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Abstract

Primary healthcare centres are essential to any inhabited place in the world.
A lack of electrical power from the grid should not be a reason for people
in remote rural areas to miss out on basic healthcare. In developing countries
like India, rural healthcare centres usually have intermittent or no grid supply
and run on diesel generator-based electricity or other conventional sources,
if at all there are such centres established. This, however, contributes to
environmental degradation and is also expensive to maintain, considering
fluctuating fuel prices. To turn the dependence on renewable energy sources
like photovoltaics would pave the way to sustainable energy production
and utilization, which costs less in the long run. This research work aims
at designing an islanded low voltage DC solar mini-grid that will provide
enough power to sustain a primary healthcare centre that has less to no access
to the national grid. Previous works in this context tend to rely on varying
extents of intermittent supply from the national grid, which may not be the
reality in most Indian rural areas. Additionally, an unreliable source of power
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from the grid which is also difficult to predict would make sensitive and
important loads less accessible.

Keywords: LVDC, solar PV system, islanded mini-grid, single point of
failure, rural electrification.

1 Introduction

In a rapidly progressing world, energy demands are increasing exponentially
day by day. The demand for electrical energy in developing countries like
India is expected to go up to 2785 TWh in 2030, whereas the demand was
as low as 949 TWh in 2015 [1]. This increasing demand can’t be met with
conventional methods alone for several reasons. The conventional electricity
production methods have a high dependency on fossil fuels like coal, which
is estimated to be fully depleted by the year 2112, and coal would be the only
fossil fuel left beyond the year 2042 [2, 3]. This fear, along with concerns
about the environmental impacts of burning fossil fuels has paved the way
for Renewable Energy Sources (RES) to contribute to powering the electric
grid across several nations around the globe.

There have been several studies on the different possible methods to
extract power from RES and convert it into a deliverable form for con-
sumers [4]. The most common form of delivering electrical energy to
consumers is through a national grid which gives consumers and industries
electrical energy of varied voltages in AC form. But with increased usage
of power electronic devices, the amount of power quality disturbances has
significantly increased in the grid, thus reducing the reliability of the grid
for critical loads and reducing the lifetime of components like transformers
in the grid, along with other consumers [5-7]. These problems faced by
transmission and distribution can be resolved to a great extent by using
DC power, which not only improves the lifetime of components in the grid
but also reduces power losses during transmission to a noticeable extent
[8, 9]. The possibility of shifting entirely to DC power and the availability
of DC appliances of various kinds, ranging from LED lights to refrigerators,
commercially available for reasonable rates, is an encouragement for such
systems to be established [10, 11].

With improvements in both RES micro, nano, and mini-grids and DC
distribution networks, it is important to look deep into the methods employed
to extract the maximum power from these undepletable sources of energy,
while also ensuring a reliable and continuous supply of power [12—-14]. Power
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from PV arrays are reliable, but not continuous since the output from these
cells depends on the solar irradiation, which is absent during the night. To
ensure supply of power during these hours of the day, these systems are tied
to the national grid so that the grid provides power whenever the PV arrays
fail to supply adequate electricity [15].

However, in places with critical loads which need a continuous power
supply of good quality, grids put forth the challenge of occasional power out-
ages, due to natural occurrences like lightning or periodic repairs. The power
requirements during such outages are generally met with diesel generators,
but with increasing fuel prices and consciousness about its environmental
impacts, Li-ion batteries are a promising technology that has been used
worldwide [16, 17]. In rural areas of several developing countries, however,
access to the grid might not be possible, and for such places, islanded mini-
grids powered entirely by RES will prove to be resourceful. In tropical
countries like India, solar energy is one of the most easily harnessable types
of RES [18]. However, the UN, in one of its reports in 2018 talked about the
developments in off-grid mini-systems and calls it “too slow to be on track to
meet the global energy targets for 2030 [19].

Islanded PV systems are mostly backed up with battery banks to provide
power during the darker hours of the day. These backup batteries are all the
more essential in places with critical loads that require constant electric-
ity, like hospitals and primary health care centres. Properly sized batteries
have shown to be more stable by reducing power outages in off-grid PV
systems [20]. Additionally, there are loads that are possibly sensitive to
faults in systems and sudden voltage drops, which are generally overcome
with extensive protective pieces of equipment like circuit breakers, fuses,
grounding, power electronic devices to improve power quality, protective
relays, and measurement devices [21].

