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Abstract The recent evolution in technology and lifestyle has been led to a dramatic increase in
electricity demand so that the local communities are encountered with challenges of huge initial
costs, and sustainable extension to a national grid. Here in this paper, a DC microgrid cluster with
three small areas (A, B and C) is proposed. Control and power stability of small-scale electrical
system using renewable resources is a big challenge. In this study, the operation of DC microgrid
and behavior of the system at different operating conditions is evaluated under different condition
of the solar radiation and temperature changes for specific time periods. The DC Converters with
PI control strategies are integrated to control the system performance and load-power balancing.
The DC bus voltage level is employed as an information carrier for controller to maintain operation
stability, improve efficiency, and enhance the redundancy of a system. At the meanwhile, the
Maximum Power Point Trucking Incremental Conductance (MPPT-IC) algorithm is applied to
maximize the efficiency and regulate the output voltage of the PV system to desired DC bus voltage.
The PV arrays with battery and bidirectional converter are simulated to overcome the intermittency
problems of PV outputs. Some typical operation modes are simulated using MATLABR©/Simulink
to confirm the proposed model preference compared to the literature.

Keywords: DC microgrid, storage system, interfaced converters, PI control strategy, rural electri-
fication.

1 Introduction

Microgrid is a localized interconnection of distributed energy resources, storage units and loads. Generally,
microgrids are sub-categorized into three types: AC, DC, and hybrid. Each microgrid contains distributed
micro source, energy storage system, load components, interfaced converters and control system [1]. Also,
the technologies of distributed renewable energy resources as a standalone microgrid are identified as a
potential solution for addressing rural electrification and also have several applications in automotive
industries, marine technologies and communication centres. The main advantages of microgrids are no
transmission loss, electrification of isolated area with low initial costs, and improving power system
stability. In microgrids different types of distributed energy sources, such as fuel cell, wind turbine,
photovoltaic and micro turbines are considered. In DC microgrid concept the distributed generators,
loads, storage system and other components are connected together through DC bus and power electronic
circuits, the only requirement to consider is DC bus voltage and internal power balance, regardless of
reactive power problems, harmonics, and frequency control, which makes the control and components
connection easier and improve system stability. Many studies have been carried out the overall power
balance control strategies of DC microgrids which can be classified into three categories: centralized,
decentralized, and distributed control [2-4]. The decentralized method operates only based on local
measurement data. The lack of information from other units may result an inaccurate decision, reduced
stability, and loss of optimal operation of the system. A central controller acquires system data, then
makes the control decisions and schedules tasks. In centralized control, power lines are used as only
communicating channels.
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Compared with AC microgrid, one of the fundamental property of DC microgrid is fewer conversion
stages. Furthermore, Integration of PV systems in AC electrical network requires many inverters and can
produce harmful harmonics which has negative impact on system operation and stability. In addition, for
appropriate planning of a PV system as isolated microgrid, the most primary concerns are availability of
desired solar radiation, variety of performance, safety, cost and applicability consideration including other
factors that can influence the performance of a PV system [5]. However, the intermittent behaviour of
the solar radiation makes the PV output uncertain, but due to power electronic facilities and decreasing
initial cost in recent years, it changed the most abundant, clean and major renewable DG sources which
are widely used in microgrid [6]. A DC system with localized and distributed resources can operate and
feed power from DC and AC power sources efficiently with reliable performances. Additionally, regulating
from AC to DC is quite easy and cheap compared to DC- AC conversion, which associated with a
complex and expensive process, also the total energy conversion loss of AC to DC for DC load supply is
approximately 10-25% [7- 9]. To solve these issues, world is moving toward DC appliances as most of
electronic devices and sensitive loads are accept DC power supply. DC system are suitably admired due
to their high efficiency, consistency, reliability, and load sharing performance when interconnected to DC
renewable sources and storage system [10, 11]. Moreover, application of DC microgrid for remote village
communities where extension of national grid require huge cost, long time, and transmission loss is cost
and time efficient [12,13]. To overcome the intermittency problems of renewable resources, integration
of storage system with power electronic circuits guarantying the stability and economic feasibility of
network, and improve power quality, peak demand shaving, load-levelling, demand time shifting, energy
cost savings, and security of power supply [14,15]. Many research efforts related to rural electrification
and microgrid are conducted over the past decades. One of the reasons behind the blunt progress of
rural and remote electrification is an enormous initial investment for network extension to isolated areas.
Preferably at rural and remote communities, electricity is desired during the night time for critical demand
supply such as lighting system, TV, fan, and other small electrical appliances. Due to availability and
low cost of renewable resources and land, small-scale decentralized PV installation for rural areas and
dispersed communities is preferred to meet the electricity demand remarkably effective than centralized
infrastructure or national grid.

