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ABSTRACT One of the crucial challenges in the present power distribution system is the conversion
loss phenomenon. Modern microgrid integrates various converters for varieties of applications, such as
distributed power generation interconnection, energy storage management system, grid integration, demand
management, etc. The increased usages of power converters further worsen the existing situation. Any
initiatives taken towards energy conservation go in vain due to the excessive conversion loss phenomenon in
the present distribution schemes. In this regard, a novel microgrid energy management scheme is proposed
and developed to reduce the conversion losses in the residential distribution system. It uses a new control
algorithm that finds the strength of power available in the DC side before being transferred. The conversion
process is invoked only if the power is adequate, and if found feeble, then the conversion process is withdrawn
and stored in an auxiliary battery. Conversion of feeble power would result in high loss across the converters
and transformers. In this scheme, the AC loads are supplied by the utility grid, and the DC loads are
fed by a solar PV and an auxiliary battery bank. The power conversion is done only during unavoidable
circumstances. A prototype hardware setup has been developed, and the objective of the proposed research
task has been validated. Further, the proposed scheme would gain importance in reducing the cost of the
electricity for a time-of-use tariff system by optimization. A genetic algorithm is proposed to optimize the
energy management of the microgrid system.

INDEX TERMS Battery based energy management system, solar PV, hybrid microgrid, conversion loss
reduction, energy saving.

I. INTRODUCTION

One of the important challenges in the present power
distribution system is the conversion loss phenomenon.
Nowadays, the usage of DC appliances has been increasing
significantly. In this scenario, there is a remarkable increase
in the usage of DC operated equipment in daily lives [1].
Usually, the DC loads are plugged into the AC terminals
due to the unavailability of separate DC supply systems at
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the consumer premises. The AC power is customized using
converters for various DC load requirements and it results
in multiple conversions. The conversion losses and harmon-
ics produced by the converters are significantly increasing
day by day and polluting the power system network. These
conversion processes render an average power loss of 10-
30% [2]. Further, the photovoltaic (PV) systems generate
DC power. To respond to the growing use of DC systems,
and to accommodate the low power distributed generation
resources, the concept of microgrid has been evolved. The
microgrid offers several advantageous features; it includes
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remote electrification, optimal usage of the renewable energy
system [3]. It suits well with developing smart grid activities
and enhances the Battery Energy Storage System (BESS) [4].
But, when a BESS is connected to the conventional AC
terminals, enormous conversion losses are encountered due
to various conversion processes. So, the efficiency of BESS
has deteriorated. But in a microgrid environment, the BESS
is operated within the DC bus for most of the time. Hence,
the losses encountered in the charge processes drastically
reduce, therefore, the performance of the BESS is signifi-
cantly improved in a microgrid topology. However, due to
the intermittent characteristics, microgrids built with solar
PV constitute several technical challenges [5]-[7]. Even after
the introduction of hybrid AC/DC microgrid, the power con-
version process is invoked frequently during the deficit of
power in the microgrid environment. In optimization strategy,
the energy cost is minimized by deploying energy storage
devices for peak demand management, and they are charged
during off-peak hours. Many hours in a day, the batteries are
charged from the utility grid supply. This scenario resurfaces
the conversion process and results in excessive conversion
loss.

In the existing literature, energy management systems
and intelligent techniques have been used to address sev-
eral phenomena such as the optimal deployment of sources,
scheduling the loads based on priority, load shedding,
peak demand management, and energy storage management
[8]-[10]. There are various control algorithms and flowcharts
used in literature to operate the microgrid. In the litera-
ture [11], [12], the renewable energy system’s power avail-
ability is checked with the load requirement and the demand is
met. Further, the batteries are deployed concerning its charge
status. The interlinking DC voltage variation is used as a
reference to manage energy systems [13]. In [14], the battery
bank voltage level is used to operate the battery backup. In the
optimization-based control technique, cost minimization has
been taken as an objective function to handle the micro-
grid energy management [15], [16]. The battery management
strategies focus is towards peak demand management for eco-
nomical energy cost, optimizing cost by operating at minimal
tariff. Similarly, batteries deployed in standalone microgrid
systems are operated only during power intermittency and
during the unavailability of renewable power.

The surveyed literature so far indicated that various con-
ditions and thresholds are used to control the conversion
processes. However, two important scenarios have not been
addressed during the AC/DC power conversion process. First,
the export of solar power through the interlinking converter
will be effective only if it is of sufficient quantity. The con-
version will be invoked when the solar PV power availability
is in low quantity and it will result in more losses across
the converter than the requirement for which it has been
intended. Secondly, in a situation, where the solar power
is unavailable and the DC side load requirement is less,
importing power from the utility will result in relatively
more power losses across the converter than the requirement.
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The aforementioned power conversion processes occur fre-
quently in a microgrid environment. The major reason is
that the converters and transformers exhibit poor performance
when operated at under loaded conditions [17]. The conver-
sion will process when the power availability is less than 20%
of the rated value and it will exhibit poor performance [18].
This scenario has been illustrated elaborately in Section III
using an experimental inference furnished in Fig. 4 and Equa-
tion (8) has been derived in this regard. This lower value of
power is mentioned as feeble power in this work. To empha-
size the uniqueness of the proposed work, a comparative
study has been presented in Table-1. The best solution for
the aforementioned scenario is to effectively manage BESS
to handle the feeble power of the renewable-based microgrid
system and to maximize energy efficiency.

TABLE 1. Comparison of the proposed strategy with the existing literature.
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It has been inferred that 14-25% of energy savings can
be attained by storing excess power using storage devices
such as a battery [28], [29]. It is reported that Germany has
announced the incentive of €50 m for solar-based BESS and
the subsidies cover 30% cost of their battery system [30].
Similarly, Italy has provided an incentive for residential PV
based storage [31]. Further incorporating the best practices
for improving battery life is essential for emphasizing sus-
tainability and reliability [32], [33].

In this regard, the proposed research study is to design a
novel battery-based energy management system to efficiently
manage the solar PV hybrid microgrid for the residential
distribution system. In this work, the residential distribution
within the consumer premises has to be restructured with a
smart distribution system comprising a hybrid AC/DC micro-
grid to exhibit better compatibility with renewable energy
sources, energy storage, and various loads.