It is common to perceive PV systems are expensive setups, but it has been
found that mini-solar systems are, in fact, cheaper in comparison to pico-
hydro systems [22]. Additionally, while mini-hydro systems are dependent on
the availability of resources like water bodies, solar mini-systems are versatile
with respect to the location it can be set up in. Apart from the comparatively
low cost of setup, renewable energy systems have received a lot of support
from several governments, and this support continues to increase. Thus, with
any positive change in government policies, like subsidies, the economic
feasibility of these mini-systems will increase [23]. Leaving the cost of setting
up aside, rooftop PV systems have also shown promise in the long run by
having impressive payback periods in rural areas of India [24].
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Having an islanded source of electric power has the benefit of not having
to depend on the national grid, but also does not require one to pay for
the power they consume, since there are no tariffs. Grid-connected RES
systems generally call for complex tariff methods, which become obsolete
while adopting off-grid systems [25]. In some places, hybrid solar mini-
systems are used, like solar-hydro, solar-wind, and solar-diesel. These hybrid
systems, however, seem to have poorer cost-effectiveness and higher LCOE
(Levelized Cost of Energy) as opposed to complete PV systems [26]. The
overall efficiency of the system can be further increased by using load devices
with better efficiency. It is possible to bring down the power consumption
of a system by multi-fold by simply using similar DC devices with better
efficiency [27]. Some studies have shown that it is also possible to power an
entire home with just 25 watts in a small solar power system if the appliances
used are super-efficient [28]. The term mini-grid in particular is specifically
chosen from the guidelines for such systems set by IRENA in their recent
article on mini-grids and their types, and this design in made as an off-grid
system [29].

2 Reliability of Islanded PV Mini-Systems

The key issue presented by islanded nano and mini-grids as opposed to
national grids connected to the utility is the problem of continuous power
supply. Especially with autonomous systems with requirements of higher
tier of service (Refer Figure 1), bad weather is a major concern that causes
power outages. Something as simple as a cloudy week in august can cause
the system to be forced to go without power for days on end. Even in non-
monsoon months, off-grid PV mini-systems have been observed to have two
power outages per week on an average [30].

Hence, improving the reliability of these mini-grids has become one
of the major hurdles faced by those designing them. Measuring reliability,
however, requires parameters to check. These parameters that are essential
to a PV system can broadly be classified into four parts, namely Insti-
tutional, Environmental, Economic, and Socio-cultural [31]. Institutional
parameters include durability of the physical system, decentralization, and
openness to participate, expert know-how, and adaptability. This is entirely
dependent on the technological advancements made in the energy sector.
With advancements made in the field of power electronics, for example,
the reliability of systems dependent on renewable energy and energy storage
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Figure 1 Types of mini-grids according IRENA guidelines [29].

systems is increasing [32]. This, combined with energy forecasting methods
like day-ahead and intra-day operational planning of energy dispatching on
various levels make stand-alone systems increasingly attractive to a variety
of energy markets [33]. The environmental parameter mainly deals with the
impact the system has on its surroundings. Economic parameters consist
of cost-effectiveness, funding to build the system, and contribution to the
income of users. Socio-cultural parameters comprise accessibility and social
acceptance.

The project deals with the modelling of an islanded Low Voltage (LV)
DC PV mini-grid for a remote healthcare centre based on an existing one in
a rural area of South India. This, however, has advantages that are similar
to Solar Home Systems (SHS) in many ways. These off-grid systems have
very low to no transmission and connection costs while providing a reliable
power supply. On a socio-cultural aspect, these systems also empower the
inhabitants by giving them an opportunity to be self-sustainable. Above all,
these systems have a much lower negative impact on the environment due to
the complete adoption of RES [34].
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3 Investigation of Configuration

The block diagram of the proposed configuration can be given as shown
in Figure 2. The block diagram shows the four major components of the
proposed configuration, namely the loads, the interconnected distribution
system, the PV Arrays, and the battery banks. Both the PV arrays and the
battery banks are designed and sized based on the load requirements as shown
in Table 1.

3.1 Loads

Any electrical system is designed and sized based on the load requirement
of the system in question, thus it is intuitive to study the characteristics of
the load before ideating the system. The aim of this work is to design a DC
mini-grid topology for a primary health care centre that has unreliable or no
power supply from the national grid. For the purpose of modelling the centre’s
load requirements, the electrical loads in a health care centre in Thuvakudi,
Tiruchirappalli, India was taken as reference. It was found that the electrical
loads in the centre can be broadly classified into three categories, which are
lighting/fan loads, refrigerator loads, and electronic loads.

