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This paper presents the design and dynamic modelling of a hybrid power system for a house in Nigeria. Thermal modelling of the
house under consideration is carried out using BEopt software to accurately study the heat loss through the walls, windows, doors,
and roof of the house. The analysis of this thermal model is used to determine hourly load data. Design of an optimum hybrid
power system for the house is done with HOMER Pro software. The hybrid power system is made up of a diesel generator and
a stand-alone PV system. The proposed PV system consists of PV arrays, DC-DC boost converter, MPPT controller, single-
phase full-bridge inverter, inverter voltage mode controller (PI controller), and single-phase step-up transformer. Dynamic
simulation of the proposed PV system component of the hybrid power system is carried out in MATLAB/Simulink
environment to study the power quality, harmonics, load impact, voltage transients, etc. of the system, and the simulation

results are presented in the paper.

1. Introduction

Electricity is one of the basic amenities of man because of its
wide usage in various aspects of life. Thus, the need for a reli-
able source of power supply cannot be over emphasized.
Unfortunately, electrical power supply in developing coun-
tries like Nigeria is unreliable, thereby making life difficult.
Nigeria is a federal republic in West Africa, bordering Benin
in the west, Chad and Cameroon in the east, and Niger in the
north. Its coast in the south lies on the Gulf of Guinea in the
Atlantic Ocean. It comprises 36 states and the Federal Capital
Territory, where the capital, Abuja, is located [1]. Nigeria
is often referred to as the “Giant of Africa,” owing to its large
population and economy. With 186 million inhabitants,
Nigeria is the most populous country in Africa and the sev-
enth most populous country in the world [1]. Nigeria is the
12th largest producer of petroleum in the world, and the
8th largest exporter, and has the 10th largest proven reserves.
Apart from petroleum, Nigeria is also blessed with other nat-
ural resources including natural gas, tin, iron ore, coal, lime-
stone, niobium, lead, zinc, and arable land. Despite these

abundant natural resources, the country is unable to generate
enough electricity to support the national population.
Presently, the amount of generated power is about 9 percent
of the required power needed to completely electrify the
country (about 80,000 MW capacity is required but barely
7,445 MW is installed) [2]; thus, the country continues to
experience extreme electricity shortage and prolonged
periods of power outages such that a typical Nigerian house-
hold has electric power supply for 5 hours a day on the aver-
age. Over the years, households have had to rely mostly on
private power generators to meet their electricity needs.
However, the growing price of petroleum products to power
these generators is a major concern for the average house-
hold. Also, the noise and fumes from these generators are
having significant impacts on the environment as the fumes
continue to contribute to the carbon footprints of the houses.
To avoid these negative environmental impacts of fossil fuel
usage, it is important to find ways to economically utilize
clean and sustainable sources of energy such as wind and
solar energies to meet the electricity needs of the house. Var-
ious literatures presented in [3] have reported abundant
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solar resource potential of between 3.5kWh/m?/day and
7.0 kWh/m?/day across Nigeria and average sunshine dura-
tion of 6.25 hours per day. This is corroborated by the April
2018 weekly agrometeorological data for the dekad bulletin
of the Nigerian Meteorological Agency (NiMet) [4], which
shows an average solar irradiation for a northern city like
Zaria to be 23.4 M]/mz/day (6.5 kWh/mz/day) and that for
a southern city like Benin City to be 17.3MJ/m*/day
(4.81 kWh/mz/day). Despite these large solar resources,
Nigeria is yet to fully integrate solar energy into its energy
generation mix.