The newer energy management strategy aims to:

« Effectively handle feeble PV power prevailing in the DC

side of the microgrid using an auxiliary battery setup to
conserve energy.
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FIGURE 1. Direct utility-grid tied PV system where the generated PV power is completely fed into the utility grid and a
separate supply line is wired for the residential loads to solve the intermittency problem caused in a stand-alone scheme.

« Efficiently manage solar PV, battery storage, and loads
to enhance energy saving and reduce conversion losses.

« Realize cost-effective power distribution using genetic
algorithm based optimization.

Existing solar PV based residential electrification schemes
have been discussed in Section II. The factors limiting the
performance of microgrid and the BESS have been discussed
in Section III. Section IV describes the proposed hybrid
AC/DC microgrid topology. The description of configura-
tions of solar panel, BESS, and converters used in the micro-
grid are depicted in subsection IV (A), IV (B), and IV(C)
respectively. The newly developed Battery Energy Storage
based management strategy and the centralized microgrid
controller operations are explained in Section V. Conversion
loss reduction strategy has been illustrated in Section VI
Results and discussions are furnished in Section VII. This
section includes a discussion about the hardware prototype
design and subsection VII (A) illustrates the beneficial char-
acteristics of the proposed microgrid scheme in comparison
with a direct grid-tied scheme and conventional microgrid
scheme.

Il. EXISTING SOLAR PV BASED RESIDENTIAL
ELECTRIFICATION SCHEMES

Generally, solar PV deployment in the residential premises
is configured as direct grid-tied or standalone PV schemes.
Since solar PV power is intermittent, PV based stand-alone
supply system is not preferred and a direct grid-tie scheme is
utilized commonly as shown in Fig.1. In the direct grid-tied
scheme the generated PV power is completely fed into the
utility grid and a separate supply line is wired for the resi-
dential loads. This scheme uses a net meter to account for the
export and import of power. The advantage of this scheme
is that the maximum power is extracted every time from the
PV panel using the Maximum Power Point Tracking (MPPT)
system. However, this scheme has a limitation that every time
the generated DC power is inverted to AC. Hence, the inverter
loss is inevitable. The efficiency of the inverter is better
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when handling the rated quantity of power, and exhibits poor
performance during under loaded conditions. Most of the
time, the inverters are operated at the under-loaded condition
and the losses were always predominant.

The microgrid technology has got its significance to
address the aforementioned issues. However, even after the
evolvement of microgrid technology, rooftop solar PV tech-
nology couldn’t establish its attention. Globally, people do
not have a positive insight about adopting the rooftop solar
PV in their residential premises due to its high capital cost
and prolonged payback period.

Ill. FACTORS LIMITING THE PERFORMANCE OF
MICROGRID AND BESS

Globally, the attention towards solar-based renewable energy
is increasing rapidly, there are many renewable role player
countries like India and China that are consistently showing
their improvement in terms of implementing new renewable
energy technologies and also there are a lot of steps taken
by them to overcome the barriers by implementing effective
governmental policies in the structure of existing power dis-
tribution system [34]-[36]. The energy management system
plays a major role to manage efficiently all the variability and
intermittencies in the energy sources, perpetual power supply,
and different types of storage devices to provide reliable and
endurable power [7], [37]. Battery Energy Storage (BES) has
a wide range of applications in microgrid energy manage-
ment. It is inferred that the ESS enhances power quality [38],
and supports stand-alone microgrid operation, active distri-
bution systems, and Plug-in Electric Vehicles (PEVs) tech-
nologies. The PEV improves the voltage profile, frequency
regulation, dynamic and transient stability [39], [40]. Besides,
it also minimizes energy costs [41]. It enhances the stability
and assists the supportive services, such as outage protection,
peak shaving, and grid power control. It is also essential to
effectively operate the converters connected with the net-
work [42]. But the efficiencies of these converters vary over
a wide range. Therefore, it is not always clear for a user how
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FIGURE 2. Battery charging in a microgrid environment fed by the utility.

much energy is lost in the conversion process when it is exe-
cuted. The efficiency of the BESS is claimed as 90-95% [43],
but in a real-time scenario, the overall efficiency of the BESS
deteriorates [44]. Similarly, the hybrid DC-DC converter effi-
ciency is claimed as 95% [45], while considering the internal
loss of battery, it exhibits only 90% [46]. To understand the
actual loss scenario, the charging and discharging processes
of the BESS are elaborated as shown in Fig.2. This process
applies to BES management in the microgrid environment as
well. The power loss occurs at various stages and it is different
during the charging and discharging process. The following
expression represents the loss phenomenon during charging
the battery.

P chg,loss — Lint,loss + P, dc.conv,loss + P, rect,Loss + P, trs,loss -

ey

where Pint 10ss 15 the battery internal 1oss, Pdcconv,loss 1S the
loss in the DC converter of the charging circuit, Prect Loss 1S
the loss across the rectifier and Precr,1oss 1S the transformer
loss. During the discharge of the battery, the following losses
are encountered.

P dis,loss = L int,loss +P dc.conv,loss +P inv,Loss +P trs,loss - 2)

where Piy, 1oss 1s the loss across the inverter during power
conversion.

The losses in an inverter are calculated by the following
equations:

Pinytoss = 4% PsSwIGBT
— 4% (Eon +E0ﬂ") X ka X fsw < Ve
7T X Inom X Viom '

3

where Eop and Eopr are energy loss during turning ON and
OFF the switch respectively, Ipx is the peak current, fgw is
the switching frequency, and Iom, Vnom, are nominal current
and voltage respectively.

Similarly, a diode loss comprises of conduction and reverse
recovery losses.

P diode,loss — P d.cond,loss + P, d.rev,loss - “)

where Pgcond loss 15 diode conduction loss and Pgrey loss 1S
diode reverse recovery loss.

The conduction and switching losses of the switches used
in the converters vary over a wide range concerning the load.
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The detailed information about the converter loss parameters
and their efficiency details can be inferred from the Ref. [47].
The BESS undergoes various conversions and renders enor-
mous losses in its charge processes. This scenario reduces
efficiency as well as weakens its life cycle. The BESS fed
by the solar PV system is shown in Fig.3, where the battery
system is maintained within the DC bus, the loss occurrence
is less due to reduced conversion stages. The expression of
loss possibility can be found from the equation as given in
equation (5):

P batt,loss — P int,loss + P, dcconv,loss - (5)
DC Bus
MPPT
r— o
L-> Battery

DC-DC
Converter

FIGURE 3. Battery charging in a DC microgrid environment fed by solar PV
power.