Electronic loads include the chargers for electronic gadgets like laptops,
battery-operated medical testing equipment and printers. The electrical loads
are modelled in the simulation as variable resistances based on the load
consumption shown in Table 1. The peak power consumption curve for a
day for each type (and total) of loads are as shown in Figures 3 to 6.

777 Il
..m N DC Distribution ﬁg/"”
..m DC Network
& =
PV Arrays

DC Loads

Battery Banks

Figure 2 Basic diagram of suggested topology.



Design of a Low Voltage DC Mini-grid for Isolated Healthcare Centres 261

Table 1 Load analysis

Power

Voltage Current Usage Power Energy
Rating  Rating  Rating No. of in Consumption  Consumption
Sno  Load V) (W) (A) Devices  Hours (W) (kWh)
1 Lights 12 36 3 10 13 360 5.04
2 Fans 12 24 2 10 13 240 3.36
3 Refrigerator 12 120 10 2 4 40 0.96
4 Laptop 12 90 7.5 2 5 180 0.90
Charger
5 Charger for 12 24 2 4 4 96 0.384
testing
equipment
6 Printer 12 20 2.67 1 1 20 0.02
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=
z
<
L 35
£
o
g
;ESII!
17}
e
25
0 5 10 15 20
Time (hours)
Figure 3 Refrigerator power (W).
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Figure 4 Lighting/fan load power (W).
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Figure 5 Electronic load power (W).
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Figure 6 Total power profile (W).

3.2 PV Arrays

The PV arrays act as the primary power source for the islanded mini-grid.
Each PV array block consists of two subsystems, consisting of a PV array
and MPPT based DC-DC converter.

Each of the arrays has 7 PV modules connected in parallel. The ratings of
each module are given in Table 2.

The irradiance data has been taken from the database of the US National
Renewable Energy Laboratory (NREL) for the Trichy region [35]. The data
has been taken for a span of one year and the average irradiation for each hour
has been considered to simulate the system. This is considered as the average
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Table 2 PV module parameters

Parameter Rated Value
Rated Power per array (W) 250
Open Circuit Voltage, Voc (V) 37.2
Short Circuit Current, Isc (A) 8.96
Voltage at maximum power point, Vmp (V) 30.8
Current at maximum power point, Imp (A) 8.12
Cells per module 60
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Figure 7 Average total solar irradiation in Trichy, India (Annual).

throughout the year since the change in weather due to seasons is considered
negligible in this region. The annual average irradiation data was provided in
Figure 7.

This irradiance data was fed to the solar panels and the simulations were
carried out in the MATLAB Simulink platform.

3.3 MPPT DC-DC Controller

DC-DC converters are the electronic circuits responsible for converting one
level of DC voltage to another. The reason for employing a DC-DC converter
is that, though the PV panel provides a DC output, the output voltage varies
based on the irradiance level, and the loads connected; and the batteries
will demand a supply of constant DC voltage. The batteries are especially
very sensitive to variations in voltage and overcharging them can damage
the batteries, and hence the whole system. Every DC-DC converter typically
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Figure 8 P&O algorithm for MPPT controller.

consists of a switch, the duty cycle of which governs the operation of the DC-
DC converter irrespective of its topology. In this model, the loads demand
a constant DC voltage supply of 12 V. The batteries are also at a safe and
operable voltage when the voltage in the distribution system is close to 12 V.

The DC-DC converter employed in the system makes use of the maxi-
mum power point tracking method, which will account for maximum power
extraction under all conditions. Among the different types of algorithms for
maximum power point tracking, the algorithm employed in the model is the
Perturb and Observe method (P&O method) [36]. This is one of the most
commonly used MPPT algorithms due to its ease of implementation.

In the Perturb and Observe method, the controller adjusts the voltage
in small proportions depending on the power delivered by the PV array.
The voltage is adjusted slowly in such a way that the power extracted from
the array stays at the maximum possible point for given irradiation. This
algorithm is otherwise commonly known as the hill-climbing method since
the voltage of the array depends on the changes in the power delivered by the
array. The power increases below the maximum power point and decreases
beyond it, giving it a hill-like appearance. The flow chart for the perturb
and observe method was provided in Figure 8. In the simulation, the MPPT
function block was coded based on the flowchart, and the output was pulse
width modulated to provide the duty cycle for the switch.