The technical and economic design of a low voltage DC microgrid for rural and remote applications
in Bangladesh and South Africa is analysed in [16, 17]. The proposed design is based on PV, battery,
and Maximum Power Point Tracking (MPPT). The battery storage characteristics, demand forecasting,
PV panel selection, battery sizing, wire selection for distribution system are discussed. This study found
that a suitable standalone DC microgrid is the most optimal cost effective option for rural electrification.
The techno-economic assessment of hybrid energy off-grid system for island area in Oman is analysed
which is based on methodology involving the use of hybrid optimization model for electric renewable
resources to overcome the intermittency issue and provide reliable and secure supply in order to meet the
demand at the least possible cost. In this work technical and economic feasibility of renewable energy
integration, analysis of load demand profile and assessment of renewable energy resources for island area
were conducted. The optimization results indicated that diesel, PV and wind generator as a hybrid system
provides a sustainable power for remote areas, but it has the highest capital cost among other considered
scenarios [18]. The detail design and operation of PV and battery DC-DC converters as a standalone DC
microgrid for remote community application is discussed in [19- 21]. In these papers battery is considered
as the main components for keeping DC bus voltage constant by charging and discharging functions. This
system is tested in different operation modes and results show the control system and energy management
system work properly. In [22], the cost effectiveness of a mini-grid, based on renewable energy resources
utilization is discussed. This study reflects five years’ experience related to mini and microgrid using
renewable energy resources in South Asia. As a result, authors concluded that universal electrification
is not viable just reliance on grid extensions without off-grid electrification, in which local grid-based
supply would play a leading role in the future. A distributed optimal control and power control of DC
microgrid using DC bus signalling is analysed in [23,24]. In these papers the Optimal Power Flow (OPF),
four operation modes of power management system, control methods of DC converters in a stand-alone
DC microgrid is investigated. In addition, an automatic control method for PV converters is proposed
to realize smooth switching between constant voltage operation and MPPT operation. It enables DC
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bus voltage regulation capability of PV converters to maintained power balance of DC microgrid under
different conditions.

In [25-27] the modelling and load scheduling simulation of PV and battery as an isolated DC microgrid
is discussed. Here the operation of microgrid, performing load levelling, and voltage regulation in local
power system is demonstrated. Battery energy storage is effectively complemented to the system for
compensation of PV power fluctuation when subjected to sudden changes of solar irradiation. This paper
will focus on the voltage and power stability of a standalone DC microgrid cluster to supply remote
village communities by integration of a non-conventional source of energy such as PV array with a local
load and battery system with various modes of operation. Proportional-Integral (PI) control strategy
is used to control the power balance and voltage of DC microgrid because of their zero steady-state
error, easily tuned coefficient and robustness. In order to implement the proposed control scheme, each
converter is controlled to perform a different mode of operation. The operation mode is determined by
switching signal, which is scheduled by control strategy resulting to optimize the cost and size of the
system components. The rest of the paper is organized as follows: Section II deals with the structure of the
proposed DC microgrid scheme and components designs. In sections III, and IV the applied methodology,
results finding and discussions are pointed out. At last, the study is concluded with main finding and
contributions in section V.