The batteries are an essential part of residential premises.
In a conventional microgrid system, the battery charging
process is similar to that of a conventional system comprising
a transformer, rectifier, and DC-DC converter. A considerable
amount of power is dropped in this conversion process, and
the experimentation has been carried out to identify the per-
formance of the battery in the laboratory. The experimental
observation and the respective efficiency curves are shown
in Fig.4.

The efficiency of the microgrid system depends on several
loss criteria. Standalone inverter efficiency reaches about
85-90% only when it is operated more than two-third of its
rated capacity and it reaches a maximum when it is fully
loaded.

Its efficiency sharply decreases, when it is underutilized
and can reach less than 50% when it is lightly loaded [17].
Hence, any conversion process will lead to a significant
quantity of loss and related consequences as well. Usually,
the people widely prefer inverters in the local market for its
low price, but their performance is questionable. An inverter
used in the consumer premises is tested for its efficiency. The
experimentally inferred efficiency graph is shown in Fig.5.
The efficiency of the solar energy conversion process is
highly affected by the performance of these local inverters.

It has been inferred that the inverter efficiency reaches
above 85%, only when it is operated with 80% of the rated
value. Poor efficiency of 52.3% has been recorded during the
lightly loaded condition. The aforementioned scenario has
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FIGURE 4. (a) Power loss during battery charging and (b) Power loss
during battery discharge.
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FIGURE 5. Performance characteristics of the inverter used in customer
premises.

been reported in [18] as well. Most of the time, the inverters
are lightly loaded and hence an excessive amount of power
is wasted in the inversion process. An expression for iden-
tifying the of the interlinking converter is deduced from the
experimental results using a polynomial fitting function and
it is depicted as shown below,

f(x)=0.00438x% —0.14984 x> +1.97526 x* —12.74577 x*
+ 42.33597x+22.98449  (6)

where x is a variable representing the current parameter.
This expression can be used to deduce the performance of
the converter for calculating the power loss for any new value
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of the power conversion process. The efficiency obtained
using the evolved expression has exactly correlated with the
experimental value; it is shown in Fig.6. The conversion
losses have been obtained and shown in Fig.7.
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FIGURE 6. Comparison of efficiency values obtained using
experimentation and polynomial fitting function.
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FIGURE 7. Bidirectional converter loss profile.

IV. PROPOSED MICROGRID SYSTEM DESCRIPTION

This research aims to construct a renewable resource-based
hybrid AC/DC microgrid and to implement the Advanced
Distribution Management system. Introducing the DC distri-
bution through the DC microgrid technology is praised due to
their high efficiency, consistency, reliability, and load sharing
performance when interconnected to the DC renewable and
storage sources. In this work, the power demand of microgrid
consumers is met by a small scale autonomous solar PV sys-
tem which also operates efficiently under both grid-connected
and standalone mode.

The proposed AC-DC microgrid schematic representa-
tion is shown in Fig.8. The integration of renewable energy
resources like the PV, battery, etc. with a low voltage system
will be a feasible solution to reduce multiple energy conver-
sion losses in the proposed system.

A. CONFIGURATION OF PV PANEL
The renewable source considered for the proposed system
is a solar PV with one diode model because it is simpler
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and provides an accord between simplicity and accuracy.
In the proposed work, ten PV panels (Model No: DSP 100)
of 100 W have been used. To have a terminal voltage of 48 V,
five parallel combinations of two panels are configured in
series as shown in Fig.9.

B. BESS CONVERTER CONFIGURATION

In a DC microgrid system, a suitable voltage level is chosen to
avoid few conversion stages and to supply energy resources
reliably and efficiently. The DC network has a solar panel
feeder at the voltage level of 48 V. The ESSs have been
connected to the DC bus through a bidirectional DC converter
as shown in Fig. 10. Generally, the DC-DC converter systems
are used as interfacing between the DC bus and energy stor-
age device, so reduce fluctuations in the DC voltage.

The efficiency, reliability, and dynamic performance of the
system hinges on the operation of the bidirectional converter
under various modes of operations so that the individual parts
of the system can operate suitably.
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FIGURE 10. Bidirectional DC-DC converter configuration for Battery
Energy Management.

Mode 1: During battery charging, the switch S| and diode
D, operate and the converter acts as buck mode.
When the battery power is required for feeding the
load during power outages the switch S, and diode
Djconduct and the converter works in boost mode
to meet the DC bus demand.

If the battery power is not in use, it is put in float
mode (trickle charging mode) to maintain the volt-
age and SoC at an appropriate level.

The State of Charge (SoC) of the battery has been obtained
using the Open Circuit Voltage (OCV) method as in Ref. [48].
The SoC of a battery linearly varies concerning the OCV
variation. The relationship between the SoC of the lead-acid
battery and its OCV is given by the following equation

Mode 2:

Mode 3:

Voc(t) = ayX SoC(t) + ay, @)
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FIGURE 11. Microgrid bidirectional interlinking converter configuration, where AC and DC buses are attached by a bidirectional

interlinking converter.

where ag is the battery terminal voltage when SoC = 0%
and a, is obtained by knowing the open-circuit voltage of the
battery when SoC is 100%.

C. MICROGRID CONVERTER CONFIGURATION

The schematic diagram of the AC/DC microgrid converter
configuration is shown in Fig.11. It consists of AC and
DC buses attached by a bidirectional interlinking con-
verter, which is responsible for power transfer between two
buses [49]. The IGBT switches are operated using (need to
define) SPWM based gate switching at a frequency of 10
kHz. The gate pulses are ignited only when the inversion is
intended. Two solid-state switches Sy and Sc are used to
invoke power flow, Sy is a utility connect switch and Sc
is a converter connect switch. The DC bus is maintained at
48 V. There is several voltage levels, such as 400 V, 326 V,
220 V, 120 V, and 48 V are in practice. However, 48 V is
widely preferred for low voltage DC systems [50], and it is
referred to as an optimal voltage for low power residential
requirements [51].

The solar MPPT charge controller and the BESS converters
are regulated to maintain a stiff DC bus voltage. In a situ-
ation, where the generated solar power is abundant, it will
be exported to the grid for grid storage [52]. In autonomous
or independent mode, the battery plays a vital role in energy
balance and voltage stability requirements through charging
and discharging controls [53], [54].

