc-voltage error and 𝑘𝑝𝑠 

on 𝑘𝑠 [𝑘𝑠𝑓(∆�̂�𝑙𝑖𝑛𝑘 , 𝑘𝑝𝑠)]. If ∆�̂�𝑙𝑖𝑛𝑘 ≠ 0 and with high 𝑘𝑝𝑠 

values, low ∆�̂�𝑙𝑖𝑛𝑘 values will speed-up the power-sharing. 

Moreover, if ∆�̂�𝑙𝑖𝑛𝑘 ≠ 0 and small values of 𝑘𝑝𝑠, the control 

structure will show slow power-sharing responses. 

Unfortunately, the proposed approach will implicate in dc-link 

voltage error while the k-sharing technique is active. However, 

we reduce the deviation to less than 1.4% with an accurate 

adjustment of 𝑘𝑝𝑠. 

IV.   DYNAMIC RESPONSE OF THE DC MICROGRID 

Initially, we linearize the adaptive k-sharing function (23) 

in Fig. 3, imposing fixed 𝑘𝑠 values for  

dc-link voltage error

kps

ks

 
Fig. 7. The dc-link voltage error (∆�̂�𝑙𝑖𝑛𝑘) and ks for different values of 𝑘𝑝𝑠. 

𝑘𝑠𝑓(∆�̂�𝑙𝑖𝑛𝑘 , 𝑘𝑝𝑠) = 1 − 𝑘𝑝𝑠∆�̂�𝑙𝑖𝑛𝑘. Later, the same procedure 

is applied to the dynamic k-sharing with predefined 𝑘𝑝𝑠 values 

in Fig. 5. Finally, we evaluate the microgrid parametric 

sensitivity for different points of operation according to the 

parameters shown in Table I. 

A.   Evaluating the Adaptive k-Sharing During the Transitory 

Firstly, we accomplish the frequency and step response of 

the dc-link voltage as shown in Fig. 3. In this context, we 

realize that the phase-margin and the magnitude at low 

frequency (≤ 10 Hz) remain unchanged as the k-sharing 

function gain (𝑘𝑠) is modified between 0.1 and 1.0, Fig. 8a. 

Moreover, in the same interval of frequency the phase 

changes from -180º to -90º as 𝑘𝑠 changes in the same universe 

of discourse (between 0.1 and 1.0). Fortunately, when the 

frequency is greater than 10 Hz, both the magnitude and phase 

are not affected as the 𝑘𝑠 gain rises, Fig. 8a. 

When the dc-link voltage is submitted to a unit step, we also 

realize at steady-state regime an increment of the dc-link 

voltage error as 𝑘𝑠 moves straightforward to zero, Fig. 8b. In 

all cases, the error of amplitude is smaller than 2% proving the 

effectiveness of the method. 

B.   Evaluating the Adaptive k-Sharing at Steady-State and 

Transitory Regimes 

Now we accomplish the frequency, root locus and step 

response of the dc-link voltage as shown in Fig. 5. In this 

procedure, we realize that the gain 𝑘𝑝𝑠 defines the management 

dynamics, while ∆�̂�𝑙𝑖𝑛𝑘  indicates if the SS absorbs or delivers 

power to the microgrid. 

According to the analysis performed in Fig. 9a, we observe 

that at low frequency (≤ 10 Hz) the magnitude and the phase-

margin are not affected when the gain 𝑘𝑝𝑠 is changed from 0.1 

to 10.0. Moreover, in the same interval of frequency, the phase 

changes at least -90º according to Fig. 9a. 

Fortunately, when we increase the frequency, the effect of 

𝑘𝑝𝑠 on the magnitude and phase are negligible. Similarly, we 

observe that 𝑘𝑝𝑠 does not modify the bandwidth in closed-loop 

(Fig. 9b). 
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Table I 

GENERAL PARAMETERS OF THE MICROGRID 

Stage Parameter Value 

General data 

dc-link voltage 250 (V) 

𝐶𝑑𝑐_𝑙𝑖𝑛𝑘 1.36 (mF) 

Frequency  of switching 12 (kHz) 

𝜏
 

200 (ms) 

SS Voltage/Capacity 100 (V) / 5 (Ah) 

FC Voltage/Current 28.8 (V) / 35 (A) 

Buck-boost  

bidirectional 

𝑅𝑠 50 (mΩ) 

