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Abstract

One of the main crises that the world will face is the over pollution of the environment due
to the use of fossil fuels. This problem will be solved by replacing renewable energy sources
(RESs). DC microgrids (DCMGs) provide the ability to exploit all the potential of RESs.
But, high penetration of these sources reduces the inertia and damping of the DCMGs.
Therefore, it makes DCMG vulnerable to fluctuations and disturbances. This challenge can
be addressed by using distributed energy storage systems (DESS) in DCMGs and inertial
simulations. To improve the inertia as well as to balance the charge/discharge of the DESS,
the concept of a virtual supercapacitor based on the state of charge (SOC) is introduced.
Under the proposed control strategy, DCMG inertia is provided and the SOC balance is
maintained in charge and discharge mode. Due to the bidirectional power transmission
capability, symmetrical structure and considering the protection purposes of dual half-
bridge converter (DHB) can be selected. A small signal has also been investigated to analyse
the role of virtual inertia in stability. The simulation results in MATLAB/Simulink show
the correct performance dynamics and high impact of the proposed scheme compared to
conventional schemes.

1 INTRODUCTION

The exploitation of renewable energy sources (RESs) is a
confident way to overcome the energy crisis and reduce envi-
ronmental problems. DC microgrids (DCMGs) provide the
ability to exploit all the potential of RESs. Therefore, they have
been studied as a worthy model and a suitable alternative. The
advantages of MGs include increasing power quality, facilitating
distribution, improving reliability, and reducing environmental
pollutants [1–3]. AC microgrids (ACMGs) have problems, such
as reactive power control. It also consists of several complex
AC/DC and DC/AC converters, which makes it less popular
[4–6]. On the other hand, RESs as the main part of power gener-
ators and often as DC microgrid (DCMG) consumers have the
ability to generate and consume power as DC, and this, among
other benefits, increases the utilization of DCMG. Therefore,
the future cannot be imagined without DCMGs [7, 8].

Rotational inertia decreases with the presence of RESs in
DCMGs. Lack of inertia makes DCMG prone to voltage and
power fluctuations. So, controlling them will be a serious chal-
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lenge. To maintain proper system operation, the voltage must
be in the safe range. Therefore, in the absence of real inertia,
the concept of creating inertia will be expressed virtually. The
presence of distributed energy storage systems (DESSs) along
with electronic power converters (PECs) and a suitable control
mechanism has significant potential in providing services to
solve the problems mentioned. Inertial emulation methods
have been less studied in DCMGs than in ACMGs. However,
research on the inertial emulation of DCMGs has become
an interesting topic and several fields of research have been
identified.

In [9], by placing a decentralized inertia loop and controlling
the active power based on photovoltaics (PV), virtual inertia can
be provided to DCMG. Inertia simulation has been studied by
DC link capacitors and wind turbines [10]. Virtual inertia supply
methods to improve inertia and damping with negative feedback
as well as the use of energy stored in ESSs for DCMG have been
investigated, respectively [11, 12]. Through the energy storage
system (ESS), energy is stored in the generator rotor Permanent
magnet synchronize generator (PMSG) with a high-pass filter
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can improve voltage fluctuations. However, this method is sen-
sitive to voltage differential and incorporates it into the control
strategy [13]. In [14], a virtual inertia strategy is expressed in
DCMG. Due to the use of DCMG by simulating DC machines,
inertia can be provided to DCMG. Therefore, in [15], by simu-
lating the simplest type of DC machine, inertia is provided to
DCMG. By analysing the specifications of the compound dc
machine in [16], the governing relationships of this machine are
simulated. In addition to the many advantages of this proposed
design, the use of the buck-boost converter with normal effi-
ciency, lack of electrical insulation and nonconsideration of the
protective purposes of batteries can be named as factors that
need further research. It is also necessary to consider the charge
and discharge status of the batteries as an important part of the
inertia imitation unit to increase the life and productivity of the
batteries. An inertia emulation strategy is proposed using the
modelling of a separately excited DC machine considering the
SOC of the batteries [17]. In this design, the buck-boost con-
verter is used as an interface converter with DCMG, as well as
considering the charging and discharging status of batteries. In
[18, 19], a virtual inertia strategy is proposed to provide inertia.
However, batteries, as an important part of inertia emulation,
need more protection than before. Therefore, it is necessary
to protect the batteries by isolating them in the event of an
error.