V. MICROGRID CONTROLLER

The newly designed microgrid consists of an automatic cen-
tralized controller that provides coordinated control and it
monitors the overall functions of the microgrid. The micro-
controller ATMEGA328 has been used to execute the entire
control operation of the EMS. The controller block diagram
is shown in Fig.12. The main purpose of this centralized con-
troller is to check the capability of meeting the imprudent load
demand and to schedule its operation accordingly for proper/
smooth operation. The solar MPP boost converter gate signal
is modulated using operated using PWM generated using the
P & O algorithm.
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The grid integration control angle is inferred using the
following pair of equations;

tangp = M. ®)
Vac

Vae =/ V2 + (@1Lidac)*. ©)

Ly =Ls+Ly. (10)

Ly = Ey + Ej. (11

The PI controllers establish closed-loop control of converter
operation. The PI parameters are, kp = 0.84 and Kj = 1.26
for bidirectional converter control, and kp = 0.035 and Ky =
0.156 for MPP boost converter. The PI controller values have
been obtained using the Ziegler—Nichols tuning technique.
The designed microgrid structure has been operated with an
automatic centralized controller.

The controller monitors the overall performance/ function
of the microgrid. In the proposed scheme, a threshold value
of 20% of the system rating is fixed for invoking the converter
operation since the losses in the conversion processes are
accounted to be varying between 13-18% (Inferred as shown
in section 1.3). If power conversion is processed below this
threshold, it will lead to ineffective power output. The pro-
posed power control flow chart is shown in Fig.13.Various
operations of the microgrid control are accomplished using
the algorithm that stated in the flow chart is as follows:

« Initially, all the DC side of the microgrid power variables
are measured, i.e., power at the PV array terminals,
battery power, and DC load requirement. The PV panel
installation has been performed for 1 kW, which is capa-
ble of satisfying mainly the DC side loads and partly the
AC loads

« Thenet PV power (Py) available after meeting the power
required for battery charging (Pgc) with MPPT and DC
side load requirement (Ppcr) is calculated using the
equation (14) as follows:

Py = Py, — (Ppc + PpcL). (12)

Now, the net power Py is checked, whether it is positive.
If the condition is true, the Py has to be checked whether
it is higher than 20% of the rated value. The interlinking
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FIGURE 12. Schematic diagram of the proposed microgrid centralized controller.

bidirectional converter exhibits enormous losses when
operated below this value, the experimental results of the
converter loss profile was shown in Figure. 7 in section
1.3. Hence, any power transferred less than 20% (feeble
power) will not seek any benefit. Consequently, the net
power in the DC side is checked, if it is available more
than 20%. If the condition is satisfied, then switch Sc is
turned ON and the power is transferred using inverter
mode to feed loads connected to the AC bus. If the
condition is not true the available power is stored in the
auxiliary battery for future usage.

If the Py is negative, it is inferred that the DC side
power requirement is not met by the power generated by
the solar PV. In this scenario, it is checked whether the
power requirement is less than 75% of the rating and if it
is true, the SoC of the battery is checked. If SoC is more
than 50%, the battery power is utilized for meeting the
DC side load demand. The SoC of the battery is checked
for its minimum threshold. If it is met, then it is placed
(or put) in charge mode and the loads are fed in from
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the utility. If the Py is negative and the load requirement
is greater than 75% of the rated, the Sc is turned ON,
the utility power is rectified and the DC side loads are
fed.

On the other hand, if the SoC of the battery bank power is
less than 50%, the availability of solar power is checked
for charging. The batteries are charged only when the
solar power is available, if not, it is placed (or put)
in standby mode to wait until the availability of solar
power.

Finally, the Py is checked, if it is equal to PacL, if it is
true, then the available power is fed into AC-bus loads.
If the condition is not satisfied, then the power may be
excess or deficit. On such occasions, the Sy is turned
ON to import or export power. Generally, the switches
Sc and Sy are in the OFF state.

VI. CONVERSION LOSS REDUCTION STRATEGY
In this section, the newer feeble conversion loss reduction
strategy incorporated in the centralized controller has been
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FIGURE 13. Flow chart representation of Automatic Centralized Controller operation.

illustrated. There are several occasions where feeble power
prevails in the microgrid system. Three cases have been dis-
cussed to illustrate the phenomenon; pictorial representation
has been shown in Fig.14.

Case 1:

Case 2:

When solar power production is low (7.00 AM to
8.00 AM & 4.00 PM to 5.00 PM), usually the loads
would be fed by the utility, and the solar power will
be left unutilized. On such occasions, the DC loads
connected to the DC bus of the microgrid system are
fed from the utility by power conversion. In the pro-
posed scheme the DC loads are fed by the available
solar power with the support of an auxiliary battery.
The AC loads are fed by the utility. By executing
such energy management the conversion process is
minimized.

During the period 8.00 AM to 9.00 AM & 3.00 PM
to 4.PM the solar PV generates a power that is
just adequate to supply DC side loads and a feeble
amount of power remains after that. The existing
literatures have not focused on this scenario. There
is no proper strategy found in any of the literatures to
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Case 3:

If
PpcL <75%

No

A 4

Sc and Sy turned ON
DC loads fed by Utility Grid

A

No

If
Ppv> PpcL

address the feeble solar power which occurs on sev-
eral occasion in a day. In the conventional schemes,
such feeble power is transferred to AC Side through
the inverter. But the inverters exhibit poor perfor-
mance if it is not loaded to its rated value. Hence
the feeble power cannot be converted effectively
and it is dissipated during the conversion process.
To address this phenomenon a control strategy has
been developed where the feeble power is stored
in an auxiliary battery. This strategy exhibits dual
advantage, one is that, the feeble power is conserved
and the other is that the battery is charged in a DC
environment.

During late-night hours (10.00 PM to 5.00 AM),
the DC side load requirement is low. Importing
power from the utility to feed such low power
requirements will result in more amount of loss
across the transformer and converter components
than the actual requirement. To address this issue,
the auxiliary batteries are deputed to feed the DC
loads. Further, the battery is checked for its SoC
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FIGURE 14. The period during which feeble power prevails in the system
(a) Case 1 (b) Case 2 (c) Case 3.

periodically to avoid deep discharge. During the
above mentioned period, feeble power prevails in
the DC network of the microgrid. The export or
import of power during such an occasion will not
be effective. Hence the control strategy and the
threshold value have been coined in such a way that
the feeble power is handled and stored effectively
by the auxiliary battery bank. Hence, power-saving
possibilities are improved.