3.4 Battery Banks

The system suggested is an islanded mini-grid and thus needs a reliable
backup energy source at times when the PV array does not provide any
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Table 3 Battery parameters

Battery Parameter Rated Value
Nominal Voltage (V) 11.2
Rated capacity (Ah) 400
Initial state of charge 65%
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Figure 9 Li-ion battery characteristics.

electrical power. A Li-ion battery bank of appropriate amperage can ensure
that the loads are continuously energized, even when the PV arrays give no
power output. The battery banks discharge during the part of the day when
the PV arrays have no output and charge themselves when there is sufficient
power output from the arrays. The rating of the battery banks is as shown in
Table 3. To achieve 400Ah, 4 Li-ion batteries of 100Ah each can be stringed
together in parallel combination.

Figure 9 shows the characteristics of a typical 4 V Li-ion battery, and
using the study made in Lozito et al [37]. Other commercially available
versions of Li-ion batteries also follow similar curves, albeit with a shifted
scale. It was deduced that the voltage of a Li-ion remains almost constant
until a knee point which arrives when the SoC of the battery drops below
20%, but to increase the longevity of the battery, it is best to always keep the
SoC above 50%.

3.5 Interconnected Distribution System

The PV arrays, loads, and the battery banks have been connected in an
interconnected distribution system topology, which is known to have high
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Figure 11 Overall simulation block diagram.

reliability and efficiency among all the prevalent distribution topologies,
along with a high fault tolerance due to reduced possibility for Single Points
of Failure (SPOF). Figure 10 shows the block diagram for the distribution

system employed here.

3.6 Overall Simulation Topology

The interconnected topology of the mini-system has been simulated on the
MATLAB Simulink platform. The various blocks for the same are as shown
in Figures 11 and 12. The PV array block in Figure 12 shows one PV
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panel block which has 11 PV modules of the ratings in table 2 connected in
parallel.

4 Simulation and Analysis of Configuration

The model was simulated for a period of 24 seconds in the MATLAB
Simulink platform and the necessary data were extrapolated to 24 hours with
a multiplication factor of 3600. Here, O denotes midnight and one second in
the simulation corresponds to an hour for the real model.

4.1 Load Characteristics Analysis

4.1.1 Refrigerator load

The refrigerator load is of critical nature because of containing vaccines and
drugs that need to be stored at low temperatures and hence would be required
to run throughout the year. The said load is modelled as a time-invariant load
which draws a steady current of 2.67 amperes all through the day. This is an
approximated linear figure assuming that the compressor of the refrigerator
runs for about 4 hours in a day, and the total energy is divided equally
throughout the day. Figure 13 shows the adjusted load characteristics plot
for the refrigerator.

4.1.2 Lighting/fan loads

The lighting and fan loads are assumed to be at its constant peak usage from
6 AM to 8 PM. It is also assumed to drop to zero (no usage) during the rest of
the time in a given day. For the designed system, the peak load is close to 50
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amperes. Figure 14 shows the load characteristics curve for the lighting and
fan loads.

4.1.3 Electronic loads

The electronic loads are diverse in nature, ranging from printers to charging
devices, and are hence distributed unevenly throughout the day. A current of
15 amperes flows from 6 AM to 10 AM. The load peaks between 10 AM
to 11 AM with a current of about 23 amperes, stays at 8 amperes from 11
AM to 2 PM, then changing to a low 4 amperes between 2 and 3 PM before
dropping to zero at other times. Figure 15 shows the load characteristics curve
for electronic loads.
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4.2 Battery Characteristics Analysis

The batteries taken provide a constant voltage of 12 V to the designed loads.
However, the current and State-of-Charge (SOC) of the batteries change with
variation in load used. The power output from the PV arrays go to zero by 4
PM on an average, and hence it is best that the batteries are fully charged at
the time. For this condition, and to aid in healthy charging and discharging
the initial battery; SOC is chosen at 65%, assuming the initial condition is
taken at midnight. This system design does not let the SOC of the battery
banks go below 50% at any time of the day to ensure maximum lifetime of
the battery banks, and a considerable amount of reserve. Figures 16 and 17
shows the battery 1 and battery 2 characteristics respectively.