2 Proposed Standalone DC Microgrid Cluster Scheme

In order to verify the correct functionality of the proposed DC microgrid, a dynamic model of the system
is analysed. This system contains three small areas (A, B and C) with interconnected PV module, battery
storage, DC loads and power electronic circuit as shown in Fig 1. Each of the system components has
different voltage and current rating levels. Therefore, power converters are interfaced to regulate the
DC bus voltage and power-sharing within neighbour areas. The PV power generation, battery capacity
and the total DC load of the proposed system are listed in table 1. Since voltage instability and system
floatation are the main indicators of power quality with a significant influence at normal operation.
Therefore, low voltage distribution network should supply the load at an acceptable voltage range for
efficient and economical operation. The US National Electrical Code (NEC) recommends a 5% voltage
drop for feeders and branch circuits for a low to a medium distribution system. For this study, a tolerance
of 400± 20V for DC bus voltage is supposed. Also because of the low population density in rural areas
along distribution feeder is required for customer connections, it causes a high voltage drop, power loss,
and uneconomical costs. Also, considering technical, and economic benefits of LV-DC system, it has better
transmission capacity compared to LV-AC system. In AC system the conductor is chosen according to
peak value of current and delivered power is calculated based on RMS value, while in DC system power
is delivered based on constant peak current value and due to lack of skin effect for DC system, DC line
can deliver

√
2 time more power than AC one [28]. The proposed system can be applying for small village

through two DC distribution circuits, the power demand can be converted to desired DC voltage by load
side converters.

Loss reduction can be achieved through proper voltage level, feeder length, conductor size, optimal
location of the storage system and solar panels. For adequate analysis of the system cost, losses and
voltage drop; line impedance and feeders’ length are also considered which are 0.14Ω/km, 0.24mH/km
and 1.5km, respectively. Additionally, without storage and control system, the common DC bus voltage
varies according to the variation of PV outputs in standalone MG. Therefore, the storage system with a
bidirectional converter and appropriate controller is necessary to improve power quality, maintain the bus
voltage, and decrease the duration of power outages. Since voltage fluctuation and drops have a significant
influence on normal operation of electrical equipment especially for sensitive loads, and motors, the low
voltage DC microgrid should supply the load at the voltage within ranges that allow the efficient and
economic operation of equipment. So, the voltage drop is an important constraint in the distribution
network, which can be calculated by the following equation:

Cmil = 2KLI
VD

(1)
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Figure 1. Schematic diagram of the proposed standalone DC microgrid cluster.

Where,
K is electrical resistivity of conductor in Ω − Cmil/ft, (KCopper = 12.9,KAluminum= 21.2);
I is the load current;
VD is the maximum allowable voltage drop;
L is the one-way length of conductor in ft;
Cmil is the cross section area of conductor.
The detailed description of the model of each subsystem is given below.

2.1 Battery and Bidirectional DC-DC Converter

Integration of storage system helps to improve the power quality and bus voltage stability. Several studies
have proposed the integration of energy storage systems (ESS) to power grids with distributed generation
and an effort to reduce the negative impacts and the necessity to invest in additional pick power plants
and transmission infrastructure [29]. The battery as a backup system should be integrated with PV
arrays via a DC-DC bidirectional converter to provide reliable and stable electricity by charging during
non-peak load and discharging during peak load conditions with some fluctuations in generated power by
renewable energy sources [30-32]. When comparing different types of batteries, lithium-ion battery is an
appropriate choice for power storage applications, and it can deliver more power cycles in their lifetime
[33]. A series and parallel connection of the Lithium-ion battery would make a high power battery matrix,
which can be used easily in DC microgrid. The capacity of battery is selected to store all surplus energy
from PV and efficiently supplying DC load at night and high demand time [34,35]. The power balance at
any instant is expressed in below equation [36, 37]:
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Table 1. System parameters and components.

Parameters Value Symbol

Power of PVmax 90 kW Ppv−max

Battery capacity 50kWh B

Maximum DC load 72kW Rload

DC Bus voltage 400V Vbus

Feeder length 1.5km L

Line resistance 0.14 Ω/km Rline

Line inductance 0.24mH/km Lline

Switching Frequency 5kHz F

PB(t) + PP V (t)− PL(t) + PLoss = 0 (2)
The nominal voltage of the battery is 100 V in this paper. Bidirectional DC-DC interface converter

with feedback PI controller is used as shown in Fig 2. The DC bus voltage is used as an indicator to
determine the operation mode of converters according to the predefined threshold voltage. The complete
operation of bidirectional converter contains two operation modes: charging (buck) and discharging (boost)
modes. The mode of operation depends on switching signal which is generated by control system regarding
to DC bus voltage fluctuation. By these process DC microgrid is able to maintain its stability of voltage
and power. When sizing the battery as a storage system, two major parameters should be taken into
consideration, the State of Charge (SoC) and Depth of Charge (DoC). Battery with a nominal capacity is
permitted to charge and discharge to a specified limit. For power flow control in DC-DC bidirectional
converter, an appropriate design of the controller is important. The feedback PI controller diagram for
battery and converter operation is shown in Fig 3. It operates at two fixed voltages (the battery system
voltage and DC bus voltage). Two PI controller with KP and Ki equal to 0.02 and 110 for charging and
KP and Ki equal to 0.02 and 3 respectively for discharging mode is implemented to achieve the desired
switching signal operation.
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Figure 2. Circuit diagram of bidirectional DC-DC converter.