VII. RESULTS AND DISCUSSIONS

A prototype hardware module has been developed in the lab-
oratory for experimentation of the proposed strategy shown
in Fig. 15. The module components and specifications are
tabulated in Table-2. The total installed capacity of solar PV
is 1 kW and the interlinking bidirectional converter is rated
as 1kW with a grid-tie option. It is designed with the IEC
62040-3 standard which adheres to grid code requirement and
microgrid compliances. The utility source in the laboratory
has been considered as the AC source and the experiment has
been carried out.
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Solar PV Terminals EMS setup

MPPT Setup

Measurement unit
DC Load

FIGURE 15. Experimental setup of the proposed microgrid module.

TABLE 2. Hardware setup ratings for microgrid design.

Equipment Single Unit Module Model
Solar PV Voe =26V, Voc=48V, DSP100
Isc=49A, Isc=24.6A
VMP = 22V, VMP = 42V,
Iw=4.1A Iwp =4.1A
Battery at solar 100 Ah, 12V 200Ah, 24V Amaron
terminals
Battery bank 100Ah, 12V 400Ah, 48 V Amaron
DC loads 100W 500 W Set of five
resistive loads
AC Load - 500W, 0.9 PF Induction
motor load
Bidirectional - 1.2 KVA Liebert. ESU
Converter
Filter L=12mH, - -
C=33uF
Transformer 230V/42V - 1 ¢, step-down

The solar PV is operated at its MPP and stored in a battery
rated 200 Ah. This battery has been depicted for acquiring
power from solar panels and presented to the DC bus at boost
mode. Another set of battery bank with 400 Ah capacity has
been linked with the DC bus through the DC-DC converter.
This battery bank regulates the DC bus voltage and also meets
the DC bus demand. The DC bus distribution is operated with
the IEEE P2030.10, a standard for DC Microgrids Electricity
Access Applications. The overall microgrid is designed to
operate with the IEEE 1366-2012 standards for compliance
of Power Distribution Reliability.

The microgrid module is developed and experimented
under varying solar irradiation, and the respective load man-
agement is inferred. The solar irradiation and temperature
values are taken from the NREL website [55] for the research
location (Lat, Lon: 9.95, 78.15). The dynamically varying
PWM switching signal of the solar PV MPP boost converter
and corresponding voltage values are observed using the
hardware setup are shown in Fig.16.The voltage and current
values of the inverter have been measured using Krykard
ALM 35 Energy Analyzer It is shown in Fig.17 (a). From
the inverter output voltage, it is inferred that the (better to
define) THD is within the prescribed standard, and the volt-
age THD is shown in Fig.17 (b). The power parameters are
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FIGURE 17. (a) RMS Voltage & Current, (b) Voltage THD, (c) AC Power observed during a heavy load condition and (d) AC Power

during the lightly loaded condition.

recorded during heavy load and light load conditions and
the respective representations are shown in Fig.17 (c¢) and
Fig.17 (d).The personal computers and the other electronic
gadgets are connected to sub-buses operating at 12 V using a
DC-DC Converters. The output voltage of the solar panel is
operated at MPP and fed into the DC bus. A set of four 12 V
batteries are connected in series combination to make 48V
and it is connected to the DC bus. The solar panel terminals
are connected with the MPP converter and it tracks the voltage
at which maximum power is attained.

The performance of the battery has been tested with the
proposed microgrid and the experimentation is discussed in
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detail. When charging the battery in the microgrid environ-
ment, the conversion process is much reduced and only the
bidirectional DC-DC converter is used for charge control.
Hence, the conversion losses reduce significantly and the
power loss curve is shown in Fig.18. The solar panel, DC
loads, and the batteries are connected to the DC bus of the
microgrid. The main DC bus voltage of the DC microgrid has
been designed to operate at 48 V. The SoC of the battery has
been obtained using the open-circuit voltage method and the
ESS strategy has been carried out. The SoC of the battery
bank used in the proposed system has been obtained using
Equation (7) and the respective plot is shown in Fig.19.
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FIGURE 19. SoC of the battery bank of the proposed scheme.

A. REALIZATION OF THE BENEFICIAL CHARACTERISTICS
OF THE PROPOSED MICROGRID SCHEME

A detailed residential distribution strategy has been con-
sidered for investigation. The solar power potential of the
research location is obtained from the NREL database [55]
and a load of a domestic consumer hourly data is obtained
from the Ref. [56] and the value is averaged for a single home.
The solar PV and load data have been depicted in Table-3. The
conventional direct grid-tie scheme and existing microgrid
scheme have been taken for comparison with the proposed
EMS scheme.

The efficiency of the various energy conversion and storage
devices is considered based on literature and experimental
inferences are depicted in Table-4. An extensive investigation
has been carried out to analyze the outcomes of the schemes
taken for comparison. The deduced data and results of each
scheme are depicted in Appendix 1, 2 & 3.Conversion loss is
one of the important criteria which highly affect the perfor-
mance of the system. Conversion loss is unavoidable when
renewable sources are deployed for utilization. In a solar PV
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TABLE 3. Solar PV potential [55] and domestic consumer hourly data [56].

2 = T8
2 2 P < 98
- z — —
, B3 So E s 5% EE
5 LBE~ TE <& §E 2 5
g E22 Es B8 2233
0 22.244 0 0 384.17
1 21.765 0 0 350.63
2 21.331 0 0 329.79
3 20.965 0 0 329.79
4 20.625 0 0 384.17
5 20.326 0 0 480.21
6 22.105 0 0 762.08
7 25.699 176.492 140.983 864.38
8 28.928 462.707 360.468 868.75
9 31.457 749.333 538.987 956.25
10 33.336 918.126 632.724 960.42
11 34.627 1015.382 706.22 864.38
12 35.253 1037.075 715.193 768.33
13 35.293 975.038 677.895 713.96
14 34.83 830.184 590.165 687.50
15 33.729 624.961 456.195 670.83
16 32.034 381.406 279.857 672.92
17 29.391 144.65 107.653 713.96
18 27.59 0 0 768.33
19 26.339 0 0 734.79
20 25.211 0 0 672.29
21 24.232 0 0 617.92
22 23.496 0 0 521.88
23 22.892 0 0 430.42
TABLE 4. Considerations in the analysis.
Conversion Device Efficiency Reference
DC equipment conversion ~ 90% [46]
Inverter As per Polynomial Ref. Fig. 6
relation stated in Eq.(6)
AC/DC conversion 90% [46]
DC/DC conversion 95% [45]
Battery efficiency in 95% [44]

DC environment

based system, power conversion occurs in various forms in
each scheme. Extensive analysis has been carried out and
the conversion loss criteria accounted for in each scheme
has been investigated and the values have been furnished in
Appendix 4 and the respective graph has been depicted in
Fig.20. Fig.21 shows a loss comparison chart of the schemes
considered for the study. Consecutively, the power driven
from the utility by various schemes was depicted in Fig.22.

