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Abstract: The increasing demand for clean electrical energy coupled with recent advances in power electronic devices has driven 

researchers to seek better ways to harness electrical energy from renewable sources. One of such renewable energy sources is solar energy 

and this paper documents the efforts that have been put into the development of a Smart Solar Energy Management System (SSEMS). 

SSEMS has been designed to effectively harness the sun‘s energy, utilise the energy to drive electrical loads and store any excess energy for 

use when demanded. The paper provides a preliminary documentation of the design, simulation, construction and testing stages of the 

energy conversion and supply subunits of the SSEMS. 
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1. Introduction 

The problem of inadequate electrical energy is becoming 

critical in the world today, especially in a developing country 

such as Nigeria. Year after year, the consumption of 

electricity increases as more domestic, commercial and 

industrial appliances are built and installed. This increased 

consumption, more often than not, is not matched by 

increased investment in electrical energy generation, 

transmission and distribution systems as reported in [1]. 

Therefore, the need to increase the utilization of available 

electrical energy supply takes on an added importance. In 

terms of generation, traditional sources of electricity such as 

fossil fuels have been progressively receiving less favourable 

attention because of their adverse environmental impact [2]. 

This scenario has therefore helped increase the quest for 

clean and environmentally friendly renewable sources of 

electrical energy. One of such clean sources is solar and it is 

estimated that if completely harnessed, the amount of solar 

energy that reaches the earth amounts to more than five times 

the energy currently being produced by all other energy 

sources [3]. This abundance makes a good case for 

investment in the harnessing of solar energy. Considering the 

nature of solar energy, two components are primarily 

required to properly harness and make use of this energy. 

These are the collecting units and storage units. The 

collecting unit simply collects the radiation that falls on it 

and converts it to other forms of energy (like heat or 

electricity). The storage unit is required because of the non-

constant nature of solar radiation. At certain times, such as 

when the sky is clear, available radiation can reach an 

average value of 1000W/m
2
 while at other times such as 

during heavy cloud cover or at night, little or no radiation is 

available. The storage unit can hold the excess energy 

generated during the periods of maximum productivity, and 

release it when the productivity drops. In practice, a backup 

power supply is usually added for situations when the 

amount of energy required is greater than both what is being 

produced and what is stored by the storage unit [4]. 

However, in most of the present solar energy harnessing 

systems, there are huge inefficiencies during collection and 

storage. A relatively large amount of energy is lost when 

arrays of solar panels are used to charge banks of lead-acid 

batteries (being the most common storage systems) [5], [6]. 

Besides the fact that solar panels are expensive, and a very 

large number of them are required to harness significant 

amount of energy, the mechanism used in storing collected 

energy in many of the present systems employ dumb brute-

force charging systems whereby all the batteries within a 

battery bank are charged simultaneously irrespective of 

individual battery state of charge (SOC) and usage. This has 

brought about the need to develop devices that are smart, 

portable and able to more efficiently harness solar energy 

while at the same time reducing the number and thus cost of 

required solar panels. One of such devices is the Smart Solar 

Energy Management System (SSEMS) here presented. The 

objective of this paper is to present work that has been 

carried out in developing the SSEMS. To achieve this 

objective, section two of the paper reviews relevant literature 

and presents similar attempts to efficient solar energy 

utilization by other researchers. Section three of the paper 

deals with the design methodology and highlights the 

modularized approach that was adopted in developing the 

SSEMS. Section four presents results of the various 

performance tests that were carried on the SSEMS while 

section five concludes the paper. 

 

2. Literature Review 

Since the world started embracing solar energy as a clean 

source of electricity, the amount of electricity generated 

using photovoltaic (PV) technology has been steadily rising. 

As an indication of this trend, one of the largest PV solar 

plants as at 2010 was the 97MWp Sarnia Plant in Canada [7]. 

However, this plant has been eclipsed by several much larger 

plants such as the 900MWp installation at Kurnool Ultra 

Mega Solar Park in India [8], which was commissioned in 

April 2017. All such plants rely on the relationship between 
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incident irradiance and the PV conversion physics to model 

and predict the amount of electrical energy that can be 

harnessed. Some fundamental PV-based DC power 

generation relationships have been reported in [9], where the 

dc power generation capability of a PV panel was 

summarised as 
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In equation (1),    represents rated power of the solar panel 

