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Abstract 

The expansion of renewable energy sources (RESs  ( and the advances in power electronics have led to more 

attention being paid to DC micro-grids (DCMGs). DCMGs enable the exploitation of all renewable energy 

potentials. Along with the advantages of RESs and DCMGs, the use of RESs is associated with the 

challenges of absence or lack of inherent inertia. Inertia in DCMGs plays an important role in reducing the 

voltage changes under the destructive events such as the load change and power change. Therefore, by 

applying energy storage systems (ESSs) in DCMGs and inertia emulation, the mentioned challenges can be 

overcome. The proposed control scheme is implemented based on the concept of the virtual supercapacitor in 

the inner control loop of the ESS interface dual-half-bridge (DHB) converter with DCMG to emulate the 

inertia. Due to the high efficiency, electrical insulation, inherent soft switching, and the requirement for a 

smaller filter, the DHB converter is used. Finally, a DCMG is simulated in MATLAB/Simulink. The 

simulation results obtained show the efficiency and flexibility of the proposed scheme in terms of inertia 

emulation. 
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1. Introduction 

The rising concerns about the environmental 

impact of fossil fuel along with the benefits of 

renewable energy sources (RESs) have led the 

researchers to focus on RESs [1]. Therefore, 

micro-grids (MGs) have been studied as a suitable 

alternative. DC micro-grids (DCMGs) are suitable 

for using energy sources (e.g. photovoltaic 

system, batteries) and DC loads (e.g. data centers, 

electric vehicle (EV) charging stations) [2]. Due 

to the absence or lack of inherent inertia, new 

challenges have been created for DCMGs. With a 

lack of inertia, a DCMG may experience an 

undesirable voltage deviation. In order to solve 

this problem, the concept of virtual inertia and 

emulation of inertia has been expressed. The 

research on inertial emulation in DCMGs is 

expanding. In [3], a control scheme for inertial 

emulation has been simulated. However, this 

scheme does not provide grid inertia in the island 

mode. Modeling of DC machines can be used to 

emulate inertia in DCMGs. In [4], using the 

concept of separately excited dc machines, the 

required inertia of the grid can be provided. 

According to the desired specifications of the 

compound dc machine in [5], this machine has 

been modeled. However, these control schemes 

are very sophisticated. In [6, 7], a virtual inertia 

strategy has been proposed in order to improve a 

DC bus voltage. However, isolated converters can 

be used for the efficiency and battery protection. 

A virtual inertia control strategy has been 

investigated by adding an inertia control loop in 

[8] in order to provide inertia for battery-based 

island DCMGs. However, this method enters 

voltage differential into the control strategy, 

which easily leads to high-frequency disturbances. 

A control strategy under the concept of VDCM 

has been proposed using the equations governing 

the separately excited real DC machine but the 

dynamic equations governing the synchronous 

machine have been used [9]. Real supercapacitors 

can be used for inertia emulation due to their rapid 

response. However, limited nominal power 

delivery time, higher initial costs, and high self-

discharge rates reduce its attractiveness and 

efficiency [10]. The use of batteries and power 

electronic converters (PECs) as a unit of inertia 

imitation has been recommended due to its low 
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discharge and low battery cost [11]. In this paper, 

a new method is proposed to create virtual inertia 

in DCMGs by presenting a virtual supercapacitor 

control scheme. This scheme provides the 

required inertia of DCMGs using the governing 

equations of the capacitor. With further analysis, 

the dual-half-bridge (DHB) converter has been 

used as a battery and grid interface power 

converter. The advantages of this type of 

converter include high efficiency, high reliability, 

high power density, electrical insulation, low 

device stress, low noise, inherent soft switching, 

and the requirement for a smaller filter [12]. In 

order to evaluate the performance and efficiency 

of the proposed design, various tests are 

performed on DCMG. Therefore, the purpose of 

presenting this article is as follows: 
 

 Improving the stability of DC bus voltage 

by enhancing the inertia of DCMG.  

 Inertia emulation by applying virtual 

supercapacitor strategy based on DHB 

converter.  

 Integration of the concept of virtual 

capacitors and ESS as a virtual 

supercapacitor.  
 

The remainder of this paper is organized as what 

follows. Section 2 describes the structure of 

DCMG. Section 3 describes the concept of virtual 

inertia emulation (VIE) and supercapacitor 

modeling. Section 4 describes a virtual 

supercapacitor. Finally, in sections 5 and 6, the 

simulation results and the conclusions of the 

article are presented. 