Real supercapacitors with sufficient inertia can provide a
DCMG interface alone and even without the need for a con-
verter. However, high cost, protection problems and high
discharge itself are all limiting factors of the supercapacitor that
make them difficult to use [20]. An ESS that is connected to
the DC bus via PEC can be used as an inertial emulation unit.
The low self-discharge rates, low cost and the ability to deliver
power for a long time are the advantages of batteries [21, 22].
Problems with batteries include overcharging and discharging,
and a lack of attention to the state of charge (SOC) balance in
DESSs. Therefore, to increase efficiency, increase battery life,
save costs and provide important loads, it is desirable that the
SOC of batteries should always be considered as power man-
agement [23, 24]. In [25] the SOC balance is examined with
the dynamic average consensus (DAC) approach. An improved
droop control strategy is expressed in [26] for SOC better
balance. In [27], the ESS management method is expressed
through power management and secondary control for charge
and discharge balance. In explaining power management, it can
be stated that the SOC control method based on charge and
discharge mode for DESSs to achieve proper power distribu-
tion, droop control as a decentralized approach, and based on
power distribution method has been used for DESSs. In [28]
the local droop coefficient with inverse SOC n is proposed for
power distribution. But this method considers the power bal-
ance only in the mode of discharge ESSs. In [29], the droop
coefficient is controlled proportionally or inversely SOC n to
create power balance in charge and discharge mode. However,
conventional droop controls lack damping and inertia simula-
tion properties. By studying the mentioned schemes, it can be
said that inertia supply can be classified into three main meth-
ods. The first is to simulate rotating machines and use their

inertia term along with ESS, then the presence of the real super-
capacitors, as well as the use of inertia in rotating objects such as
wind turbines can be partially provided. But in order to consider
protection purposes as well as high efficiency along with the lack
of control complexity, the need for an isolated bidirectional con-
verter and an efficient control scheme is felt more than ever.
These factors can also be mentioned as the lack of previous
schemes.

Therefore, controllers must be defined that provide the
required inertia to the DCMG while maintaining power balance.
To overcome the mentioned challenges to improve DCMG
inertia and power balance in mode charge/discharge and ESSs,
by integrating [29], a virtual supercapacitor control strategy
based on SOC is presented for DESSs in DCMGs. Due to
the simple control, a low number of components and low
cost, bidirectional power transmission capability and symmet-
rical structure of dual half-bridge (DHB) converter have been
used [30, 31]. Virtual supercapacitor based on SOC is an intel-
ligent, efficient and reliable strategy. The proposed scheme
balances power and SOC at the same time. Therefore, the iner-
tial response of the system is improved and the life of the
batteries is increased. The purpose of this article is as follows:

∙ Improve DC bus voltage stability by increasing inertia in
DCMG.

∙ Simulation of inertia using virtual supercapacitor strategy and
DESSs in DCMG.

∙ Availability of important terms for inertia emulation without
the complexities of rotating machines.

The remaining of this article is as follows. Section 2 describes
the structure of DCMG; Section 3 describes the concept of vir-
tual inertia and supercapacitor modelling. Section 4 describes
the virtual supercapacitor. Section 5 examines the small sig-
nal. Finally, in Sections 6 and 7, the simulation results and
conclusions of the paper are presented.

