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Abstract
Decentralized control ofDCmicrogrid (dcµG)usinghybrid renewable energy sources (RES) andbattery energy storage system
(BESS) which operate with and without grid-connected mode is proposed in this paper. In dcµG integrated with multiple
RES and BESS, fluctuating output characteristics of the distributed generations (DGs) due to changing input conditions and
the dynamic interactions of the source and load interface converters are main factors which cause stability problem of DC
bus voltage. Thus, to solve this problem, the decentralized control scheme which uses bus voltage level as communication
link in the control law is proposed in this paper. Accordingly, the control method realizes different operating modes based on
the available generations and load demand. Maximum power and constant voltage controls schemes are applied in the DGs
interfacing control to regulate the power and voltage variations due to changing input conditions. Furthermore, in the control
strategy, the source and battery interfacing converters are controlled autonomously using the bus voltage level without any
communication. This maintains the reliability and flexibility of the system. The proposed system model is developed with
Matlab/Simulink SimPowerSystem and simulated with real-time simulation using OPAL-RT.

Keywords Constant voltage control · DC microgrid · MPPT control · Real-time simulation · Renewable energy resource

1 Introduction

With the advancements in power electronic technologies, the
penetration of DGs with energy storage system is increasing
in the modern distribution power network [1, 2]. DGs are the
small-scale power generation system comprising of renew-
able energy resources and conventional energy generation
units [2, 3]. The direct interconnection of hybrid multiple
distributed energy resources (DERs) such as wind turbine,
photovoltaic (PV), and battery energy storage units with AC
grid supply causes problems of frequency and voltage con-
trol within the system [2, 4, 5]. Accordingly, to overcome the
aforementioned problems,microgrid conceptwas introduced
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to enable the integration of AC grid, DGs, ESSes, and loads
through power electronic interface converters [3, 6], and the
electrical parameters such as voltage, power and frequency
variations are regulated through these converters. Microgrids
can be classified as AC, DC, or AC/DC hybrid based on
the voltage and current types. Depending on the operation
system, it can be also divided into two: grid-connected and
islanded microgrids [7]. Most energy sources such as solar
PV, fuel cell and battery energy system are generating DC
in nature. Nowadays, also DC-operated electronic loads are
developing that eliminate further power conversion stages
which reduce cost and losses. In addition, in DC system
reactive power control, synchronization technique and fre-
quency control do not exist [8, 9]. Thus, the dcµG is more
advantageous than its AC counterparts.

In recent years, wind and solar distributed generations
are becoming the most popular distributed renewable energy
sources for microgrid applications. A hybrid wind and PV
system with grid-connected system provides more reliabil-
ity and higher quality power to the load than a system with
single source in microgrid system [10]. In such a system, the
power electronic interfacing converters are used for integrat-
ing the different DERs and regulate the voltage, frequency,
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and power between the source and load subsystems. The
increasing number of RES penetrations in the recent distri-
bution network and the increased consumer energy demands
from a nearby site, encouraged the deployment of dcµG
with multiple sources and energy storage opportunities so
as to deal with the control, reliability, and stability prob-
lem in the integrated systems [11, 12, 13]. When a dcµG
is interfaced with different sources in parallel, each source
in the system participates with supporting each other via an
integrated and power management control strategies. Con-
sequently, this can provide various benefits such as optimal
operation of dcµG subsystem through coordinated control
scheme that maximize utilization of DGs and BESS [11, 14]
andmaintain the reliability and power balance of the dcµG in
case of generation and load disturbances [12, 13]. The fluctu-
ating output characteristics of DGs, the dynamic interaction
between source and load interfacing converters, and a sudden
load changing are themain causes of stability problemsof bus
voltage in microgrid system with various sources integrated
[10]. Therefore, to realize reliable and flexible operation in a
dcµG with various electronically coupled sources different
control techniques are proposed in [11, 15, 16]. A distributed
control method is proposed in [11] for multiple parallel inter-
connected sources of islanded dcµG. In the proposed system,
a coordinated control employing a typical droop control is
applied. A droop control method is proposed for appropriate
load sharing among various DC converters in [17, 18]. In
order to decrease the circulating currents between different
sources, coordinated voltage controller is implemented in [9,
10]. In [19], a centralized control technique is presented to
interface the operation of different converters in dcµGwhich
are connected in parallel.