 

2. Structure of DCMG  

In this section, in order to evaluate the 

performance of the virtual supercapacitor unit, a 

DCMG with power generating units, DC load, and 

ESS with DHB converter is considered as the unit 

of inertia emulation. Due to the high efficiency of 

the wind and solar energies, wind turbine (WT) 

and photovoltaic (PV) cells are used as the main 

manufacturers. Also due to the variable nature of 

the wind and solar energy sources, the fuel cell 

(FC) unit is intended to provide part of the total 

load. A schematic diagram of this DCMG is 

shown in figure 1. PV panels with irradiation of 

1000 w/m2 and a temperature of 25 ℃ can 

produce a maximum rated power of 6 kW. This 

unit is connected to the DC bus by a boost DC-DC 

power converter. WT is based on a permanent 

magnet synchronous generator (PMSG) with a 

rated power of 4.5 kW. First, using a three-phase 

bridge, the output voltage of this unit is converted 

to DC, and then connected to the DC bus by a 

boost DC-DC power converter. The fuel cell (FC) 

unit delivers 3 kW with current controllers and 

power management by the Boost converter. The 

battery pack consists of two 48 V series batteries. 

This unit adjusts the input and output power 

according to the DC bus voltage, keeps the 

conditions, and controls the charge and discharge 

rate of the battery pack. This unit can support the 

system with a nominal power exchange of 3 kW. 

The load unit consists of a DC load of 13.5 kW 

powered by a buck power converter. A schematic 

diagram of this DHB converter is shown in figure 

2. 
 

 
 

Figure 1.  Structure and configuration of DCMG. 
 

 
 

Figure 2. DHB converter. 

 

3. Concept of VIE and Supercapacitor 

Modeling  

Power generation using RESs causes problems 

such as significantly reducing inertia in the grid. 

This affects the performance and stability of the 

system. Hence, the VIE technique for DCMGs has 

been considered. Therefore, applying different 

inertia emulation methods can help improve the 
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system stability. In a rotating machine, the energy 

stored in the rotor is defined as follows: 
 

𝐖𝐫 =
𝟏

𝟐
𝐉(𝛚𝐫

𝐦)𝟐 (1) 

 

J is the moment of inertia of the rotating machine, 

ωr is the angular velocity of the rotor, and Wr is 

the kinetic energy stored in the rotor of the 

machine. The equation of the energy stored in the 

capacitor is expressed as follows: 
 

𝐖𝐜 =
𝟏

𝟐
𝐂(𝐯)𝟐 (2) 

 

where Wc is the electrical energy stored in the 

capacitor, and C and V represent the capacitance 

and voltage of the capacitor, respectively. 

Therefore, the above relations can be assumed to 

be equivalent to each other, i.e. Wr ≡Wc,  and can 

be expressed as follows: 
 

𝟏

𝟐
𝐉(𝛚𝐫

𝐦)𝟐 ≡
𝟏

𝟐
𝐂𝐝𝐜(𝐯𝐛𝐮𝐬)

𝟐 (3) 

 

Equation (3) shows that the capacitor has the same 

function as the machine rotor, and can be used 

instead of the rotor in order to control the inertial 

simulation in DCMG. Given that the capacitor 

voltage does not change rapidly, and using the 

same property, it can be stated that its inertia is 

similar to that of rotating generators, and acts as a 

source of kinetic energy storage in rotating 

machines. Therefore, it can be said that the 

equation governing the capacitor does not have 

the complexities of rotating machines by 

preserving important terms to emulate the inertia 

properties similar to the inertia of rotating 

machines. According to the above equations, a 

virtual inertia control strategy is implemented as 

follows: 
 

𝐈𝐂 = 𝐂𝐯
𝐝𝐯

𝐝𝐭
+ 𝐆𝐯𝐯 (4) 

 

where Cv is the capacity of the virtual capacitor, 

Gv is the capacity of the virtual conductor, V is the 

voltage of the capacitor, and Ic is the virtual 

capacitor current. 

 

4. Virtual Supercapacitor  

The virtual supercapacitor unit consists of the 

ESS, DHB power converter, and a control 

mechanism. In this structure, the DHB converter 

is used as an interface between the battery pack 

and the DC bus. This converter was selected in the 

study design due to its high power density, 

electrical insulation, low device stress, low noise, 

inherent soft switching, and low cost. In the 

control block, the equation governing the exact 

model of the capacitor is placed. All values are 

listed in Table (1). The unit consists of a voltage 

controller, an inertia emulation unit, and a current 

control unit. In the voltage control unit, the 

amount of voltage deviation from the reference 

value enters the proportional-integral (PI) 

controller. The output of this unit is the voltage of 

the virtual supercapacitor, and after passing 

through the inertia emulation unit, which includes 

the mechanical equations of the capacitor, the 

supercapacitor current is determined. This current, 

which is the same as the battery reference current, 

enters the current control unit. The PI controller in 

this section determines the appropriate switching. 