2 DESCRIPTION AND MODELLING
OF DCMG STRUCTURE

The schematic of DCMG simulated in MATLAB/SIMULINK
is shown in Figure 1. DCMG includes a wind turbine (WT)
based on a PMSG capable of supplying 5.5 kW. A photovoltaic
(PV) also provides DCMG power with a rated power of 7 kW.
Both of these units provide DCMG with the desired power
through boost converters at the appropriate voltage. Due to the
variable power generation of the mentioned units and also to
further confirm the simulation results, the fuel cell (FC) unit has
been used to supply power in DCMG. This unit has the ability
to supply a nominal power of 6 kW. All of these components are
connected by PECs to a DC bus with a voltage of 400 V. Each
inertia emulation unit consists of two 96 V series batteries and a
DHB. These units adjust the input and output according to the
voltage of the DC bus and control the charge and discharge of
the batteries. These units can support the system with a nomi-
nal power exchange of 7.5 kW. In general, the load can have a
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FIGURE 1 Accurate structure and configuration DCMG (a) DGs: WT, PV and FC units, (b) Support: virtual supercapacitor, (c) loads: AC and DC load units

maximum demand of up to 15 kW. In DCMG, a Buck converter
with a current controller is used to transfer power to DC load
at the appropriate voltage. The AC load set will also be pow-
ered via a voltage source inverter (VSI) connected to a DC bus.
Other DCMG parameters are collected in Table 1.

3 THE CONCEPT OF VIRTUAL
INERTIA AND SUPERCAPACITOR
MODELING

The rotor of real synchronous generators as a rotating and heavy
object provides natural and inherent inertia to the system. The
governing equation of the rotor of these rotary machines is as
follows:

Wr =
1
2

J (𝜔m
r )2 (1)

In this equation, J represents the term inertia. Wr and 𝜔m
r are

the kinetic energy stored in the machine rotor and the angular
velocities of the rotor, respectively. Now, if the energy equation
governing the capacitor is examined, the common terms with

Equation (1) are determined.

Wc =
1
2

C (V )2 (2)

In this equation, Wc is the electrical energy stored in the capac-
itor. C represents the capacitance of capacity and V represents
the capacitor voltage. With accuracy in Equations (1) and (2),
the energy of the capacitor and the energy of the rotor can be
assumed to be equal. The equivalence of these two equations
can be written:

1
2

J (𝜔m
r )2

≡

1
2

C (V )2 (3)

with accuracy in this equation, it can be seen that a capacitor
similar to a rotary machine rotor can operate. This property is
obtained due to the resistance of the capacitor against voltage
change. Therefore, the capacitor can convert this quantity to an
accessible quantity for the system by preserving the important
parts for emulation inertia. This is especially important because
the capacitor governing equation can be easily used in DCMGs.
Therefore, it is necessary to implement a virtual inertia control
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TABLE 1 Parameters of DCMG units

Unit Parameter Symbol Magnitude/type

WT Nominal speed vN 12 m/s

PMSG Nominal power PN
PMSG 5.5 kW

Nominal torque T N
PMSG 24 N.m

Nominal angular
velocity

𝜔N
PMSG 2,300 rpm

Number of poles PPMSG 4

PV Number of cells per
module

ncell 72

Power of each module PN
M 150 w

Nominal power PN
PV 7 kW

FC Type – Solid oxide

Nominal power of
each stack

PN
FC 3 kW

Nominal voltage of
each stack

V N
FC 100 V

Number of stacks in
each array

nFC 2

Nominal power of the
array

PN
FC 6 kW

Battery Type – Lead-acid

Capacity C N
Bat 50 Ah

Nominal voltage V N
Bat 96 V

Number of batteries
per pack

nBat 2 (Series)

strategy by examining the governing equation of the capacitor
to use it to simulate inertia:

IC = Cv
dv
dt

+ Gv (V ) (4)

In this equation, Cv is the capacity of the virtual capacitor and
Gv is the capacity of the virtual conductor. V and IC are the
capacitor voltage and the virtual capacitor current, respectively.