The controller compares the difference between bus voltage and reference value to obtain the battery
charge and discharge comments. If the comparison value is negative, which means that the solar power is
more than the total connected load, so the surplus power of PV modules has to be judiciously utilized by
charging storage system if the SoC of the battery is less than 80%, otherwise battery will not be charged
to avoid the possibility of damage. When the value is greater than zero, which means the total load is
greater than the combined power from solar panels. In such a situation, the control system checks the
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SoC of battery, the power of battery is used for load balance, if the SoC of battery is greater than 20%.
In a case the SoC is not greater than 20%, the load shading should be performing to prevent the early
aging of battery [38].

PI

PI

Vref

Vbus

-

+

BDC

0

0
0

=0
Buck

Boost

Vref

Vbus

Figure 3. Control diagram of bidirectional converter.

In DC microgrid the load demand and power generated by renewable resources will be measured based
on the conditions as follows:

– Case I: The load demand (PL) is equal to power generation (PG). In this condition, the generated
power by PV modules is equal to the total load, hence the load will be supplied by the generation
without any interruption.

– Case II: The load demand is less than generated power. In such a situation the excess power is charged
in battery with consideration of SoC of the battery.

– Case III: The Load demand is more than generated power. This condition will be treated with caution
to balance the load supply and power generation with the help of the battery storage system. Also,
the difference in power generation and load demand will be calculated, then whether the available
generation is enough to meet the priority load will be checked and the demand will be supplied until
the SoC of the commercial load battery reaches a minimum level.

It will be charged when the system returns to case I condition. This process is continued to give
uninterrupted power to consumers in small isolated areas. The state of charge of the battery has a positive
slope during the time of charging and it has a negative slope during the time of discharging as shown in
Fig 13.

2.2 PV Module and DC-DC Boost Converter

The photovoltaic array consists of PV modules which are connected in series and parallels according to the
required voltage and power ratings. Each module consists of numbers of series and parallel connected PV
cells. For close correlation with the hardware system, a single-diode solar PV cell is developed as shown
in Fig 4. Single diode PV circuit is the most common mathematical representation of the solar module
behaviour, it consists of a diode (D), temperature-radiation dependent photo-current source (IL), leakage
current and voltage drop which are represented by parallel resistance (RP ) and series resistance (RS)
respectively. The basic equations of the circuit showing the dependence of the solar cell to environmental
conditions are given below [39].

I = IL − I0

[
e
V+IRS
KT −1

]
(3)

IL = φ

φref
[IL−ref + µSC(TC − TC−ref )] (4)
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Figure 4. Equivalent circuit of one diode model of the PV cell.

IO = IO−ref (Tref + 273
T + 273 )3e[NS−egap

qαref
(1− Tref + 273

T + 273 )] (5)

IO−ref = IL,refe
[−

VOC,ref
αref

] (6)

Where:
I is the net output current of PV cell (A);
IL is the light generated current(A);
IO is the diode saturation current (A);
V is the output voltage of cell (V);
q is the electron charge ((1.602 ∗ 10−19C) );
RS is the series resistance of cell (Ω);
RP is the parallel resistance of cell (Ω);
T is the cell operating temperature in Kelvin (K);
k is the Boltzmann’s constant (1.381 ∗ 10−23J/K);
φ is the solar irradiation (W/m2);
VOC is the cell open circuit voltage (V);
αref is the thermal voltage factor (V);
µSC is the T-coefficient for SC current ((A/◦C));
egap is the band gap energy of material (1.17eV for Si).