The PI controller calculates an appropriate output 

based on the error. This controller is adjusted to 

prevent high fluctuations, and the system speed is 

in the desired range, and also resets the steady-

state response to zero. By placing a first-order 

low-pass filter (LPF) in series in the virtual 

supercapacitor control unit, high-frequency noise 

can be prevented. A block diagram of this unit is 

shown in figure 3. The virtual supercapacitor unit 

can operate in different modes and suppress 

fluctuations by exchanging power and give 

DCMG stability. By considering the amount and 

direction of the power of this unit, different 

performance modes can be examined. The DCMG 

power balance equation is defined as follows. 
 

𝐏𝐕𝐒𝐂
𝐨𝐮𝐭 = 𝐏𝐥𝐨𝐚𝐝− 𝐏𝐠𝐞𝐧 (5) 

  

𝐏𝐥𝐨𝐚𝐝 = 𝐏𝐃𝐂−𝐋 (6) 
  

𝐏𝐠𝐞𝐧 = 𝐏𝐏𝐌𝐒𝐆
𝐠𝐞𝐧

+ 𝐏𝐏𝐕
𝐠𝐞𝐧

+ 𝐏𝐅𝐂
𝐠𝐞𝐧

 (7) 
  

𝐏𝐠𝐞𝐧 = 𝐏𝐏𝐌𝐒𝐆
𝐠𝐞𝐧

+ 𝐏𝐏𝐕
𝐠𝐞𝐧

+ 𝐏𝐅𝐂
𝐠𝐞𝐧

 (8) 
 

In which 𝑃PMSG
gen

, 𝑃PV
gen

, and 𝑃FC
gen

 are the output 

power of WT, PV, and FC, respectively, and 

𝑃DC−L is the power consumption of the DC load. 

When the generation power in DCMG is greater 

than the demand, i.e. 𝑃gen > 𝑃load, the DC bus 

will be overvoltage. The virtual supercapacitor 

unit returns the DC bus voltage to its reference 

value by storing the extra power in the battery. In 

this case, the virtual supercapacitor unit is in the 

charge mode, and controls the DC bus voltage by 

receiving additional power. When the consumers 

demand more power than the production power, it 

will be 𝑃gen < 𝑃load. In the conditions, the DC 

bus has a voltage drop. The virtual supercapacitor 

unit compensates for the power shortage by 

injecting power through discharge and restores 

stability to DCMG. When the power balances 

between the supply and demand, 𝑃VSC
out = 0. In this 

case, the DC bus voltage is set exactly to its 

reference value. 
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Table 1. Parameters of virtual supercapacitor. 
 

Part Parameter Symbol Value 

Virtual capacitor 

controller 
Virtual capacitor Cv 0.002 

 Virtual conductor Gv 0.5 

DHB  

converter 
Bridge capacitors 

Cp1, Cp2, 

Cs1, Cs2 
100 µF 

 Filter capacitor Cp 1.5 mF 

 Filter capacitor Cbus 1.5 mF 

High frequency 
transformer 

Power --- 7.5 KVA 

 Auxiliary inductance L 4.5 µH 

 Turns ratio n 96/400 
 Switching frequency fs 5 kHz 

 

 
 

Figure 3. Block diagrams of control: (a) Voltage 

controller, (b) Virtual capacitor controller, (c) Current 

controller, (d) Pulse width modulation. 
 

5. Simulation Results  

The most important factor influencing the DC bus 

voltage is the power balance in DCMG. In this 

regard, during different scenarios, an attempt was 

made to examine the capabilities of the proposed 

scheme. Therefore, in DCMG, during the load 

change scenario, the ability of the proposed virtual 

supercapacitor unit to maintain the stability of 

DCMG through DC bus voltage control was 

investigated. Then the proposed scheme was 

tested on the resource change scenario and the 

generation capacity of WT and PV. DCMG 

simulation was performed in the 

MATLAB/Simulink software environment. 

 

5.1 Virtual supercapacitor unit performance in 

load change  
The PV, WT, and FC units deliver 6 kW, 4.5 kW, 

and 3 kW powers, respectively. In the first 

scenario, wind speed and solar radiation, and 

consequently, changes in the power of constant 

sources were considered. The DC load unit with a 

maximum input power of 15 kW was considered 

the DCMG consumers. In the first 0.4 s, the DC 

load demanded a 12 kW power, and our output 

power was 13.5 kW. Thus as shown in figure 4(a), 

the virtual supercapacitor unit adjusts the bus 

voltage to the reference value by storing 

additional power. As shown in figure 4(b), the 

battery current is negative, and the virtual 

supercapacitor unit is in the charge mode. At 0.4 

s, a 1.5 kW load was added. The load reached 

13.5 kW. In this case, the bus voltage dropped. 