To inertia emulation, it must be possible to place the proper-
ties of Equation (4) in the PEC control system. In other words,
the power exchange between the battery and the DCMG must
have the power exchange characteristics of a real supercapacitor
with high inertia. This means that from a DCMG perspective,
there is not much difference between a battery controlled by
an inertial emulation scheme and a real supercapacitor. The
inherent parameters of a real supercapacitor such as inertia and
damping are converted into control parameters that can be eas-
ily modified according to DCMG. In addition, the removal of
undesirable properties of ESSs such as low power density and
real supercapacitor will ensure the stability of DCMGs.

4 VIRTUAL SUPERCAPACITORS BASED
ON SOC

With the increasing growth of distributed generations (DGs),
the control of DCMGs is a concern for researchers, given that

FIGURE 2 DHB converter SPS switching technique

these sources do not have a heavy rotational mass. One way to
control and increase the stability of DCMGs in this case is to
add inertia virtually. Virtual inertia can be created using appro-
priate PECs, ESSs and control mechanisms. As a result, the
concept of virtual inertia will be crucial for the participation
of DGs in Modern and novel DCMG without compromising
DCMG stability. The virtual supercapacitor based on SOC unit
provides suitable inertia and damping specifications for DCMG.
The following sections describe the structure of the inertia
emulation unit and the operation of this unit, respectively.

4.1 Structure

The virtual supercapacitor based on SOC consists of three basic
components: the ESS, the converter and a control mechanism
in the control block of the virtual supercapacitor unit, is placed a
dynamic function similar to the exact equation of the capacitor.
In this unit, a DHB converter is considered a DC–DC converter
to enable power transfer. This converter is connected to Two 96
V series batteries on the primary side. On the other side of this
converter is the DC bus. These batteries are of the lead-acid type
with a capacity of 50 Ah. All values are listed in Table 2. A DHB
converter consists mainly of two half-bridges, a high-frequency
transformer and input and output filters. The DHB converter
can transfer power in both directions by using two independent
DC/AC half-bridge that connect together with high-frequency
transformer. Features such as low weight, cost reduction, volt-
age level adjustment and prevention of core saturation, make
this type of transformer a good option for making DHB con-
verters. This converter consists of four power switches. Due
to high efficiency, IGBT power switches have been used. The
output of the first bridge is connected to the transformer via
auxiliary inductance. Auxiliary inductance is installed in the
circuit to store instantaneous energy and help with the induc-
tances of the transformer windings. Capacitive filters are used
at the beginning and end of this converter. The phase-shifted
(PS) method is one of the simple yet practical methods that
can achieve zero voltage switching (ZVS) in specific ranges.
This method is mainly used. The conduction pulses for the PS
method are shown in Figure 2. It should be noted that the two
conduction pulses of the second half-bridge have a general dif-
ference with the two conduction pulses of the first bridge. This
phase difference is called the external phase difference, which
is the main factor determining the amount and direction of
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TABLE 2 Characteristics of virtual supercapacitor parameters

Section Symbol Magnitude

Physical structure Type – DHB

Switch type — IGBT/Diode

Auxiliary inductance Laux
DAB 4.3 µH

Filter capacitor C in
DHB 1.5 mF

C out
DHB 1.5 mF

C
p1,2
DHB 100 µF

C
s1,2
DHB 100 µF

Transformer Nominal power — 7.5 KVA

Turns ratio n 96/400

Switching frequency fs 5 kHz

Primary Winding resistance RP
DHB Ignored

Winding inductance LP
DHB 0.5 µH

Secondary Winding resistance RS
DHB Ignored

Winding inductance LS
DHB 2 µH

Core resistance Rcore
DAB 12,500 Ω

Leakage inductance Lleak
DAB 80 mH

Controller Proportional-integral Voltage controller k
PV
VSC 50.923

k
IV
VSC 350.1614

Virtual capacitor Virtual capacitor Cv 0.002

Virtual conductor Gv 0.5

Low pass filter — 10 kHz

Proportional-integral current controller k
Pi
VSC 0.0866

k
Ii
VSC 28.426

transmission power in this type of converter. The equation of
active transfer power in DHB converter (P_DHB) will be as
follows [32]:

PDHB =
nV1V2

8𝜋2 fsL
𝜑 (𝜋 − |𝜑|) (5)

Indicates the number of transformers round, fs is the switch-
ing frequency V1 and V2 RMS values of input and output
voltages, 𝜑 external phase difference. L Total auxiliary induc-
tance and leakage inductance at the primary side. Therefore, by
selecting the appropriate value 𝜑, the amount and direction of
the active transmission power can be easily determined.

5 OPERATION

Providing inertia and paying attention to the SOC of batter-
ies is the aim of the SOC-based virtual supercapacitor scheme.
The control unit consists of parts, a double quadrant droop
controller, voltage controller, inertia emulation unit and cur-
rent control unit. In the double quadrant droop control unit,
in charge and discharge mode, the power is adjusted according
to the charge amount of each ESS by changing the voltage ref-
erence value. In the charging process, the droop coefficient is

proportional to SOC n, while in the discharge process, the drop-
ping coefficient is set inversely to the order SOC n. The amount
of power received or delivered from ESSs depends on their
SOC. This amount of power can be specified according to the
drop coefficient. In the charging process, the power and drop
coefficients are inversely proportional. Therefore, it is clear that
each ESS unit with a higher SOC receives less power than the
other ESS unit. In the discharge process, due to the fact that
the drop coefficient is directly proportional to the power of
the ESSs, this makes the ESS with SOC more DCMG power.
Therefore, power balance will be achieved in the use of ESSs.
The block diagram of the virtual supercapacitor based on SOC
control unit is shown in Figure 3. The voltage control unit is
the first control unit. This unit generates a virtual supercapaci-
tor voltage by comparing the reference and measured voltages
and passing through the proportional-integral controller (PI).
Adjusting the frequency of the first-order low-pass filter (LPF)
for the first time prevents the addition of high-oscillation dis-
turbances to the control system. The voltage generated in the
previous section determines the current of the supercapacitor
by passing through the equation governing the real capacitor.
This creates a battery reference current. The current controller
sends the output for switching after passing through the pulse
width modulation unit (PWM) by comparing the reference cur-
rent and the measured current. Proper adjustment of the PI
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FIGURE 3 Double quadrant operation of ESSs, with quadrant I shows
the discharging operation mode and quadrant II shows the charging operation
mode.

FIGURE 4 Block diagrams control: (a) voltage controller, (b) virtual
capacitor controller, (c) current controller.

controller prevents excessive delays or large fluctuations. The
block diagram of this unit is shown in Figure 4.

The virtual supercapacitor based on SOC can operate in a
variety of modes, suppressing fluctuations by exchanging power,
and giving DCMG stability. Therefore, this unit reacts to the
DC bus to issue the necessary command to exchange power.
By knowing the power generation units and consumers, the
power equation can be expressed in DCMG. It is clear that

the operation of the virtual supercapacitor unit SOC based can
vary according to the power equation. The power equation is
expressed as follows:

Pout
VSC = Pgen − P load (6)

P load = PAC−L + PDC−L (7)

Pgen = P
gen

PMSG + P
gen

PV + P
gen

FC (8)

which P
gen

PMSG, P
gen

PV−A and P
gen

FC are the output power of WT, PV
and FC, respectively, as well as PAC−L and PDC−L is the power
consumption of the AC and DC load. To adjust the voltage at
the reference value and the power balance, production and con-
sumption must be balanced. However, the difference between
production capacity and demand is inevitable. Support units are
able to meet this challenge. Pgen > P load when the output power
is more than the required power. In this case, the DC bus experi-
ences an undesirable voltage deviation. The backup units are in
charging mode and save extra power at any time. When the load
power is not supplied with the output power of the resources,
Pgen < P load will be. In this case, the DC bus has a voltage
drop. To solve this problem, the backup units compensate for
the power shortage by injecting power through discharge and
preventing voltage deviation. When the power balance between
supply and demand, Pout