The topology suggested can theoretically work for long periods with
no additional power source apart from the PV arrays and battery on most
days of the year. Unfortunately, it is not possible to foresee bad weather
or sudden damage to equipment. Therefore, it is important to account for
enough Loss of Energy Expectation (LOEE) and Loss of Load Expectation
(LOLE) to increase the reliability of the system and reduce the risks of
damaging sensitive loads and loads of medical and economic importance like
the refrigerators storing the vaccines. This additional safety measure is more
important than normal in places like health care centres, where almost all
loads are sensitive.

One of the most common reasons for complete system failure is the
existence of Single Points of Failures (SPOF). SPOFs are parts of any system
that, if failed, result in the failure of the entire system, regardless of the
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0

working condition of other parts. In a stand-alone mini-grid such as this
model, an SPOF is extremely risky. With no backup power from the grid,
the batteries and PV arrays are the only sources of electrical power to all the

loads.

This is the reason that this model suggests dividing each of the sources in
two parts. In this case, in the event of failure of one of the sources, three of
the others remain to keep the loads in working condition, albeit for a limited
time. But this provides enough time to rectify the fault in the part that failed
without any compromise. Since there are no SPOFs in this system, the fault

tolerance of the suggested model is adequately high.
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Table 4 Sustainability of system

Number of Number of Is the Model Working Is the Model Working in
PV Arrays  Battery Banks  in Normal Conditions? =~ Compromised Load Operation?
2 2 Yes Yes

1 2 Yes Yes

2 1 Yes Yes

1 1 No Yes

0 2 No Yes

0 1 No No

2 0 No No

1 0 No No

0 0 No No

The table below depicts the theoretical possibility of whether the system
can or cannot sustain one full day, i.e., 24 hours without damage to the loads
and without allowing the SOC of either battery banks drop below 20%. This
is done in two parts: normal operation of loads and compromised operation.
Compromised loads is a consideration made with maintaining all essential
loads as such and reducing the usage of non-essential loads to 25% of normal
usage. It is to be noted that in conditions where even one element does not
function, the battery bank(s) is considered to begin discharging from an SOC
of 65%.

Table 4 shows that the suggested topology can sustain faults to a good
degree and for long enough without any impact on its loads. However, in
case both the battery banks fail in an unfortunate event, the design does not
accommodate for the PV array directly supplying power to the loads, even
during the day. However, this problem can easily be overcome by using a
cascading voltage control loop to the boost converter.

5 Conclusion

With the increased concentration on renewable energy resources and solar
energy becoming one of the most promising sources of renewable energy,
there has been an increased focus on designing both centralized as well as
decentralized solar power plants. Taking into account the inaccessibility to
grids in rural remote areas of several developing countries and increased
complexity in the transmission lines to enhance power quality, decentralized
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systems can play a prominent role in electrifying remote and rural areas. The
increased usage of power electronic devices which are employed for convert-
ing DC energy to AC energy in case of conventional solar power plants have
an impact on the power quality of the grid by introducing harmonics and
voltage unbalances, which require additional complex pieces of equipment to
neutralize like STATCOMs and UPFCs.

When these power electronic devices are used in micro, nano, and mini-
grids, the injection of harmonics is much more pronounced. The power sector,
with growing concerns about the power quality in distribution networks, has
slowly started to adopt DC power generation, transmission, and distribution,
each with their own benefits. Additionally, with the advent of highly efficient
devices operating on DC power, the platform for standalone DC distribution
systems, microgrids and mini-grids has been cemented. These DC systems
can be powered by solar energy alone, or a hybrid mix, like solar and pico-
hydro, giving consumers many viable options for the future.

The proposed islanded DC mini-grid topology functions smoothly for
most of the scenarios of component failures in various levels of loading,
making it a reliable and feasible for implementation for a health care centre,
which has critical and essential loads like refrigerators. The DC-DC converter
blocks working with the P&O algorithm of the MPPT method is connected to
the PV arrays and extracts the maximum power from them in all conditions.
The interconnected distribution topology accounts for maintaining the con-
stant voltage profile throughout the system and increasing the overall fault
tolerance. The proposed topology can be extended to any type of building,
with suitable sizing of the PV arrays and the battery backup.

Additionally, two or more mini-grids of similar design can be intercon-
nected with each other, with the increase in the reliability of the combined
system. This can be helpful especially in rural areas, where several essential
buildings can be powered through a common source or multiple common
sources, to emulate an islanded microgrid. This topology can also be modified
to accommodate domestic loads and loads in cottage industries, which can
boost the employment and economy of a country significantly.
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