𝐶𝑠𝑠 940 (µF) 

𝑅𝐶𝑠𝑠 175 (mΩ) 

𝐿𝑠𝑠 10 (mH) 

𝑅𝐿𝑠𝑠 300 (mΩ) 

IBVM 

𝐿1 = 𝐿2 870 (µH) 

𝑟𝐿1 = 𝑟𝐿2 34.8 (mΩ) 

𝐶1 = 𝐶2 1 (µF) 

𝑟𝐶1 = 𝑟𝐶2 29 (mΩ) 

AC inverter 

Rated voltage (P-N) 63.5 (V) 

𝐿𝑑𝑔
 

2 (mH) 

𝑅𝑑𝑔 100 (mΩ) 

𝐿𝑔
 

5 (mH) 

𝑅𝑔 100 (mΩ) 

𝐶 10 (µF) 

𝑅𝐶 10 (Ω) 

The stability analysis of the FC and SS are shown in Fig. 

10. As the SS voltage drops, the conjugate poles approach 

instability, which indicate a slower response, i.e. a smaller SS 

capacity is needed to compensate transients, Fig. 10a. On the 

other hand, increasing the dynamic response of the FC no 

impact is performed on the power-sharing control, i.e. the k-

sharing gain compensates the FC slow dynamics through of the 

SS, Fig. 10b. In this analysis, we used 𝑘𝑠= 0.5, i.e. there is an 

amount of power being shared in steady-state regime. 

We also plot the step response for different 𝑘𝑝𝑠 values in 

Fig. 11a. In Fig. 11b (zoom of Fig. 11a), we visualize an 

increment of  the 6% on the overshoot as 𝑘𝑝𝑠 is greater, which 

is predictable because high 𝑘𝑝𝑠 values reduce the damping 

factor  and  increase  the  dynamic  response of  the  adaptive 

k-sharing control structure. On the other hand, when the gain 

𝑘𝑝𝑠 is changed from 0.1 to 10.0 there are no substantial 

changes in the settling time and rise time. 

V.   RESULTS 

A general illustration of the experimental microgrid is 

shown in Fig. 12. The prototype uses a 32-bits float point 

microprocessor (TMS28335) from Texas Instruments as logic 

unity, a FC H-1000 from Horizon Technologies as main 

source, and a set of ion-lithium-polymer as SS. In this context, 

we performed test to corroborate the k-sharing effectiveness, 

as well as to evaluate the capability of the proposed approach 

when the sharing gains are changed. Additionally, to connect 

the VSI to the grid, a 2 kW transformer is used as galvanic 

isolation at low frequency (60 Hz) in this type of prototype.  

A.   k-Sharing Operation 

After the successful FC warming-up, a load step from 250 

W to 500 W was performed on the ac-side to evaluate the 

effectiveness of the proposed approach. 

 
(a)  

 
(b) 

Fig. 8. Frequency response open loop (a) and unity step (b) for dc-link voltage 

and different  𝑘𝑠 values. 

 
(a) 

 
(b) 

Fig. 9. Frequency response open loop (a) and closed loop (b) for dc-link 

voltage and different 𝑘𝑝𝑠 values. 
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Fig. 10. Root locus (a) for different 𝑣𝑠𝑠 values and (b) different time-constant 

𝜏.  

 
(a)  

(b)  
Fig. 11. Unity step behavior (a) and zoom (b) for different 𝑘𝑝𝑠 values. 

In this event, the SS works only in the transients, i.e. the SS 

current (𝑖𝑠𝑠) will supply the power deficit when the load is 

connected, and reabsorbing it when it is removed, while the FC 

current (𝑖𝑓𝑐) will produce a slow time dynamic response caused 

by the chemical reaction inside the FC, Fig. 13. 

Additionally, we also evaluate the power balance shown in 

Fig. 14, where the power step required on the ac-side (blue) 

produces a fast power response on the SS (orange) and a slow 

dynamics on the FC (pink), i.e. the SS and the FC present a 

complementary dynamics and an equilibrium between the ac 

and dc-sides. 

Increasing kps 
Increasing kps 

Increasing ks 
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Fig. 12. Experimental setup. 

Methods such as [17]–[22] focus on the study of power 

sharing, but do not include optimizations in relation to their 

power sources. As can be seen in the results of Fig. 13 and Fig. 