Mathematically the output power of PV modules is obtained by solar irradiance with respect to PV
module surface area. The output power of PV panel is determined by following equations [40]:

PP V = NAµgφ (7)

µcd = µref [1− β(T − Tcell−ref )] (8)

TC =
[
NCOT − 20

800

]
φt + Ta (9)

TI = IDRD +Rr(Id + Ib) (10)

Where:
A is the module surface area (m2);
µg is the generation efficiency;
N is the number of PV modules;
φt is solar radiation in tilted module (W/m2) ;
µcd is the power conditioning efficiency;
µref is the reference module efficiency;
β is the temperature co-efficient ((0.004-0.006)/C);
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TCell−ref is the reference cell temperature of modules;
NCOT is the nominal cell operating temperature;
TI is the total radiation in the solar cell considering normal and partial radiation.

Single PV cell of any rating will not be able to generate the required power levels. Hence, several PV
cells are interconnected through a series and parallel combinations that scale up to generate the required
PV power. The voltage and current are obtained by scaling up of PV modules, which is expressed as:

Iarray = NP

Imodule
Varray = NSVmodule

Parray = Varray ∗ Iarray ∗ FFC

 (11)

Where FF is filled factor of the ideal PV module without resistive effects. Here due to the variation
of solar radiation and temperature, (400 < r < 1000; 10 < T < 30◦C) as an input of PV arrays, the
output voltage of PV panels is low and will be affected. PV arrays are connected to DC bus through
boost converter with 5 kHz switching frequency and MPPT controller to adjust the voltage at bus side as
shown in Fig 5. This converter has two main rules in the system: first, it increases the output voltage
of PV to the DC bus voltage; secondly, it always works in MPPT mode in order to extract maximum
available power from PV sources. Meanwhile, MPPT-IC as an electronics system that varies the electrical
operation point of the module to find the optimal points is used to regulate the switching signal of the
boost converter. During power imbalance due to fluctuation of solar radiation, the switching signal is
adjusting by PI regulator using synchronous measurement of PV voltage and current, and the maximum
power point tracking is maintained by preventing deviation of the control range of duty cycle [41]. The
PI controller with KP and Ki values of 0.002 and 0.2 is used for boost converter. The controller gives a
value between 0 and 1 as an output for the switch operation and duty cycle.
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Figure 5. (a) Circuit diagram of boost converter and MPP controller; (b) V-I graph

This converter has two intervals of boost operation during continuous conduction mode, the steady-
state analysis of inductor volt-second balance and capacitor charge balance have to study in both intervals.
Then by applying a small ripple approximation, V , Vbus, and D values, the desired boost converter can
be easily designed as per requirements.

– Subinterval I: During this subinterval, the MOSFET (S) is conducting and the diode is reversely
biased. By applying a small ripple approximation where Vbus is the steady state output voltage:

IC = −Vbus

R
(12)

VL = Vbus (13)
– Subinterval II: In this subinterval, the MOSFET (S) is in off state where the diode is forward biased.

Once again by applying small ripple approximation;
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IC = I − Vbus

R
(14)

VL = V − Vbus (15)

Combining equations 12-15, a graph for vL(t) and iC(t) vs time can be obtained as shown in Fig 7 (b),
where, D= duty cycle, TS= switching time period, D′ = (1−D). By inductor volt-second balance
the voltage across the inductor is;

L(t)dt = DV TS + (V − Vbus)TSD
′ (16)

Vbus = V

D
(17)

The inductor current during subinterval I by considering the inductor ripple current (∆iL) is ;

di(t)/dt = VL(t)L = V/L (18)

di(t) = 2∆i; dt = DTS (19)

From equations (16)-(19) ∆i = V DTS/2L;

dVC(t)/d(t) = iC(t)C = −V/RC (20)

∆VC = DTSVbus

2CR (21)

In the P-V curve, the characteristic of PV panels with an optimal power point (MPP) is shown in
Fig 6. The efficiency of PV at this point is maximum. Because of the low operating efficiency of PV
panels (maximum 20%), so it is desirable to shift the operating point of PV at optimal point to deliver
maximum power to load under varying solar radiation and temperature conditions. In this paper, the
MPPT-IC algorithm is applied to regulate the PWM control signal of the DC-DC boost converter until
the condition I/dV +I/V = 0 is satisfied. Also, it copes with solar radiation, which changes every moment
and maximizes the efficiency of PV system. Incremental conductance(IC) works based on observation of
the P-V curve shown in Fig 7, that is one of the important technique as a tracking control strategy for
integration of PV system [42].
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This algorithm checks for the MPPT by comparing dI/dV against −I/V until it reaches the voltage
operating point that incremental conductance is equal to the source conductance.
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Figure 7. Flow chart of IC algorithm.
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3 Simulation Results