2. Literature Review

Individuals and researchers across Nigeria have over the
years taken advantage of the availability of abundant solar
resources and its ease of use to design photovoltaic (PV)
systems to meet their private energy needs. Udoakah et al.
[5] designed a 1kVA PV system for electrical laboratory
in the Faculty of Engineering at the University of Uyo to
solve the problem of sudden power failures during labora-
tory sessions. The major components of their off-grid PV
system design include two 150 W solar panels connected
in parallel (PV module), an inverter unit, one 12V,
100 AH deep cycle battery, charge controller unit, and an
automatic control unit to automatically switch from the
inverter to the public power supply whenever the public
power was available and vice versa. Elsewhere, Okoye
et al. [3] proposed a stand-alone solar PV system design
solution and cost model analysis using both intuitive and
numerical methods. The authors considered constant elec-
trical load demands of a house each in three different major
cities in Nigeria: Onitsha, located in the southeast region;
Kano, located in northwest region; and Lagos, located in
the southwest region as case studies using the 2016 meteo-
rological solar radiation data sets for these cities in their
analysis. In their solution, they used intuitive and numerical
methods to calculate the required PV area and capacity,
the number of PV modules, the corresponding capacities
of the battery, the inverter, and the charge controller while
using the life cycle cost analysis model to investigate the
optimal cost solution for the PV system design which takes
into account the initial capital investment, the present cost
of the battery, the inverter, the charge controller, and the
balance of system cost to estimate the net present value of
the PV system as well as the estimated future value of the
system using appropriate discount rates for each of the
components of the PV system. Akinyele and Rayudu [6] pro-
posed an off-grid PV system design solution to solve electri-
cal power problems in two rural households in Nigeria using
HOMER software for the modelling and analysis of the PV
system and cost. In their research, they considered energy
consumption scenarios of two households in Agwandodo
settlement in Gwagwalada, Abuja, with moderate loads. Con-
sidering the average loads and operating hours of the domes-
tic appliances for each of these houses, they used both
MATLAB and HOMER tools to obtain the daily load profiles
for the two houses. They then used HOMER software to
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obtain the optimized component sizes of the stand-alone
PV systems for the houses and costs.

In yet another development, Adaramola et al. [7] pre-
sented the feasibility analysis of hybrid PV solar-diesel power
system application for the remote areas in the northern part
of Nigeria using Jos and its environs in Plateau State as a case
study. In their solution, electrical energy of 1.5 MWh per day
with daily peak load of 236 kW was simulated for rural areas
with a population of about 1,500 households and with the
assumption that each household consumed 1 kWh of energy
per day. The values were then used to determine the ratings
of the other components of the proposed hybrid PV solar-
diesel system including PV modules, diesel generator, bat-
tery, and power converter.

In most of the above mentioned papers, the energy
requirements for their hybrid/PV system design have been
estimated by calculating the power requirement of each
device in the house and estimating the approximate number
of hours each device would utilize power in a day. The
problem with this method of estimating energy needs for
PV system design is that it does not consider the type and
size of the locations of electrical appliances, the building
materials, orientation and dimensions of the house, and
heat loss through the walls, windows, doors, and roofs of
the house. Also, the intuitive and numerical methods of
estimating energy requirements presented in the other
papers above have some drawbacks. Although the intuitive
methodology is relatively simple to compute compared to
the numerical method, it has the drawback of often over
sizing or under sizing the entire system due to not model-
ling the interactions among the subsystem components
[3]. The numerical method, on the other hand, is a complex
solution prone to errors as it involves a lot of parameter
estimations.

In this paper, the enumerated shortcomings above are
addressed in designing a hybrid power system. This paper
involves three major tasks. Firstly, a detailed thermal model-
ling of the chosen house using BEopt software is completed.
Secondly, optimum hybrid power system design using
HOMER Pro software is presented. Finally, MATLAB/Simu-
link dynamic simulation of the optimum PV system compo-
nent of the proposed hybrid power system is presented along
with the simulation results. Specifically, the contributions of
this study include the following:

(i) Thermal modelling of the house, taking into account
important parameters such as the type and size of
the house, location and orientation of the house,
materials used in building the house, number and
types of appliances in the house, and number of
occupants, as well as heat loss through the walls
and windows. Such modelling resulted in a detailed
hourly and annual load profile of the house. This,
to the best of the authors’ knowledge from reviewed
literatures, has never been done for the determina-
tion of load profiles in that region

(ii) Determination of the optimal renewable energy mix
and conventional diesel generator size of the hybrid
power system for the specific house in Nigeria
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FiGUure 1: House side view.
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F1GURE 2: BEopt software house design.