This control strategy used the model predictive control
scheme for power sharing and voltage control. But, this con-
trolmechanismdegrades the system reliability andflexibility,
and it is more susceptible to failure with a single-point fault
in the system. A master–slave control method for load shar-
ing is proposed in [20]. However, this control solution also
have similar problem with the centralized control in which
the failure of master–slave causes failure in voltage regula-
tion. In [9], distributed control scheme which operates with
droop control that can facilitate maximum load transfer to
load using fuzzy logic controller is proposed. But this control
system has the drawbacks of complex computational analy-
sis, slow communication, and vulnerability to measurement
error [9]. Many studies reported in [10, 21] proposed con-
trol of energy management methods primarily on islanded
dcµG by optimized usage of RES and ESS. However, such
control approaches may lead to poor reliability and create
more burdens on ESS due to the intermittent behavior of
the solar insolation and wind speed [8, 10]. A decentralized
control structure is reported in [5, 22], with multiple dcµG
sources. This control system enables to perform local con-

trol functions in each source converters to realize the voltage
and power regulation. In addition, every power converters in
the system employed independent control without any com-
munication link between different units. Thus, for effective
and reliable operation of dcµG, a suitable integrated control
strategy is required.

In this paper, coordinated decentralized control strategy
among the various sources and loads is proposed. A dcµG
composed of wind–solar hybrid RES and BESS with grid-
connected or islanded operations that allow flexible and
reliable performance with seamless mode transition is pre-
sented. The proposed control system employs the DC bus
voltage level as a reference signal, and it is implemented
with autonomously controlled source units in order to sta-
bilize the DC bus voltage variations due to the fluctuating
behavior of the wind speed and solar insolation of RES and
sudden load changing.Moreover, system realizes the optimal
operation of the dcµG by maximizing the distributed gen-
erations with voltage and maximum power control mode in
relation to the decrease/increase in load demand,maintaining
economical operation of ESS and regulating the bus voltage
within the particular margins. The developed dcµG control
is implemented in real-time simulations with control-in-the-
loop (CIL) to verify the controller accuracy and performance.
Accordingly, the dcµG system model and controller design
are applied to the simulator to test the system controller
and operation performances. The proposed CIL simulation
is implemented in OPAL-RT with RT-LAB real-time simu-
lation environment. The remaining of paper is organized in
the following sections. In Sect. 2 the proposed dcµG con-
figuration and working principle are elaborated. The system
control scheme is detailed in Sect. 3, and in Sect. 4 the general
concept of the real-time simulation is described. The devel-
oped dcµG model results are explained in Sect. 5. Finally,
Sect. 6 summarizes the work with conclusion.

2 The Proposed System Configuration
and OperatingMode Algorithms

2.1 Configuration of Proposed DCMicrogrid

The proposed dcµG in this paper is portrayed in Fig. 1. The
system comprised ofG-VSC,wind–solar hybridRES,BESS,
and DC loads. Each source unit in the system is interfaced to
the main DC bus through power electronic interfacing con-
verters. In the proposed system, AC grid supply is interfaced
to the DC bus through three-phase voltage source converter
(VSC). This converter is used due to its ability to achieve a
sinusoidal input current with THD less than 5% by utilizing
pulse width modulation techniques in combination with the
inner current control loop as shown in Fig. 2a.
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Fig. 1 Proposed DC microgrid
configuration
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Fig. 2 Grid input parameters:
a input three-phase current and
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Moreover, the converter enables to achieve unit power
by controlling the grid voltage and current as illustrated in
Fig. 2b. The high-order harmonic frequencies which are cre-
ated by nonlinear switching operation of VSC can be also
attenuated by employing LCL filter on the input side of the
converter. Further, the converter has full potential to control
both the power flow and DC link voltage [23]. The renew-
able generation sources are interleaved to main bus via the
boost DC/DC converter. The wind subsystem uses PMSG
to generator variable three-phase AC voltage. This variable
generated voltage applied to three-phase uncontrolled rec-
tifier to convert it to DC voltage and supply to the boost
converter [24]. Similarly, variable DC voltage generated by