(array),      represents the effective incident irradiance,      

is the effective incident irradiance at standard test conditions 

(STC), which is taken as received power of 1000   ⁄ ; and 

         ⁄  represents incurred thermal losses normalised to 

STC (i.e. at a temperature of 25
o
C. In terms of the PV 

conversion physics, [10] uses a single-diode equivalent 

electrical circuit model to describe the current and voltage 

relationship in a PV panel as  
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In equation (2), I and V respectively represent the PV panel 

terminal current and voltage, while     and    respectively 

denote the photo-current and diode saturation current of the 

PV panel. The terms,    ,    and a represent the equivalent 

series resistance, equivalent shunt resistance, PV panel 

thermal voltage and diode ideality factor respectively. PV 

generation plants usually need an interface to feed generated 

electrical power directly to the grid or store such energy in 

batteries during normal operation or fault ride-through 

instances [11], [12]. However, for this paper, the interface 

between electricity generation photovoltaics and the storage 

or distribution systems/user loads will be limited to 

commercially available charge controller and inverter 

systems whose characteristics are well understood. Charge 

controllers come in either the easy to implement pulse width 

modulation (PWM) charge controllers or the more efficient 

maximum power point tracking (MPPT) charge controllers 

[13], while inverter systems are either of the modified sine 

wave type or the so-called pure sine wave type [14]. Some 

studies have shown that the efficiency of inverter systems 

can range from 78% to 97%, and [9] specifically models the 

conversion efficiency of inverters as 
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In equation (3),    and    respectively represent inverter 

losses and normalised input power.   ,    and    are a 

dimensional parameters characteristic of the particular 

inverter being considered and are obtained while the inverter 

is being run at mean input and output power ratings of 20%, 

50% and 75%. As regards the photovoltaic energy 

conversion units, their efficiencies are a function of their 

underlying technology and the environmental condition in 

which they operate. Some of these environmental conditions 

and their effects on photovoltaic modules have been analysed 

in [15]. Whereas advances in power electronics have ensured 

that interfacing devices can reliably operate and deliver AC 

or DC power to where needed for several years, this is not 

the case for commercially available storage batteries. Many 

of such batteries are usually manufactured as flooded lead 

acid cells or valve-regulated maintenance-free batteries with 

gelled electrolytes or those that use the absorbent glass mat 

system to constrain their electrolytes. The lifespan of storage 

batteries is based on their number of charge-discharge cycles 

and this can range anywhere from 600 cycles to 3,000 cycles, 

depending on the manufacturer and underlying technology 

[6]. From the foregoing, it can be deduced that storage 

batteries are the weak link in solar electricity systems and as 

such, numerous research efforts have been directed at 

improving their lifespans. One of such recent advances has 

been reported in [16], where a lithium or sodium-ion based 

glass electrolyte rechargeable battery has been proposed. 

However, going by recent trends, it has been more practical 

to achieve improved system performance through the 

reduction of energy conversion and electricity utilization 

inefficiencies. Some recent studies such as [17] and [18] 

have proposed to minimize the electricity consumption using 

a Home Energy Management System (HEMS). Features of 

the HEMS include automatic and manual scheduling and 

control of the driven (connected) devices/loads, continuous 

monitoring of battery state of charge and timely notification 

of the user so as to effect necessary remedial measures. The 

work however does not consider energy generation; it uses a 

device control module to handle networked home appliances. 

In [18] – [21], solar energy management systems have been 

studied as it applies to making homes smart. These studies 

make use of renewable energy systems but do not consider 

the energy consumption of such homes. Since there is 

usually a high demand of energy in many homes, energy 

generated by renewable sources should be managed 

efficiently and [22] introduced an efficient energy 

distribution system to distribute the energy generated from 

such renewable sources. On the aspect of storage of excess 

generated energy, [23] designed a smart solar charge 

controller that prevents overcharging of the connected 

battery bank. Even though the design makes use of a voltage 

feedback configuration to prevent battery bank overcharging, 

it however still charges the connected batteries 

simultaneously irrespective of their individual state of charge 

and their residual capacity. As an attempt to improve on the 

cited works, this paper presents the SSEMS, which has many 

features that can be useful for both domestic and industrial 

applications. SSEMS boasts an efficient method of charging 

and discharging a non-homogenous battery bank using 

efficiently harnessed solar energy. Furthermore, the SSEMS 

design incorporates an ability to supply energy to loads and 

connected devices in an order preferred by the user. The 

system also comprises other smart features and these are 

detailed in the subsequent sections. 
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3. SSEMS Design Methodology 

 

Figure 1: Overall System Design 
 

 

The design approach of the SSEMS is shown in block 

diagram form in Figure 1. It comprises photovoltaic (PV) 

modules that capture solar energy which the SSEMS smartly 

utilizes to serve several connected loads. Excess solar energy 

is stored in two (or more) independent battery banks (here 

labelled as A and B) for future usage, especially when the 

energy demand is greater than the energy input from the PV 

modules. The SSEMS includes a feature that allows for their 

selective charging and discharging in a user-defined order. 