The deployment of solar PV has resulted in energy saving.
Fig.23 shows the energy savings attained by the schemes
taken for discussion. The details about the electricity con-
sumption from the utility, conservation of power, and losses
are accounted for in the various schemes for a day that have
been furnished in Appendix 5.

The energy scenario of various schemes has been deduced
for a complete year, detailed in Appendix 6 and a compar-
ative chart of energy-saving, conversion loss, utility power
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FIGURE 20. Various loss criteria encountered in the schemes/day
(a) Direct grid-tied scheme, (b) Conventional microgrid scheme, and
(c) Proposed EMS scheme.
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FIGURE 21. Net conversion loss encountered in various schemes, where
the proposed EMS is showing the lowest loss.

consumption has been depicted in Fig.24. The energy savings
are obtained by the incorporation of the proposed scheme
(detailed in Table-5). The microgrid enables the utilization
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FIGURE 22. Power consumed from the utility in various schemes.
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schemes.
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FIGURE 24. Comparison of performance parameters calculated for a year.

TABLE 5. Significance of the proposed scheme comparedwith the
existingsolar PV schemes.

S.N Parameters Direct Conventional ~ Proposed
Grid-Tie Microgrid EMS

1 Conversion loss 9.56% 4.11% 1.84%
Reduction
(kWh/Year)

2 Energy Conserved 28.01% 33.28% 35.9%
(kWh/Year)

3 Battery Efficiency 78-83% 82-85% 93-96%

of energy-efficient DC loads such as fan, lighting load, and
electronic gadgets such as computers, laptop chargers, music
systems, TV to be directly get connected to the DC terminal
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FIGURE 25. Time-of-use rate pattern for a day.
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VIIl. COST OPTIMIZATION BASED MICROGRID ENERGY
MANAGEMENT USING GENETIC ALGORITHM

load requirement and Many countries follow the time-of-use tariff for manag-
< ing the peak demand. In such a location, microgrid ener
> g p g gy
N o management requires optimization to attain cost-effective
GA based Optimization % 8 q P
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o o
Y Min = Z Cugrid (t) + Pugrid (t) %
8 t=0 Z
5 o)
5 v =
o ] ] — [ Random Selection ]
8 Obtain optimal switching - ¥
8 pattern u; and u, 8 ) .
g N [ Evaluate Fitness of the Individual ]
v 5 ¥
o Yes
Execute microgrid EMS in real- S
: o Convergence?
time e
=
| 5
S
FIGURE 26. Genetic algorithm based microgrid EMS flow chart. New Selection
TABLE 6. Energy and cost comparison of various schemes. Cross Over N
Schemes Net Power Energy Savings due Electricity ¢ Optlmal value
Consumed to Solar PV Charges/ : of u; & up
from Utility deployment/Month Month Mutation
Grid/Month |
Conventional 465244.5 - 2165.133 FIGURE 27. Execution of genetic algorithm for optimizing the energy
distribution strategy.
Direct Grid- 334937.7 130306.8 1529.987
Tied
Conventional 310401.9 154842.6 1403.495
Microgrid
GA-EMS 337694.3 153023.7 1260.962 i

without undergoing major losses and also harmonic issues are
eliminated. The generated solar DC power has been utilized
to feed DC loads directly and hence frequent power con-

Cost Function

version is reduced tremendously. The battery storage system

efficiency has been greatly improved in a DC environment.
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FIGURE 28. The convergence of cost function chart.
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FIGURE 31. Power driven from utility by various schemes.

functionality and also to manage power distribution dur-
ing peak demand hours. The EMS strategy discussed
in Fig.13 is applicable for the region where the flat tar-
iff system is under practice. Though the strategy mini-
mizes the conversion losses, it cannot offer cost-effective
operation consistently in places where the time-of-use tariff
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system is followed. Hence, it has been proposed to perform
a Genetic Algorithm based optimization of microgrid energy
management. By this strategy, the power is distributed opti-
mally to attain cost-effective electricity consumption from the
utility grid. The steps involved in incorporating the optimiza-
tion for microgrid energy management in a real-time scenario
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TABLE 7. Direct grid-tie scheme.

\Averaged Hourly Load consumption \day (W)