the PV modules is fed to the boost converter. In both cases,
the boost DC/DC converter performs two functions: (1) track
maximum power from both wind and PV and boost the gen-
erated voltage to the level desired by DC bus, (2) it facilitates
capturing of maximum power from the DGs with the chang-
ing input environmental conditions. In this paper, perturb and
observe (P&O)MPPT scheme is implemented for maximum
power point tracking control [25].

The battery energy storage system is integrated to the
common DC bus through bidirectional buck/boost DC/DC
converter. The converter also used to control the operat-
ing characteristics of the battery and regulate the power
variations on the DC bus. The converter employed two PI
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Table 1 Power flow operation at various operating modes

Operating
modes

dcµG
operation type

Power flow
VSC

Power flow
battery

DG Islanded Pgrid � 0 Pbat < 0

G-VSC Grid
connected

Pgrid > 0 Pbat < 0

BESS Islanded Pgrid � 0 Pbat > 0

controllers in the voltage control loop for charging and dis-
charging operations. In boost mode, the detected and the ref-
erenceDCbus voltages are compared to generate input signal
for one of the PI controller for discharging control. However,
the difference of measured battery and its reference voltage
are compared to produce input signal for the other PI con-
troller (in buck mode) for charging control. In both cases, the
controllers are employed to generate a battery reference cur-
rent that provide a desired signal for inner current controller
to generate pulse signal to control the converter duty ratio [1].

2.2 Proposed dcµGOperating System

The common DC bus voltage is used as a communication
signal for mode transitions among the operating modes. In
practice for power balancing at the DC bus, there are many
different interconnecting control problems such as effec-
tive usage of energy storage system, exploiting DGs power
production and regulating bus voltage within the particular
margin [10].

In dcµG with multiple microsources, the optimized oper-
ation can be realized through decentralized control using DC
bus signaling control scheme. This control method realizes
the adaptive mode transition among the different operating
modes [17, 22]. Thus, the decentralized control approach
based on bus voltage level is implemented to regulate the
proper function of the dcµG system under varying input con-
ditions.

The intendedobjective is to regulate the powerflowamong
the autonomously controlled sources and storage unit and
maintain the stability of DC bus voltage within a particular
range. The power flow at the various mode of operation is
presented in Table 1. Thus, the operation of the hybrid dcµG
proposed in this paper is categorized into three operating
modes as shown in Fig. 3.

2.2.1 Distributed Generation Mode

Figure 3a shows DGs mode of operation. In this mode, the
dcµG works in islanded mode. During this mode, the load
power is less than the generation power. Due to light load
demand, the bus voltage increase to the maximum limit
and the bus voltage operating in the range of 1.025Vdcn <

vbusref < 1.05Vdcn. The excess power from the DGs dur-
ing this period is supplied to the battery for charging. The
DGs converter shifts fromMPPT control to constant voltage
control to regulate the bus voltage. In this mode, AC grid is
disconnected and the battery interfacing converter regulates
the bus by absorbing the excess power.

2.2.2 Grid-Connected Mode

The three-phase VSC is used to connect AC grid with com-
mon bus. This converter is used to regulate voltage, current
and harmonics due to converter’s nonlinear switching oper-
ations. In this paper, grid-connected system is established
to balance the power deficient due to lack of generations
from DGs to satisfy the load demand by exporting power
to the DC bus. In this mode, the VSC assumed as a voltage
source and the operating mode is shown in Fig. 3b. The DGs
converter during this mode operates at MPPT control. The
battery energy system works in charging operation. During
this mode, the operating bus voltage is between the range of
0.975Vdcn < vbusref < 1.025Vdcn, where Vdcn is nominal DC
bus voltage and vbusref is the reference bus voltage.