Also shown in Figure 1 are sub circuits responsible for AC to 

DC conversion, DC to DC conversion for the purposes of 

battery charging, an automatic change-over switching circuit 

and a smart output unit. The duty of the automatic change-

over switch is to source power from either the connected PV 

modules or from a DC converter AC supply. The sourced 

power is then fed into the smart output unit, whose duty is to 

efficiently manage the output energy supply. The smart 

output unit therefore comprise 5V and 12V USB ports, a 

light dependent resistor (LDR) output that switches on at 

dusk and goes off at dawn, and one (or more) timed DC 

output circuits that supply energy to user loads through an 

inverter. As can be observed in Figure 1, the system is design 

to power both AC and DC loads while also charging the 

connected battery banks in a user-defined order based on set 

parameters such as battery state of charge (SOC) and state of 

health (SOH). This set up allows batteries with similar SOH 

to be grouped together to form separate battery banks, thus 

allowing old batteries to be used alongside new ones instead 

of just discarding them. This feature is not found in the 

conventional solar energy systems. The above described 

SSEMS is a prototype system with an input/output power 

rating of 1000W. Its circuit design, simulation and hardware 

implementation are discussed in the following section. 

 

3.1 Circuit design, simulation and implementation 

The design and simulation of the SSEMS was accomplished 

using an electronic workbench software [24]. The software 

offers a wide range of components and an opportunity to 

vary component specifications to suite any desired output 

before the actual hardware implementation. This way, errors 

can easily be detected and correction effected while 

simulated output values can be obtained during the software 

test-run of the designed system.  On successful completion of 

the design and simulation stages, and observing that the 

circuit is functional, the next step adopted was to implement 

the SSEMS on a printed circuit board (PCB). For this stage, 

a PCB wizard was first used to model the prototype of the 

circuit as shown in Figure 2. After which, an etching process 

was used to implement the different sub circuits/modules on 

a physical PCB.  The individual modules were then careful 

interconnected by soldering the input and output cables as 

shown in Figure 3. Finally, all the modules coupled and 

securely assembled into a prefabricated casing as shown in 

Figure 4. 

 

 

Figure 2: Prototype of modules on PCB Wizard 

 

 

Figure 3: Top view assembly of some modules 

 



 
 

 
 

                    International Journal of Advanced Research and Publications 
                                                      ISSN: 2456-9992  

      

                                             Volume 3 Issue 2, February 2019 
                                                      www.ijarp.org 

4 

 
 

Figure 4: Assembled modules 

 

4. Results and Discussions 

Each module was individually tested to ensure that they met 

their respective input and output requirements before 

coupling them to other modules. The AC-DC and DC-DC 

conversion circuits worked as expected and their output 

voltages ranged between 10.5V and 14V, which are 

necessary for charging nominal 12VC DC lead acid batteries. 

For simplicity and to improve the energy efficiency of output 

voltage regulation, the pulse width modulation technique was 

employed. The functionality of the SSEMS was tested using 

two battery banks (of 200AH each) and a PV solar array 

comprised of ten 100W rated polycrystalline solar modules. 

The system output during testing is shown in Figure 5, where 

a lit blue LED indicator shows when timed output ‗A‘ is 

active and red LED indicator shows when timed output ‗B‘ is 

active. The timed outputs during testing were made to switch 

between the two outputs after an interval of 100 minutes, 

although this can be varied to suit the user‘s needs and in line 

with the SOC and SOH of the individual battery banks. 

Figure 6 shows output DC voltages from output ‗A‘ and ‗B‘ 

as 12.33V and 12.35V respectively. These were connected 

via inverters to drive user loads of not more than 200W each 

for at least 100 minutes. 

 

 

Figure 5: Timed outputs ‘A’ and ‘B’ 

 

 

 

Figure 6: Output voltages of the timed outputs 

 

Perhaps the most interesting inclusion in the SSEMS is the 

feature that allows for independent charging and discharging 

of battery banks of different SOH. This is especially so 

because solar PV modules constitute a very significant cost 

in solar energy systems especially in developing countries 

and acquiring enough of them to drive necessary user loads 

may be quite tasking. Therefore, developing a system that 

allows for two or more battery banks of different SOH to be 

independently charged using a reduced number of solar PV 

modules can make the adoption of solar-based renewable 

energy systems more affordable. In addition, it is a bad idea 

to charge old batteries with the new ones because the old 

batteries will serve as load to the new batteries. However, 

this arrangement enables old batteries and new batteries to be 

used as the old ones as they design to charge and discharge 

separately  

 

5. Conclusion 

A smart solar energy management system that supplies 

energy to different loads at timed intervals whilst also 

charging and discharging battery banks of different SOH has 

been presented. A modularized approach to design, simulate, 

construct and test the energy conversion, storage and supply 

subunits of the SSEMS was adopted. It has been shown that 

electrical energy harnessed from limited PV sources can be 

used to efficiently drive user loads in a preferential order 

while also charging attached battery banks. Therefore, with 

the smartness and portability of the presented SSEMS 

ascertained, it can be used for several purposes that are 

relevant to the academic and industrial communities. 
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