IAC load consumption (W) — considered as|

IDC load consumption (W) —Considered 40%

|Actual power consumed by DC loads 9W)-

SR
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= D »n
. & B 3 :  Z “s z £ 2 £
5 z 5 5 = 2 2 £ Z g g
g - S 2 > & S s S 2 g
= = & = A | 2 s 5 o =
0 - - - - - 384.17 230.5 153.67 1383 1537 1537
1 - - - - - 350.63 21038 14025 12622 1403  14.03
2 - - - - - 329.79 197.87 13192 11872 132 132
3 - - - - - 329.79 197.87 13192 11872 132 132
4 - - - - - 384.17 230.5 153.67 1383 1537 1537
5 - - - - - 480.21 288.13  192.08  172.87 1921 1921
6 - - - - - 762.08 45725  304.83 27435 3048 3048
7 14098 147 6326  89.18 51.8 864.38 51863 34575  311.17 3458 8638
8 36047 375 803 28946 7101  868.75 52125 3475 31275 3475 10576
9 53899 561 8403 45292  86.06 95625 57375 3825 34425 3825 12431
10 63272 659 856 54159  91.13  960.42 57625  384.17 34575 3842 12955
11 70622 736 8656 61134 9488  864.38 51863 34575  311.17 3458  129.46
12 71519 745  86.66 61977 9543 76833 461 30733 2766 3073 126.16
13 677.9 706 8623 58457 9333 71396 42838 28558  257.02 2856  121.89
14 590.17  6.15 8491  501.13  89.03  687.5 4125 275 2475 275 116.53
15 456.2 475 8251 37642 7978  670.83 402.5 26833 2415 2683 106.61
16 27986 292  77.12 21583 6403  672.92 40375 269.17 24225 2692 9095
17 10765 112 5699 6135 463 713.96 42838 28558  257.02 2856  74.86
18 - - - - - 768.33 461 30733 2766 3073 30.73
19 - - - - - 734.79 44087 29392 26453 2939 2939
20 - - - - - 672.29 40337 26892 24203 2689  26.89
21 - - - - - 617.92 37075 247.17 22245 2472 2472
22 - - - - - 521.88 313.13 20875  187.87 20.88  20.88
23 - - - - - 430.42 25825  172.17 15495 1722 1722
Total 520634 5423 874.18 434356 862.78 1550815 9304.89 6203.26 5893.1 620.37 1483.15
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TABLE 8. Conventional microgrid scheme.
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= a < a s 2 & < a =7 b= B ST 2 = Z =
0 138.3 230.5 - -138.3 1383 152.13 13.83 - - - - - 382.63
1 126.22 21038 - -126.22 12622 138.84 12.62 - - - - - 349.22
2 118.72 19787 - -118.72 118.72 130.59 11.87 - - - - - 328.46
3 118.72 19787 - -118.72 118.72 130.59 11.87 - - - - - 328.46
4 138.3 230.5 - -138.3 1383 152.13 13.83 - - - - - 382.63
5 172.87 288.13 - -172.87 172.87 190.16 1729 - - - - - 478.29
6 27435 45725 - -274.35 27435 301.79 2744 - - - - - 759.04
7 311.17 518.63 140.98 -170.19 170.19 187.21 17.02 - - - - - 679.94
8 312.75 521.25 36047 4772 - - - 47.72 099 5427 259 21.82 363.35
9 34425 573775 53899 19474 - - - 194.74 4.06 81.08 1579 36.84 330.86
10 345.75 576.25 632.72 28697 - - - 28697 598 84.64 2429 44.08 232.00
11 311.17 518.63 706.22 395.05 - - - 395.05 8.238 87.14 34425 50.80 136.84
12 276.6 461 715.19 438.59 - - - 438.59 9.14 87.05 381.79 568 94.16
13 257.02 42838 677.9 420.88 - - - 420.88 8.77 87.16 366.84 54.04 132.55
14 247.5 412.5 590.17 342.67 - - - 342.67 7.14 86.33 29583 46.84 248.68
15 241.5 402.5 456.2 2147 - - - 201.28 4.19 81.39 163.82 3746 392.53
16 24225 403.75 279.86 37.61 - - - 24.15 0.50 4130 997 14.18 403.75
17 257.02 42838 107.65 -149.37 14937 164.31 1494 - - - - - 592.69
18 276.6 461 - -276.6 276.6 304.26 27.66 - - - - - 765.26
19 264.53 440.87 - -264.53 264.53 290.98 2645 - - - - - 731.85
20 242.03 40337 - -242.03 242.03 266.23 2420 - - - - - 669.60
21 22245 370.75 - 22245 22245 244.70 2225 - - - - - 615.45
22 187.87 313.13 - -187.87 187.87 206.66 18.79 - - - - - 519.79
23 154.95 25825 - -154.95 15495 170.45 15.5 - - - - - 428.7

Total 5582.89 9304.89 5206.34 -686.76 2755.47 3031.017 275.55 2235.63 46.58 679.09 1887.53 362.86 10346.72
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TABLE 9. Proposed EMS scheme.
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B Note: The red color marked columns are feeble power values prevailing in the microgrid system.
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TABLE 10. Losses accounted in various PV schemes.

Direct grid-tie scheme

Conventional microgrid scheme

Proposed EMS scheme
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2 - 13.2 13.2 3 11.87 - 11.87 3 - - 5.94 5.94
4 13.83 - 13.83 4 - - 6.92 6.92
3 - 132 132
5 17.29 - 17.29 5 - - 8.64 8.64
4 - 1537 1537 6 2744 - 27.44 6 - 2880 - 28.80
7 17.02 - 17.02 7 - - 8.51 8.51
5 - 19.21 19.21
8 - 21.82 21.82 8 2.39 - - 2.39
6 - 3048 3048 9 - 36.85 36.84 9 9.74 - - 9.74
10 - 44.079 44.08 10 14.35 - - 14.35
7 51.8 34.58 86.38
11 - 50.80343  50.80 11 19.75 - - 19.75
8 71.01 34.75 105.76
12 - 56.8 56.8 12 2193 - - 21.93
. 2 124.31
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15 79.78 26.83 106.61
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16 64.03 26.92 90.95
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1 46. 28. 4.
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1 - 30.73 30.73
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1 - 29. 29.
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Total 275.55 362.86 638.41 Total 117.60 57.85 110.23  285.65
21 - 24.72 24.72
22 - 20.88 20.88
23 - 17.22 17.22
Total 862.78 620.37 1483.15
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TABLE 11. Electricity consumption from the utility, conservation of power and losses accounted for various schemes for a day.
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has been illustrated using the Fig.26. The real-time realization
of optimization of microgrid energy management comprises
of the following steps:

A. INPUT PROFILES

The optimizer input information comprises of the following
information:

a) The AC and DC load power consumption details.

b) Power generated by the solar PV system.

d) Battery SoC and capacity.

¢) Daily utility grid electricity time-of-use rate profile, it
is shown in Fig.25.

B. OBJECTIVE FUNCTION AND CONSTRAINTS

The objective function of the proposed scheme is to optimize
the operating cost of the system by regulating the PV, battery
and utility power sources and also by reducing the redundant
conversion losses. The operational cost for the grid power is
calculated based on an electricity time-of-use rate profile.

In many countries, the residential renewable generation
system is not given any revenue and hence the cost of renew-
able power is assumed to be zero. The cost for the battery
power is zero since the charging cost is included in the utility
grid power cost. In this regard, the objective function can be
stated as

) T
MinJ = Cugrid (1) * Pugria (1) (13)

Pugria (t) = Pacr (t) + Pimu1 — Ppy (1) + Ppct (¢)
+ Pgc () up (14)

1 importorexport power

0 off state
uj is the pattern with which the bidirectional interlinking
converter is invoked to import or export power during energy
distribution management.

where u; =

1 Chargingmode, S| and Dy conducts
=10 Floatmodeusingtrigglecharging
—1  Dischargingmode, Sy and D| conducts

u; is the switching strategy of the bidirectional DC/DC con-
verter shown in Figure.9. The uy operates with the SoC of
the battery as a reference. The SoC of the battery is obtained
using the expression as shown.