(iii) Assessment of the optimal system configuration to
achieve energy independence for the house

(iv) MATLAB/Simulink dynamic simulation of the PV
system component of the proposed hybrid power
system to study the power quality, harmonics, load
impact, and voltage transients under various condi-
tions specific to the house under consideration

3. Thermal Modelling of the House in BEopt

In order to design a hybrid power system for a household, it
is important to accurately determine the energy needs of the
household for which the system is being designed. This can
be achieved through thermal modelling of the house [8].
Building energy optimization (BEopt) software, developed
by the National Renewable Energy Laboratory, provides
capabilities to evaluate residential building designs and iden-
tify cost-optimal solution at various levels of whole-house
energy savings along the path to zero net energy [8, 9]. It pro-
vides detailed simulation-based analysis based on specific
house characteristics, such as size, architecture, occupancy,
vintage, location, and utility rates. BEopt can be used to ana-
lyze both new construction and existing home retrofits, as
well as single-family detached and multifamily buildings,
through evaluation of single building designs, parametric
sweeps, and cost-based optimizations [9]. The chosen house
is located in Benin City (latitude 6°20'0" N and longitude
5°38'0" E), Edo State, Nigeria. It is a south-facing bungalow
building with a total area of 2,375sqft, one front door and
one back door, one big living room, five bedrooms, three
bathrooms, one kitchen, windows of various sizes, corridors,
concrete walls, ceilings, and aluminum roofs. The side view
of the house is shown in Figure 1. Using the specific param-
eters of the house for BEopt thermal modelling and
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F1GURE 3: House annual energy consumption from BEopt simulation.

simulations (Figure 2), the house was found to require an
annual energy consumption of 17,485kWh/year (about
2kW average load) as shown in Figure 3. The generated daily,
monthly, and yearly load profiles of the house are shown in
Figure 4. However, the PV system component of the hybrid
power system is designed for a load of 1.5kW with the
assumption that the extra refrigerators and heavy air condi-
tioners included in BEopt simulation will be removed before
switching to the PV system.

4. Optimum Hybrid Power System Design with
HOMER Pro

A hybrid power system is made up of various components. In
designing a hybrid power system, factors such as the size of
the components, system configurations, adequacies of the
various renewable energy resources in that region, project
economics with changing loads and component costs, life
cycle of the system, net present cost of the system, cost of
energy to the end user, maintenance costs, and annual oper-
ating costs of the hybrid system will help the decision-maker
to determine the most cost-effective solutions of the hybrid
system to meet the electrical loads for which it is being
designed [10]. Hybrid Optimization of Multiple Energy
Resources (HOMER) software, developed by the National
Renewable Energy Laboratory, models micropower systems
with single or multiple power sources (e.g., photovoltaics
and wind turbines), and helps to design off-grid and grid-
connected systems in the most cost-effective ways by taking
the factors above into consideration [10, 11]. It simulates
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FIGURE 4: Daily, monthly, and annual load profile of the house from BEopt simulation.

various configurations to find the least-cost combinations
that meet the electrical loads being considered. HOMER’s
optimization and sensitivity analysis capabilities help to
answer important design questions such as “Which technol-
ogies are most cost-effective? What size should components
be? What happens to the project’s economics if costs or loads
change? Is the renewable energy resource adequate?” [11].
From the house thermal model with BEopt software, the gen-
erated annual hourly load data (Figure 4) for the house was
exported into HOMER Pro software for generator/PV system
sizing and optimum hybrid power system design. The simu-
lation was done using the solar irradiation data of the house
location (Figure 5), actual PV modules, converters, and batte-
ries, and the optimized hybrid power system configuration is
shown in Figure 6. Figure 7 shows a HOMER-optimized
hybrid power system design based on the technical and eco-
nomic data available. Such a system, designed for 25 years life
cycle, will have a total net present cost (NPC) of USD
106,307.90, a levelized cost of energy (CoE) of USD 0.4734

per kWh, and an annual operating cost of USD 5,650.04.
The system will also have an excess energy of 14.9 percent
which can be used to power the bulbs outside the fence of
the house. The diesel generator will help to provide backup
power during prolonged extreme weather conditions when
the primary battery backup power from the PV system is
unavailable. The rest of this paper is dedicated to the design
and dynamic modelling of the proposed PV system compo-
nent in the optimal hybrid power system.