VSC = 0.
That is, the virtual capacitor super unit will not exchange

power. In this case, the DC bus voltage is set exactly to its
reference value. Therefore, the backup units operate during
operation to maintain the stability of the system. In addition,
by integrating DESSs in DCMG, the limitations of RESs power
generation are compensated.

6 STABILITY ANALYSIS AND DESIGN
OF VIRTUAL SUPERCAPACITOR
CONTROLLER

Small signal analysis is an important step in reviewing and feasi-
bility of the proposed scheme. Therefore, by analysing all the
parts of the specified unit, the transfer function of different
parts can be calculated. Then, using the superposition theo-
rem and Mason’s rule, the total transfer function of the system
can be calculated. After that, the stability of the system can
be checked with various methods and tools. The accuracy of
the small-signal model of these groups of converters has been
investigated in [33, 34].

Gvbusvbat
% (s) =

⎛⎜⎜⎝g

⎛⎜⎜⎝
(

1

D

)
+

gsLDC

D2

⎛⎜⎜⎝
SCp

2D

(
1+s2

Cp

2
LDC

(
1

D

)2)
⎞⎟⎟⎠
⎞⎟⎟⎠

⎛⎜⎜⎝s
Ct

2
+

gsLDC

D2

⎛⎜⎜⎝
g

2D

(
1+s2

Cp

2
LDC

(
1

D

)2)
⎞⎟⎟⎠
⎞⎟⎟⎠

(9)
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Gvbusibus
(s) =

1⎛⎜⎜⎝s
Ct

2
+

gsLDC

D2

⎛⎜⎜⎝
g

2D

(
1+s2

Cp

2
LDC

(
1

D

)2)
⎞⎟⎟⎠
⎞⎟⎟⎠

(10)

Gvbus𝜑
(s) =

⎛⎜⎜⎝−n −
gsLDC

D2

⎛⎜⎜⎝
m

2D

(
1+s2

Cp

2
LDC

(
1

D

)2)
⎞⎟⎟⎠

⎛⎜⎜⎝s
Ct

2
+

gsLDC

D2

⎛⎜⎜⎝
g

2D

(
1+s2

Cp

2
LDC

(
1

D

)2)
⎞⎟⎟⎠
⎞⎟⎟⎠

(11)

Gibatibus
(s) =

−2g

sCt

(
1 + s2 Cp

2
LDC

(
1

D

)2)
+

2g

D2
LDCsg

(12)

Gvbatibat
(s) =

sCt

(
sCp

(
1

D

)
+ 2g2

(
1

D

)
sCt

(
1 + s2 Cp

2
LDC

(
1

D

)2)
+

2g

D2
LDCsg

(13)

Gibat𝜑
(s) =

sCtn + 2n

Ct
Cp

2
LDC

(
1

D

)2
s3 +

2g

D2
CtLDCgS

2 + sCt

(14)

The transfer functions of the controller are defined as follows:

Gc1 (s) =
Vvsc

ΔV
=

(
kPV

+
kIV

s

)
(15)

Gc2 (s) =
I ref
bat

Vvsc
=

(
Gv +

1
1 + TS

sCv

)
(16)

Gc3 (s) =
’

ΔIbat
=

(
kPI

+
kII

s

)
(17)

The total transfer function of the system is as follows:

Guo (s) =
Gc1 (s) Gc2 (s) Gc3 (s) Gm (s) G

v̂bus
�̂�

(s)