2.2.3 Battery Storage Mode

This operating mode is portrayed in Fig. 3c. The dcµG is
disconnected from grid; however, the load power is greater
than the generation power. Thus, since generation is less than
load power, the battery regulating the DC bus power bal-
ances by discharging, and hence, it works as a voltage source.
The DGs are working in MPPT control. During this time,
the bus voltage is decreased due to load power is increased,
and it is operating between the range 0.95Vdcn < vbusref <

0.975Vdcn.

3 Proposed System Control

3.1 Grid-ConnectedVoltage Source Converter
System and Its Control Method

In this paper, a G-VSC with rectifier operation mode is used
for power transfer from AC system to a DC bus. In Fig. 6,
RLine and LLine represent the line resistance and inductance
between converter voltage (Vconv) and AC grid voltage (Vs),
respectively. Vsabc and isabc are grid voltage and current,
respectively. The capacitance Cdc is employed to smooth
DC link voltage (Vdc). When a G-VSC is integrated with
DG to form a common DC bus, problems such as line notch-
ing, voltage unbalance, and frequency variations may exist.
Accordingly, in this paper, to overcome the aforementioned
problems, two main control systems are employed, namely
phase-locked loop (PLL) and vector control systems.
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Fig. 3 Operating mode definitions [11]

3.1.1 Phase-Locked Loop (PLL) Control

The grid side voltage Vsa, Vsb and Vsc is sensed and converted
to stationary reference frame Vα and Vβ , and this stationary
frame is further converted to synchronously rotating refer-
ence frame (SRF) Vsq and Vsd. When G-VSC operates in
rectifier operationmode, the voltage vector V̄s is alignedwith
q - axis and the d - axis lags the q - axis by 90° [26]. Assum-
ing a balanced three-phase AC supply, a SRF–PLL control
method is developed based on the following mathematical
analysis:

⎡
⎣
Vsa
Vsb
Vsc

⎤
⎦ �
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Vm cos θ

Vm cos
(
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where Vm is the phase-to-neutral amplitude voltage. Substi-
tuting (1) and (2), into (3), the voltage Vqe and Vde is obtained
as [17]:

[
Vqe
Vde

]
�

[
cos(θ∗ − θ)

sin(θ∗ − θ)

]
�

[
cos(�θ)

sin(�θ)

]
(4)

The control scheme is illustrated in Fig. 4 and as shown in
the figure PI controller is employed to achieve the value of
ω∗ that determines the feedback voltage V ∗

de. Thus it should
be noted that if the difference in angle (�θ) between the
PLL output θ∗ and grid angle θ is kept zero, then Vqe � Vm
and Vde � 0 as presented in Fig. 5. The angle used in the
transformation system is obtained by integrating a reference
frequency ω∗. If the resulting command frequency is similar
to the AC grid frequency, the voltages Vqe and Vde regarded
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Fig. 4 PLL control block

as DC values based on the angle θ∗. Accordingly, the phase
difference between sin(θ∗) or cos(θ∗) and grid voltage is
determined by the voltage magnitude of Vde. H(s) shown in
Fig. 4 represents lead compensator transfer function, and it is
used to attenuate the harmonic distortion of the three-phase
grid line voltages [27].

3.1.2 VSC Voltage and Current Control

The control strategy is carried out via synchronously rotating
d − q reference frame [26]. Thus the transformed grid side
voltage and line currents are used as feedback parameters for
the inner current control loop as shown in Fig. 6. The outer
voltage controller is employed to regulate theDC voltage and
sets the reference input for the q-axis current controller. The
active power is regulated through the inner q-axis current
control loop, while reactive power is controlled via d-axis
current loop due to isq is a measure of Ps, and similarly, y
is the measure of Qs as shown in (5) [26]. Using the power
invariant transformation, the total instantaneous active and
reactive power in dq frame is given by:

Ps � 3

2

(
vsqisq + vsdisd

) � 3

2

(
vsqisq

)
(5a)

123



7178 Arabian Journal for Science and Engineering (2019) 44:7173–7185

Fig. 5 DQ-axis voltage, a q-axis
voltage, b d-axis voltage
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where Ps is the active power and Qs is the reactive power. The
feed-forward terms ωLisq and −ωLisd are combined with
the inner current control system to allow effective decoupled
control of the isq and isd.