5. The Proposed PV System Components

The proposed PV system is a stand-alone PV system
comprising of PV arrays, DC-DC boost converter, MPPT
controller, battery bank, DC-AC converter (inverter),
inverter voltage mode controller, single-phase step-up trans-
former, and the single-phase AC loads of the house under
consideration. Figure 8 shows a block diagram of the pro-
posed PV system.
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5.1. PV Arrays. Photovoltaics (PV) are used to convert
sunlight directly into electricity [12, 13]. A solar cell is a PN
junction diode with current flowing in the reverse direction.
A number of solar cells make up PV modules. PV array con-
sists of strings of modules connected in parallel, each string
consisting of modules connected in series [13]. Temperature
and irradiation level are the two main factors that affect PV
array outputs. Change in temperature and irradiation level
results in change in voltage and current, as well as power gen-
erated by PV systems [14]. Figure 9 shows a solar cell model
using a current source IL (light-generated current), diode (10
and nl parameters), series resistance R, and shunt resistance
Ry, to represent the irradiance and temperature-dependent
I-V characteristics [14]. The diode I-V characteristics for a
single module are defined by equations (1) and (2) below
[14]. The PV array used for this project is the Jinko Solar

JMK300M-72 PV array manufactured by Jinko Solar. The
array comprises of 4 strings of 12 panels of PV modules to
give an output power of maximum 14.4kW (12x4x
300 =14.4kW). The I-V and P-V characteristics of the
PV array at various temperature and irradiation levels
are shown in Figure 10.

I,=1, [exp (X—i) - 1], (1)

KT
V= 7 X 1LX N gpps (2)

where I, is the diode current (A), V is the diode voltage
(V), I,, is the diode saturation current (A), nl is the diode
ideality factor, a number close to 1.0, K is the Boltzman
constant = 1.3806e — 23 J.K-1, T is the cell temperature
(K), and N, is the number of cells connected in series
in a module.

5.2. DC-DC Boost Converter. The DC-DC boost converter
stabilizes and steps up (boosts) the unregulated DC voltage
from the PV array to a DC bus voltage output, 48V,
needed to charge the battery. The output voltage of the
DC-DC boost converter is fed into the inverter for con-
version to AC voltage. The circuit diagram of the DC-
DC boost converter is shown in Figure 11. From the cir-
cuit diagram, the output voltage and current of the DC-
DC boost converter are given by equations (3) and (4),
respectively [15]. From the equations, it can be seen that
the output of the converter depends on both the input
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imulation Results
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FIGURE 8: Proposed PV system block diagram.

and the duty cycle, D. Therefore, with a fixed input, the

5.3. MPPT Controller. At any given time, the point on the I-V
output can be controlled by controlling its duty cycle.

curve where the solar module operates is called the operating
point (OP) and it corresponds to a given irradiance (G) and
Voo 1 <V 3) temperature (T), which are geographical conditions. Without
de2 (1-D) det> any external electrical control, the module OP is largely dic-
tated by changes in the line and the load seen by the module

Lo =(1-D)x Iy, (4) at its output [}3]. The I-V curve represents t'he. power pro-
duced and delivered to the load. Therefore, it is important

where D is the duty cycle of the converter. that the solar module operates at its maximum power point
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(MPP). For maximum power output, it is important to
force the module to operate at the OP corresponding to
maximum power point. With changes in G and T, the I-V
curve changes, which means that the previous MPP (OP) is
no longer valid, and a new MPP is created. Thus, to have
MPP at all times, changes in the I-V curve have to be tracked
to know the new MPP, a process called maximum power

point tracking (MPPT). This is achieved using various algo-
rithms. In this paper, the incremental conductance MPPT
algorithm is chosen due to its efficiency and accuracy [13].
The voltage and current from the PV array are the inputs
of the algorithm, and the generated pulses from the algo-
rithm are used to control the duty cycle, D, of the DC-DC
boost converter. This algorithm is independent of the solar



panel characteristics, rather the panel terminal voltage is
changed according to its value relative to the maximum
power point voltage. Equations (5) and (6) and Figure 12
illustrate the algorithm. Figure 13 shows the flow chart of this
algorithm. In this project, the algorithm is implemented
using Simulink blocks.