Due to the support of the virtual supercapacitor 

unit and by emulation of the inertia in DCMG, the 

DC bus fluctuations were quickly prevented, and 

as shown in figure 4(a), the bus voltage was kept 

constant at the reference value. As shown in 

figure 4(b), the battery current was set to zero, 

indicating that the virtual supercapacitor unit had 

no power exchange with DCMG. At 0.8 s, a 1.5 

kW load was added again. The DCMG load 

reached its maximum capacity. The bus voltage 

dropped again, which according to figure 4(a), 

was compensated by the energy stored in the 

virtual supercapacitor unit. According to figure 

5(a), the current of the virtual supercapacitor was 

positive, and this unit was in the discharge mode. 

As seen in figure 5(a), at 1.2 s, by disconnecting 

the load 1.5 kW DC, the DC bus voltage 

increased, which was suppressed by the virtual 

supercapacitor unit. The battery current was set to 

zero, and in this case, the virtual capacitor super 

unit was in the floating mode. In the last period at 

1.6 s, a 1.5 kW DC load would be disconnected. 

This unit will return to the charging mode. As 

shown in figures 4(a) and 5(a), the proposed 

scheme could meet this challenge well. 
 

 
 

Figure 4. Simulation results in the first second (a) DC bus 

voltage (b) Battery current. 
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Figure 5. Simulation results in the final second (a) DC bus 

voltage (b) Battery current. 
 

5.2 Virtual supercapacitor unit performance in 

source power change  
In order to evaluate the performance of the 

proposed scheme, the second test scenario was 

performed under the PV and WT power change 

conditions. The DC load with a value of 13.5 kW 

was considered the DCMG consumer. The 

amount of DC load would remain constant until 

the end of the simulation. Also the amount of 

power output of FC was 3 kW, and would not 

change. At the beginning of the simulation, the 

amounts of production capacity and demand were 

equal. Therefore, as one can see in figure 6 (a), the 

bus voltage is at its reference value, and the 

virtual supercapacitor unit is in the floating mode 

according to figure 6 (b). In 0.4 s, the WT power 

decreased from 4.5 kW to 3.5 kW. As shown in 

figure 6(a), the bus voltage dropped. Due to the 

support of the virtual supercapacitor unit and by 

emulation inertia in DCMG, the DC bus 

fluctuations were quickly prevented. Therefore, 

the virtual supercapacitor unit returned the voltage 

to the reference value. In this case, the battery 

current would be positive. Therefore, this unit 

would be in the discharge mode. According to 

figure 6(c), in 0.8 s, the power of PV decreased 

from 6 kW to 5 kW. In this case, the bus voltage 

dropped again, and the virtual supercapacitor unit 

was responsible for supplying the required power. 

As shown in figure 6(b), the battery current would 

increase again in order to provide more power to 

DCMG. According to figure 7(c), the WT power 

returned to its initial value in 1.2 s. The DC bus 

voltage increased, and the virtual supercapacitor 

unit stored an extra power in order to prevent 

overvoltage of the bus. The battery current also 

decreased. In the last period, the power of the PV 

power returned to its initial value. According to 

figure 7(a), the bus voltage increased again, and 

the virtual supercapacitor unit returned the bus 

voltage to the reference value by storing an 

additional power. As one can see in figure 7(b), 

the battery current would also be set to zero so the 

virtual supercapacitor unit had no power exchange 

with DCMG and would return to the floating 

state. As shown in figures 6(a) and 7(a), the 

proposed scheme could meet this challenge well, 

and keep the DC bus voltage in the desired range. 

In this case, the voltage deviation from its 

reference value was only about 2 V.  

 

6. Conclusions  

In this paper, by studying the methods of inertial 

emulation in DCMGs, a virtual supercapacitor 

strategy to reduce low inertia problems was 

proposed. Due to the high efficiency, electrical 

insulation, inherent soft switching, and the 

requirement for a smaller filter, the DHB 

converter was used. The simulation results 

obtained showed that the proposed control 

strategy could suppress the DC bus voltage 

variations. In addition, the DC bus voltage 

deviation from the reference value at the time of 

fault was decreased by about 5 V compared to the 

conventional scheme. In order to optimize the 

battery performance, it was desirable to consider 

the state-of-charge (SOC) during the operation. 

Therefore, the battery life was improved by 

decreasing the charge/discharge rate. Thus the 

distributed converters must achieve a power 

balance and SOC, while stabilizing the DC bus 

voltage. Future works may focus on designing 

faster controllers and SOC.  
 

 
 

Figure 6. Simulation results in the first second (a) DC bus 

voltage (b) Battery current (c) Generated power. 
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Figure 7. Simulation results in the first second (a) DC bus 

voltage (b) Battery current (c) Generated power. 
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