3.2 Wind and Solar Boost Converter Control

In RES system, parameters such as input disturbances
(change in irradiation and wind speed), loads demand, and
the status of other sources in the microgrid determine the
operating modes of DG systems. Accordingly, the control
system for DGs source can be categorized into two. These
are constant voltage andMPPT control as illustrated in Fig. 7.
In Fig. 7, Vpv/Vw represent converter primary side voltage,
Ipv/Iw represents converter input current, respectively. Vdc
and Idc are converter output voltage and current, respectively.
The converter input voltage is sensed and compared with its
reference value and the error generated is applied to the volt-
age controller to regulate the converters input voltage through
the closed loop. During light load, when there is sufficient
DG generation is available, the DG converters are controlled
to operate at constant voltage control (CVC)mode to smooth
bus voltage.

In this case, the DC bus voltage increases due to less load
power and the switch control logicwill change toCVCmode.
However,when different converters are connected in parallel,
therewill be a circulating current among the converters. Thus,
in order to overcome, this problem, a droop control is used to
suppress the circulating current [10, 18, 22]. In mode-II, due
to increase in load power, G-VSC is connected to the dcµG to
supply thedeficit power for the load.TheDGboost converters
areworking atMPPTcontrol and the control logic switches to
MPPT mode in Fig. 7. During this period, generation power
is increased while the DC bus voltage is decreased. As a
result,DGs are controlled to operate atmaximumpower point
(MPP) in order to maximize the available energy.

3.3 Battery Converter Control System

In mode-I, since DG power is greater than load demand,
the bidirectional buck/boost converter works in buck mode
to charge the battery and regulate the DC bus by absorbing
the extra power. It is assumed that the battery is fully charged
when its state of charge is reached95%anddepthof discharge
is 40% [28]. Accordingly, in this mode, if the battery is not
fully charged, it continues to be charged in mode-II.

The schematic control block diagram for battery control
proposed in this paper is shown in Fig. 8, where Vbat and
Vbatref represent the measured and desired battery voltages,
Vbat_L is the battery voltage at 40% SoC, I ∗

bat is battery refer-
ence current, Ibat the measured battery current. The battery
charging and discharging status is determined by I ∗

bat, which
is the summation of charging and discharging battery out-
put current (Ik1 + Ik2) as shown in Fig. 8. Moreover, when
I ∗
bat > 0, the bidirectional DC/DC converter works in boost
mode, and hence, the battery is discharging to regulate the
DC bus power balance (during mode-III), while I ∗

bat < 0 bat-
tery is in charging mode. Thus the seamless transition among
the various modes is ensured [28].

3.4 Analysis of Droop-Controlled Source Converters

Droop control allows source converters to operate in parallel,
so that loads can be shared among the generating sources in
proportion to their power rating. When the droop resistance
Rd is connected in series with Thevenin voltage (VTh), the
reference bus voltage is given by

Vbusref � Vn − Rdio (6)

The droop resistance can be found by:

Rd � �vbus

imax
(7)

When the microsources in DC microgrid work in voltage
droopmode, each source in the system is accountable tomake
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Fig. 6 VSC control system
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the bus voltage stable, so that the current at each terminal
converter is given by [29]:

is � i1 + i2 + i3 + i4 (8)

Considering that all sources have the same reference volt-
age when controlled in constant voltage control [30], the
reference bus voltage can be calculated as:

Vbusref � Vn − 1∑n
i�1

1
Rdi

is
� Vn − Rdio (9)

The difference between powers delivered from parallel
sources can be realized by analyzing power to a given load
with simplified circuit of the two sources. The dcµG source
components are listed in Table 2. The equivalent steady-state
analysis of the simplified circuit can be done by model-
ing source units as voltage source in series with droop

impedance, as depicted in Fig. 9. Thus the change of cur-
rent delivered by source is obtained as:

I1 − I2 � 2(V1 − V2)

Rd1 + Rd2
+

(Rd1 − Rd2)

Rd1 + Rd2
I0 (10)