14, the adaptive k-sharing function linked the FC dynamics 

(adjusted in 𝜏 = 200 ms) with the management of dc microgrid. 

This characteristic prevents damage in the FC system ensuring 

that the entire FC operation is performed in accordance to the 

characteristics of the FC.  

We also evaluate the effect of the load connection and 

disconnection on the ac-side, in Fig. 15. In both analysis (Fig. 

15b and c), we observe a fast recovery (smaller than 4 cycles 

of 60 Hz) of the PCC (point of common coupling) voltage 

(𝑣𝑝𝑐𝑐) and the grid current. 

In contrast, Fig. 16 shows the power management applied to 

the transitory and steady-state regimes. In Fig. 16, the FC 

delivers 250 W, while the SS does not contribute with power 

production to the microgrid.  However, a load step is applied 

in the ac-side, which increases the ppcc power from 250 to 500 

W. Considering that 𝑘𝑝𝑠 = 20, the SS supplies the power 

deficit during the transitory. On the other hand, when the load 

is increased to 250 W, the k-sharing control modifies the SS 

operation point (𝑘𝑠 ≠ 1) to deliver power at steady-state 

regime and keep the microgrid stability. 

As illustrated in Fig. 16, the adaptive k-sharing function 

includes the capability of managing the power at steady-state 

regime, which is useful to prevent FC starvation during the 

initialization process. Also in this figure, we observe that the 

voltage deviation on the dc-link is smaller than 2% in the range 

of operation, as expected. 

B.   Evaluation of k-Sharing Gains 

In Fig. 17 (a) and (b), we test the k-sharing stability with the 

gain k ps = 5 and 20, respectively. In the first case, the dc-link 

voltage changes at most 8.5 V (3.4% of voltage error), while 

time response to achieve the steady-state regime is around 400 

ms.  

On the other hand, in the second test, we increment the k ps 

gain in 4-times. In this type of solution, the voltage deviation 

is at most 3.5 V (the voltage deviation is equal to 1.4%), while 

time response to achieve the steady-state regime is smaller 

than 200 ms. 

 

Fig. 13. Evaluation of the k-sharing control - transitory. Vertical: SS voltage 

(20 V/div.), FC voltage (5 V/div.), FC current (5 A/div.), SS current (5 A/div.). 

Horizontal: Time (2 s/div.). 

 

Fig. 14. Power balance - transitory. Vertical: total power (300 W/div.), SS 

power (300 W/div.), FC power (300 W/div.). Horizontal: Time (2 s/div.). 

 
(a)  

 
(b) 

 
(c)  

Fig. 15. Grid evaluation. (a) load connection, (b) load step and (c) load step 
down. Vertical: dc-link voltage (50 V/div.), FC current (5 A/div.), PCC 

voltage (50 V/div.), PCC current (2 A/div.). Horizontal: Time (2 s/div.). 
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Fig. 16. Evaluation of the k-sharing control - transitory and steady-state 

regime. Vertical: dc-link voltage (50 V/div.), FC voltage (5 V/div.), FC current 

(10 A/div.), SS current (5 A/div.). Horizontal: Time (2 s/div.).  

kps = 5

3.4% of voltage error

(a) 

kps = 20

1.4% of voltage error

(b)  

Fig. 17. dc-link voltage - transitory and steady-state regime. (a) k ps = 5 and (b) 

k ps = 20. Vertical: dc-link voltage (5 V/div. Horizontal: Time (2 s/div.). 

As the load maneuver is the same for both tests in Fig. 17 

(a) and (b), the results show the positive impact of the k ps in 

the dc-link voltage error. 

VI.   CONCLUSION 

In this paper we presented an adaptive k-sharing method to 

achieve high levels of stability and improve the FC operation. 

To improve the dc microgrid functionality, the adaptive k-

sharing method allows the SS to operate not only during the 

transitory, but also at the steady-state regime. To prevent 

disturbances on the FC terminals, we proposed controllers with 

distinct dynamic response for the FC and the SS control 

structures. In addition, we perform a stability analysis to 

determine the range of operation of the controllers when 𝑘𝑠 is 

linear and nonlinear. Finally, including the k-sharing gain 

(𝑘𝑝𝑠), it was possible to adjust the voltage deviation and 

reduce de voltage error by 1.4%. For future works, tertiary 

control loops operating at low frequency should be used to 

reduce the voltage error at steady-state regime. 
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