The performance of proposed standalone DC microgrid scheme is evaluated and analyzed to confirm the
system stability. Voltage fluctuation of each area as a signal carrier is used to perform load and power
management. The operation of proposed DC microgrid is illustrated in Figs 8-13. The nominal voltage of
the DC bus was set at 400V with ±5% voltage fluctuation. Fig 8 illustrates the bus voltage at source and
load side. Because of voltage drop in distribution line the bus voltage decreased to 388V at load side, it is
an appropriate voltage level for efficient operation of electrical components. Fig 9 reveals the variable PV
power according to solar irradiance and temperature variations. Meanwhile, the boost converter integrated
with PV system increased and stabilized the output voltage of modules which is low and unstable as
shown in Fig 10. Appropriate DC converters and feedback PI controller is the most promised and simple
way to overcome the instability and control challenges of small-scale electrical network using renewable
resources.
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Figure 13. SoC of battery during different mode of operation.

4 Discussion and Analysis

The renewable energy management algorithm and controller for voltage fluctuation and power stability
has been successfully implemented through the above discussed DC microgrid design. The simulation
results show the accuracy of the proposed methodology for the sustainable operation of microgrid. It
can be seen that the power of PV panels varies according to environmental conditions and its total peak
value reaches to 90 kW. In addition to this, for verifying the effective utilization of solar PV power, an IC
algorithm is implemented to track the maximum power because of its zero steady-state error, easily tuned
coefficient and robustness under abrupt changes of environmental conditions. At the beginning due to low
sunshine, the PV generation cannot supply the load demands, thus the battery is discharging its initial
charge rapidly to balance the power and load demand. After 1s the PV output increased and produced
surplus power, which is utilized for charging the battery and maintain the DC bus voltage at 400 V. The
situation between 1.5s and 3s is the witness of the load changed in area A and B which causes power
injection from neighbour areas to meet the power-balance. At 1.5s load demand in A is decreased rapidly
which causes a ripple in bus voltage, increase the current flow from area A to B and C, causes the rapid
increase of SoC of battery in A, as shown in Figs 11-13. At 2.5s the load connects back in area A, the
SoC starting to decrease. After 2s the load is increasing in area B resulting more current flow from A and
decrease current flow from B to C. At the end of the simulation, battery start again to discharge due to
decrease in PV output. The state of charge of the battery has a positive slope during charging mode,
while it has a negative slope when discharging. In each situation the local and common DC bus voltage is
used as the main signal carrier for controller and power management is performed proportionally to the
voltage deviation of each small area.

5 Conclusion

In this paper, a PI-based control strategy for a PV-Battery isolated DC system is proposed to extract
maximum power from PV and charge the battery optimally for rural applications. The proposed method
makes the system simple and easy to control and also it is designed and tested effectively for various test
conditions. Additionally, renewable energy management algorithm is considered to maintain a sustainable
power balance and optimize power components in a DC microgrid cluster under consideration. The
system exhibits how a renewable source of energy such as PV array can work together with a battery in
DC microgrid to supply the local load demands. The main advantage of the proposed DC microgrid is
supplying the load with the depth penetration of renewable energy sources rather than the conventional
generator. The system is scalable to satisfy the load demand in rural communities and it is able to handle
the load-power balancing for all the capricious cases (PG > PL,PG = PL and PG < PL) and provides
a continuous supply for rural communities. In normal condition, each area of the system can meet all
their energy demands with low-cost, local non-polluting renewable energy sources, thereby optimizing
the utilization of renewable energy, reducing the total capacity of batteries (which inherit significant
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investment), and improving the system stability. The simulation studies of DC microgrid with proposed
control system clearly indicate the power dissipation to the consumer through maximum renewable energy
penetration and batteries without any divergence in the system. It is expected to electrify the rural and
remote areas with minimum initial & maintenance cost, conversion, and distribution losses by maximum
penetration of renewable energy sources and storage systems. It can be inferred from the above results
that regulated output voltage is maintained effectively without interruption to the consumer. Also the
life and efficiency of the battery improved well by properly monitoring SoC conditions of the battery.
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