Vbus � VTh − Rd I0 (11)

where VTh � V1Rd2+V2Rd1
Rd1+Rd2

and Rd � Rd1Rd2
Rd1+Rd2

Equations (10) and (11) show that the change in current
delivered by each generating unit is inversely proportional to
the sum of droop resistances as shown in (10). Consequently,
as the total droop resistances increased, this decreases the
difference between currents. However, increasing droop
resistances leads to poor voltage regulation. Thus, there must
be a trade-off between load sharing and voltage regulation
[30].
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Table 2 dcµG components design parameter

Units Types of
interfacing
converter

Rated power
(kW)

Droop
resistance (�)

Wind turbine Boost
converter
(nonisolated)

6 3.23

PV Module Boost
converter
(nonisolated)

12 0.91

AC grid Three-phase
VSC

5 4.02

Battery (ESS) Bidirectional
buck/boost

5 2.01

+
-

Rd1

+
-

Rd1

I1 I2 L
o
a
d

+

-

Vbus

V1 V2 +
-

Rd

Io L
o
a
d

+

-

Vbus
VTh

Io
Equivalent Thevenin

Circuit

Fig. 9 Simplified equivalent circuit for two sources connected in parallel
supplying a load and its Thevenin equivalent [27]

3.5 Control of Load Interface Converter

The voltage mode control method is employed in this paper
for load converter, and compensator parameters are designed
based on frequency control. In Fig. 10a, the converter output
voltage Vo is sensed and compared with reference voltage
Vref and generate an error signal. The intended objective is to
achieve the output voltage equal to Vref such that the average
output voltage follows the desired input voltage regardless of
disturbances in converter power stage. In the control strategy,
if the feedback systemworks accurately, then reference input
signal matches with the output voltage and hence the error
signal is zero [31].

3.6 System Stability Analysis

In actual practice, the load interfacing converter injects a pul-
sating current into the power stage. This current contains a
high-order harmonic at multiples of the switching frequency
( fsw) which can affect the current spikes caused by switch-
ing transitions. Moreover, the input source voltage transient
also causes conducted audio susceptibilities [31, 32]. There-
fore, in order to overcome the aforementioned problems, an
input filter is employed at the input converter terminals. The
input filter is used to attenuate disturbances due to switch-
ing devices and also limit the conducted electromagnetic
interference (EMI). The stability problem of the system can
be improved using parallel passive input filter with an opti-
mumdamping at the converters input terminals as depicted in
Fig. 10b. The optimum value of damping resistance (Rd) can
be obtained at the minimum value of filter output impedance
(Zo). When the damped filter is combined with the negative
converter input resistance, the resultant effect is positive. The
value of this damping resistance can be approximated using
the filter peak output impedance as given in (12) [32]:

|Zo|max � Ro

√
2(2 + n)

n
(12)

where Ro �
√

Lf
Cf
. The value Rd can be found using the

following expression:

Rd � Ro

√
(2 + n)(4 + 3n)

2n2(4 + n)
(13)

The control to output open-loop transfer function (Gvd(s))
of load converter shown in Fig. 10b with damped input filter
can be expressed as [32]:

Gvd(s) � Vg
s3a3 + s2a2 + sa1 + 1

s5b5 + s4b4 + s3b3 + s2b2 + sb1 + b0
(14)

where the numerator and denominator are given in the fol-
lowing

a0 � 1, a1 � nCfRd − D2L f/R
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Fig. 10 Buck converter with damped input filter
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Fig. 11 Real-time simulation setup using OPAL RT simulator: a Simulink model using RT LAB and b simulator setup picture

Table 3 Bus voltages at different operating modes

DG-mode (V) G-VSC mode (V) BESS mode (V)

≥665 ≥650 ≥634

a2 � L fCf

(
1 + n − nD2L f

R

)
, a3 � nL fC

2
f Rd

b0 � 1, b1 � nCfRd +
(
L + D2L f

)
/R

b2 � C
(
D2L f + L

)
+ L fCf + nL fCf + nCfRd

(
L + D2L f

)
R

b3 � L fCfL(1 + n)

R
+ nCfRd

(
L fCf + LC + D2L fC

)

b4 � L fCfLC(1 + n) + nL fLRdC
2
f /R

b5 � nL fC
2
f LCRd

The addition of input filter at converter input terminal
degrades the stability of the closed-loop control. The input fil-
ter introduces complex poles and zero on the right half plane
which causes system instability. In this paper, theRouth–Hur-
witz criterion is used to find the stability conditions from the
closed-loop characteristic equation (1 + Gvd(s)). Accord-
ingly, the following two conditions determine when the real
signs of zero and poles are negative.