1 + Gc3 (s) G
îbat
�̂�

(s) + Gc2 (s) Gc3 (s) Gm (s) G
v̂bus
�̂�

(s)
(18)

6.1 Adjust virtual supercapacitor controller

To examine the small signal of the controller added to the
model, by keeping all the controller parameters constant and
only changing the value of one parameter, the effect of changes
in that parameter on system stability can be seen. In this regard,
the effect of control parameters CV and GV was examined sep-
arately. To start, using MATLAB software, the step response

FIGURE 5 Small signal analysis: (a) step response controller transfer
function, (b) step response controller transfer function, (c) root LOCUS plot
controller transfer function.

diagram for CV can be drawn. The results in MATLAB soft-
ware are shown in Figure 5. As can be seen, by increasing the
value of CV, rise time, settling time and the steady-state response
of the desired transfer functions are simultaneously improved,
and consequently, the stability of the system will be increased.
However, increasing the value of CV too much can cause a
lot of inertia in the system, which in turn causes changes in
the power balance of the system. The DC bus voltage value is
too slow to reach its reference value. Also, too fast the system
will cause problems. Therefore, a value of 0.002 is considered
for CV, which provides good stability for the system. The step
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response diagram is also used to determine the value of the GV
parameter. As shown in Figure 5a, by increasing the value of
GV, the rise Time, the settling time and the final value of the
step response will be at its best, and with a very low rise time, it
will reach its final value. In contrast, in other values of GV, the
response of the conversion function step will be very long, and
the system will also fluctuate. Therefore, a value of 0.5 is con-
sidered for GV, which provides good stability for the system.
From Figure 5, it can be concluded that virtual inertia is stable
in a certain range and increasing damping causes damping of
DCMG fluctuations and increases DCMG stability. As the gain
increases, the closed loop poles move to the left of the imagi-
nary axis. None of the branches of the Root Locus tend to the
right, and the Root Locus branches remain on the left. There-
fore, by examining the control small signal as well as examining
the step response diagrams and the Root Locus, it can be stated
that the system is stable.

7 SIMULATION RESULTS

In the DCMG, in the load change scenario with balanced
SOC, the ability of the proposed scheme to voltage control has
been investigated. Then, the proposed scheme is tested with an
unbalanced SOC during the load change scenario. Power gener-
ation sources (WT, PV and FC) provide DCMG with constant
power until the end of the simulation. The WT supplies 4.5 kW
of power, which is approximately equivalent to 33% of DCMG
power. The PV also provides 6 kW for most of the charge,
which is about 45%. The FC responds to another part of the
load demand by generating 3 kW. The total AC and DC loads
reach a maximum of 15 kW. The connection of generations,
loads and backup units is shown in Figure 6.

7.1 Performance of virtual supercapacitor
based on SOC unit with balanced SOC

Initially, DCMG is started with a load of 12 kW. In this case,
the power generated from the sources shows the number 13.5
kW. As shown in Figure 7a, the extra power is stored by the
virtual supercapacitor unit. As shown in Figure 7b,c, the bat-
tery power is negative and this indicates that these units are in
charging mode. After 0.4 s, 1.5 kW is added to the DCMG load.
In this case, the bus voltage drops and, as shown in Figure 7a,
the virtual supercapacitor units return the voltage by exchanging
power and no longer have power exchange with DCMG. In the
next step, 1.5 kW is added again. In this case, the loads reach
their maximum value, and this causes the bus voltage to drop
again. This time, the virtual supercapacitor units return the bus
voltage to its reference value by exchanging power and more
precisely by discharging. As shown in Figures 8b,c, the battery
power of these units is positive. At 1.2 and 1.6, the added loads
are disconnected from the DCMG, and as the loads are cut off,
the voltage increases, which is suppressed by the virtual super-
capacitor units. In moments of load change, the compound s
scheme is also acceptable with a larger drop than the virtual

FIGURE 6 Power system diagram DCMG

TABLE 3 Comparison of simulation results

�
�
�

Proposed

scheme

Compound

scheme [16]