1
SoC = <1 - E/IBdt) (15)

The constraints used in the system are as follows:
e SoC (1)™" > 50%
e SoC ()™ < 90%
o Py > 20%0f Pint—conv
o Ppcr > 75%of DCloadrequirement

C. EXECUTING GA EMPLOYING THE SWITCHING
STRATEGY

The flow chart for executing the genetic algorithm is shown
in Fig.27. It is used to optimize the electricity cost by
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TABLE 12. Comparison of energy managing parameters.
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Schemes £ E S S
Conventional scheme 5660.48 - -
Direct grid-tie PV 4075.08 54135  1585.40
Conventional microgrid ~ 3776.55  233.02 1883.92
Proposed EMS 3628.55 10426  2031.93

minimizing the power consumed from the utility grid. The
execution of GA comprises the following steps:
« Random selection of population (population size=60).
« Evaluation of fitness of the individual.
o Check if satisfy criterion is attained.
« If not another set of new populations is selected.
The roulette wheel selection strategy is used for the
selection process.
o Cross over is carried out. Single cross over is done in this
scheme.
o The mutation rate is fixed at 0.15.
o Again the process is iterated and checked if the output
has attained the convergence.
o The converged output value is used for real-time control.

D. ADVISORY CONTROL OUTPUT
Executing the genetic algorithm resulted in a convergence of
cost function, it is shown in Fig.28.

The best fit switching patterns for ul and u2 have
been received using GA optimization and it is depicted as
follows:

" = |:—1—1—1—1—1—1—1—li|
111100000 — 11111
0y = [—1—1—1—1—1—100111]
I1-1-1—-1-1-101111

The switching pattern has been used to perform microgrid
energy management. The pattern u; for converter operation
is obtained as in Fig.29. The battery energy management
strategy using the obtained pattern up has been shown in
Fig.30. The pattern played a significant role in drawing power
from utility at minimal cost satisfying the defined constraints.
The comparison chart of the energy consumed from the utility
grid has been depicted in Fig. 31. The cost of electricity in
various schemes has been furnished in Table-6. The proposed
scheme shows a reduced cost and effective energy savings.

IX. CONCLUSION

An extensive qualitative and quantitative experimental result
analysis has been carried out to identify the detrimental fac-
tors of the conventional distribution system. A novel hybrid
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microgrid energy management technology has been incorpo-
rated to enhance the residential power distribution system by
reducing the conversion processes. The solar PV equipped
hybrid AC/DC microgrid model has been designed and vali-
dated. A prototype hardware setup has been developed and
tested in the laboratory to illustrate the significance of the
proposed strategy. The conversion loss reduction strategy has
been accomplished using the automatic centralized microgrid
controller and accomplished energy management effectively.
A comparative analysis has been carried out to demon-
strate the effectiveness of the proposed scheme with the
existing technologies. The implementation of the proposed
distribution system has resulted in the following beneficial
accomplishments:

o The feeble power has been managed effectively and
conversion losses have been reduced significantly.

o Effective battery supported energy management has
resulted in the reduction of multiple conversion pro-
cesses and battery energy efficiency has been improved
by 8-10%.

o The intellectual management of renewable resources,
BESS, and the demand response has resulted in the
improved energy economy.

o Optimized the energy utilization in the microgrid envi-
ronment using a genetic algorithm and cost of the elec-
tricity has been reduced significantly.

Pdcond, loss

Pdc.conv,loss
PpcL
Pdiode, loss

Loss during the reverse recovery of
the diode

DC-DC Converter Loss

Power drawn by DC loads

Diode loss

Puis. 1oss Battery discharging loss

PigBT.cond  Total conduction loss in IGBT

Pint loss Battery internal loss

Piny,10ss Inverter Loss

Px Net Power at DC Side

Ppy Power from PV array

Prec.loss Rectifier Loss

Pconv,loss Power conversion loss

Psw.10ss Switching power loss

Phatt, 1oss Power loss in battery

Voc Open circuit voltage

Isc Short circuit current

Vmp Maximum power point tracking voltage

Imp Maximum power point tracking current

Psw.iGBT Total switching loss in IGBT

Ptes.1oss Transformer Loss

PV Photo Voltaic

PWM Pulse Width Modulation

Sc Converter connect switch

SoC State of Charge

Su Utility connect switch

THD Total Harmonic Distortion

Unit one unit is 1kWh

Vee Collector to emitter voltage of the IGBT
switch

Vde DC Voltage

Vg Grid voltage

Vhom Nominal Voltage

Vpy Voltage across the solar panel

APPENDIX I. DIRECT GRID-TIE SCHEME

See Table 7.

APPENDIX Il. CONVENTIONAL MICROGRID SCHEME

See Table 8.

APPENDIX lil. PROPOSED EMS SCHEME

See Table 9.

APPENDIX IV. LOSSES ACCOUNTED IN VARIOUS PV

SCHEMES

See Table 10.

APPENDIX V. ELECTRICITY CONSUMPTION FROM THE
UTILITY, CONSERVATION OF POWER AND LOSSES
ACCOUNTED FOR VARIOUS SCHEMES FOR A DAY

See Table 11.

ABBREVIATIONS

AC Alternating Current

ACMC Automatic Centralized Microgrid Controller

BESS Battery Energy Storage Systems

CaAC side filter capacitor

CpDC side filter capacitor

DC Direct Current

Epp Leakage inductance in the primary of the
transformer

EMS Energy Management System

Eotr Energy loss during turning OFF of IGBT

Eon Energy loss during turning ON of IGBT

fw Switching Frequency

Iac Current in the AC bus

Iee Collector to emitter Current of the IGBT
switch

IpcL DC load current

IGBT Insulated Gate Bipolar Transistor

Thom Nominal Current

Ipk Peak current

Ipv Current flow from the solar PV panel

La AC side filter inductor

L Line inductance

Ly Transformer leakage inductance

MPPT Maximum Power Point Tracking

PacL Power drawn by AC loads

Prc Battery Charging Power

Pehg, loss Battery Charging loss

Pd.cond.loss Conduction loss in diode

217412

APPENDIX VI. COMPARISON OF ENERGY MANAGING
PARAMETERS
See Table 12.
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