L fCf(1 + n) − nL fD2Rd

R
> 0 (15)

D2LfC
2
f (1 + n)

R
− nLfCf

(
D4Lf + nCf

)
Rd +

n2D2C2
f

R
R2
d > 0

(16)

By selecting optimum values of Rd and Cd where Cd �
nCf, the stability of the closed loop can be analyzed using
open-loop transfer function.

4 Concept of the Real-Time Simulator

Real-time simulations are important to verify the con-
troller performance and accuracy since models developed
in real-time are executed at the same rate with actual
physical system. The OPAL-RT simulator interacts with
Matlab/Simulink SimPowerSystem through RT-LAB soft-
ware. The key purpose of the simulator is to implement
real-time, HIL, and control-in-the-loop (CIL) simulations.
In this paper, the developed dcµG model with Simulink
using SimPowerSystems is realized in real-time simulation
using ARTEMiS-SSN solver. This solver is used to decouple
large power systems state space into smaller groups, whose
solutions can be obtained simultaneously by using a nodal
admittance method. In addition, it provides fast and accu-
rate real-time simulation of dcµG systems using the most
advanced processors. The ARTEMiS-SSN performs parallel
execution by assigning multiple cores per CPU for compu-
tations of subsystems that contains several state-space nodal
(SSN) groups. The dcµG system shown in Fig. 1 consists
of large electrical components (such as grid source, wind
turbine generator, solar PV array and battery blocks) and
smaller power electronic components (such as switches and
breakers). Decoupling the large electrical components into
smaller electrical components with ARTEMiS-SSN, the pro-
posed dcµG is simulated at a time step of 20µs on 2.8 cores,
3.2 GHz processor speed, and 16 GB RAM RT-LAB simu-
lator.

Finally, the parallel tasks canbebuilt fromSimulinkmodel
using RT-LAB, and each task assigned on the processor of
the multicore computer and the whole simulation can be run
[33, 34]. The dcµG model simulation setup via OPAL-RT
digital simulator is presented in Fig. 11.
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Fig. 12 DGs inputs,
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5 Results and Discussion

To evaluate the effectiveness of the proposed control strategy,
the proposed system model has been developed in Mat-
lab/Simulink, and with some modification, it is simulated
using OPAL-RT, RT-LAB real-time simulation environment.
The simulation is done with fixed step and sample time of

20 µsec. As it is described in Fig. 1, the proposed archi-
tecture comprises G-VSC, PV module, and wind turbine
interfaced to DC grid via boost DC/DC converter, BESS
which is linked tomain DC grid via bidirectional buck/boost,
and DC loads which are supplied power from the common
DC bus through buck interface converter. The DC bus volt-
ages values at the different modes are listed in Table 3. A
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Table 4 System parameter

Source units Parameters Values Units

Wind Power rated 7 kW

Sw. frequency 5 kHz

Rectified DC voltage 400 V

Solar Power rated 12 kW

Sw. frequency 5 kHz

PV Module Voltage 300 V

G-VSC Power rated 5 kW

Sw. frequency 5 kHz

Rectified DC voltage 650 V

BESS Battery Voltage 240 V

Sw. frequency 5 kHz

Power rated 5 kW

Load Power 2.24–18 kW

sudden change in input disturbance is employed using step
signal for PV and wind turbine source units as shown in
Fig. 12. The constant power control and constant voltage
control of DGs are realized via the boost converter for DGs
sources. Figure 13 shows the real-time simulation results of
the proposed system. The system design values used in the
simulation are listed in Table 4. To verify the control perfor-
mance, themicrosources and load are programmed to change
mode transitions between the various modes.