Conventional

scheme

0.4 0.41484 0.90443 2.77353

0.8 0.40895 0.94548 3.46446

1.2 0.33647 0.93239 2.90218

1.6 0.36499 0.91619 2.81593

supercapacitor scheme, but in order to improve the inertia emu-
lation and other mentioned factors, using the proposed scheme
leads to better results. As shown in Figures 7 and 8, the pro-
posed scheme meets this challenge with the correct exchange
of power at load change moments. The proposed scheme, in
addition to reducing voltage changes at power change moments,
does not have the complexity of the scheme [16]. This factor
simplifies the adjustment of control parameters. The presence
of an isolated converter also protects the batteries as an impor-
tant and costly part of DCMG in the event of a fault. In
addition, considering the SOC of batteries improves the perfor-
mance and efficiency of batteries. Table 3 express details of the
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FIGURE 7 Simulation results in the first second: (a) DC bus voltage, (b)
battery power #1, (c) battery power #2

simulation results. This table shows the amount of voltage devi-
ation from the reference value. The maximum voltage deviation
in the proposed scheme is 0.41484 V, which is much better than
other schemes.

7.2 Performance of virtual supercapacitor
based on SOC unit with unbalanced SOC

To evaluate the performance of virtual supercapacitor based on
SOC control under simulated SOC imbalance conditions. The
load is located in three levels: 12,000 W, 13,500 W, and 15,000
W. The initial values of SOC1and SOC2are 90% and 80%, respec-
tively. As shown in Figure 9, ESSs are initially in charge mode.
SOC1increases from 90% to 90.04% in 15 s and SOC2 from
80% to 80.08%. When the virtual supercapacitor units are in
the floating mode. SOC1and SOC2remain at the same level as
before.

According to Figure 10, when manufacturers are unable
to meet load demand, virtual supercapacitor units must be
discharged. So SOC1decreases from 90.04% to. 89.96 and
SOC2decreases from 80.08% to 80.04% in 45 s. In other words,
in the DCMG studied, the batteries are put in three modes:
charge, discharge, and standby. When there is the extra power in
the DCMG, the batteries are put in charge mode and store this
extra power. The controller distributes the power in such a way

FIGURE 8 Simulation results in the final second: (a) DC bus voltage, (b)
battery power #1, (c) battery power #2

FIGURE 9 (a) SOC 1 (%), (b) SOC 2 (%)

that it provides more power to the battery with a lower charge
percentage to charge faster than the other battery, thus trying to
balance the SOC of the batteries. The batteries are discharged
when DCMG requires additional power. This time, the con-
troller distributes power in such a way that the battery with less
charge percentage provides less power to DCMG, thus prevent-
ing the battery from being discharged quickly. In the last case,
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FIGURE 10 (a) DC bus voltage, (b) batteries power

when DCMG does not have extra power or does not need addi-
tional power, the batteries are in standby mode and the backup
units with DCMG have no power exchange.

8 CONCLUSIONS

High penetration of RESs has affected the inertia and damping
of DCMGs. This problem is solved by the presence of ESSs. To
proper operation and high efficiency of the system, the battery
should not be charged and discharged continuously. So, DESSs
have become a widely accepted concept. In this paper, a vir-
tual supercapacitor based on strategy is proposed by examining
inertial emulation methods. Due to the advantages of DHB con-
verter, this converter has been selected for power transmission.
Due to the advantages of the DHB converter, this converter
has been used as a battery and DCMG interface converter. By
analysing and reviewing the simulation results, a positive effect
of the proposed strategy can be seen. The proposed scheme, in
addition to the correct function in restoring the voltage at load
change moments, manages the power exchange at any time by
creating a power balance between the ESSs. The deviation of the
bus voltage from the reference value is reduced in two modes of
voltage drop and voltage increase compared to other common
schemes.
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