The load power change is shown in Fig. 13a. Figure 13b,
c depicts the power supply variation from wind and PV gen-
erations, respectively. The variations in power from G-VSC
and BESS units, which are required to satisfying the load
demand, are illustrated in Fig. 13d, e, respectively. Similarly,
the variation in bus voltage level is depicted in Fig. 13f. Dur-
ing the time duration t � 0–20 s, the power generations from
wind and PV are 2.5 kW and 5 kW, respectively, which is
depicted in Fig. 13b, c. However, the load demand is 2.5 kW
which is less than the sumofDGs power as shown in Fig. 13a.
At this period, the dcµG is in islandingmodewith generation
from DGs is greater than the power required by load. As a
result, the surplus power from DGs is charging the battery,
and in this mode, battery is regulating the bus by absorb-
ing the extra power. At t � 20.01–40 s, the load power is
increased to 19 kW as shown in Fig. 13a, and BESS is also
charging with 5 kW shown in Fig. 13e. In this duration, the
DGs power is less than the total demanded power. Thus, to
compensate the deficit, G-VSC is connected to supply 5 kW
power as illustrated in Fig. 13d. In this mode, G-VSC is reg-
ulating the bus by delivering the deficient power for the load.
In the duration t � 40.01–50 s, the G-VSC is disconnected
and the power generation fromDG is also decreased from 18
to 8 kW (PV power is 4.4 kW and wind power is 3.6 kW).
At this time, the load power is 9 kW as demonstrated in

Fig. 13a, which is greater than generation capacity. Thus, the
BESS changes operation to discharging mode to fulfill the
power mismatch. Accordingly, the BESS discharges 2 kW
power to maintain the power balances on the DC bus which
is depicted in Fig. 13e. The result obtained by real-time simu-
lation verifies that the successfulness of the proposed control.
The input disturbances employed to the proposed system in
this paper caused mode transitions automatically among the
microsources to regulate the power management in the sys-
tem.

Stability of the closed loop of point of load converter
is investigated from the open-loop transfer function, Gvd

(s). In a well-designed input filter with optimum damp-
ing parameters, the source output impedance (Zo) will
become sufficiently small. This result in the impact of input
filter on the closed-loop control system becomes negligi-
ble. Accordingly, the converter control works properly with
better performance. In this paper, with the following con-
verter parameters, Nyquist stability criteria are tested: L f �
1.8 mH, Cf � 1 mF, n � 4, Rd � 0.78, L � 1.3 mH, C �
25 µF, D � 0.49 and R � 21 �. Figure 14a shows the fre-
quency bode plot of the converter open-loop transfer function
with andwithout input filter addition.As can be seen from the
figurewith awell-damped input filter, the control system per-
formance cannot be affected. The Nyquist diagram without
and with input filter is also shown in Fig. 14b, c, respectively,
which shows that in both plots the result is similar. Thus, this
shows that the system is stable.

6 Conclusion

In this paper, dcµG with multiple renewable energy sources
and energy storage system is presented using the decentral-
ized control structure. The control solution is fully based on
the independent control operation of source converters based
on the bus voltage levels as a communication link that enables
various operating modes depending on the generating source
conditions. In addition, the control technique employed volt-
age and power control modes to regulate the voltage and
power oscillations which are caused by the changing input
conditions. Considering the generation output and sudden
load changing impacts, three modes of operations are imple-
mented in this paper in order tomaintain the system reliability
and flexible operations. The operating mode characteristics
of the proposed system are explained based on bus voltage
level that allows smooth mode transitions and reliable load
sharing. To improve the source transients of the system, a
low-pass passive filter is designed with parallel damping.
The detail model of the proposed dcµG is developed in Mat-
lab/Simulink SimPowerSystem and also simulated with real
time using OPAL-RT with small modifications. Thus, this
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Fig. 14 Bode and Nyquist plot of Gvd(s) buck DC–DC load converter with and without filter

paper reports the usefulness of the suggested dcµG control
method.
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