P=Vxl, (5)
dP d(I+V) dI

ar _al*v) v 2 6
v o Vi oo +1=0, (6)

where P is power, V is voltage, I is Current, dI/dV is incre-
mental conductance, and I/V is panel conductance. At
MPPT, dI/dV =-1/V or dP/dV =0.

5.4. Battery System. The main purpose of the battery bank
is to store extra electrical power generated by the solar PV
system and to deliver the stored electrical power to the
household electrical loads whenever the PV system is
unavailable. The battery system is made up of 24 total batte-
ries (6 strings in parallel, each string size being 4 batteries) of
the 12V Trojan SSIG 12, 255 lead acid battery type. The bat-
tery nominal voltage is 48 V (12'V x 4), the total capacity is
1,542 Ah (257 x 6), and its autonomy is 29.9 hours which
means that the battery system can power the house for almost
one and half days if the PV system is out for maintenance or
not producing power due to bad weather conditions. The
Simulink block model for a lead acid battery is used to model
these battery parameters.

5.5. DC-AC Converter (Inverter). An inverter converts a DC
input supply voltage into a symmetric AC voltage of desired
magnitude and frequency [16]. The single-phase voltage
source inverter in this system converts the fixed DC voltage
(48V) from the DC-DC boost converter into a single-phase
AC voltage (48V) with a fixed frequency of 50 Hz. In this
paper, a single-phase full-bridge inverter with insulated gate
bipolar transistors (IGBTs) switches is considered. It con-
sists of four choppers: four switches/gates S1, S2, S3, and
S4 and four transistors T1, T2, T3, and T4. With T1 and
T2 turned on simultaneously, input voltage appears across
the load, while for T3 and T4, voltage is reversed (-Vs).
Figure 14 shows a typical full-bridge IGBT-based single-
phase inverter [17].

5.6. Inverter Voltage Mode Controller. The inverter output
voltage is easily affected by variations in the line and other
system parameters [16]. Therefore, there is the need for a
proper control scheme to maintain a constant voltage regard-
less of system disturbance. The voltage mode controller
scheme is proposed in this work due to its reliability and ease
of implementation [16, 17]. As shown in Figure 15, the DC
voltage from the boost converter is sensed and compared
with a reference value. The error produced is sent to a PI con-
troller and the PI controller produces an output which is a
DC quantity. This DC quantity is multiplied by a sinusoidal
value to convert it into an AC value which is then compared
with a triangular waveform to produce pulses for controlling
the inverter switches/gates [16].

International Journal of Photoenergy

MPP
S
Left/ : v
—
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5.7. Single-Phase Step-Up Transformer. A transformer is
an electrical device used to transfer electrical energy from
one level to the other at the same frequency by means of a
changing magnetic field. It consists of two windings, the pri-
mary and secondary windings, separated by a magnetic core.
When a transformer is used to “increase” the voltage on its
secondary winding with respect to the primary, it is called
a step-up transformer and when it is used to “decrease”
the voltage on the secondary winding with respect to the pri-
mary, it is called a step-down transformer [18]. In this
research, a single-phase step-up transformer is used to step
up the 48V voltage output from the inverter to 220V at
50 Hz to match the household AC loads.

6. Proposed PV System Dynamic
Simulation with MATLAB/Simulink

Dynamic modelling and simulation is the necessary first step
in design, optimization, and performance analysis. In order
to study the dynamic behaviors of the PV system component
of the proposed hybrid power system with respect to power
quality, harmonics, load impact, and voltage transients, the
PV system component was simulated in MATLAB/Simu-
link environment under various conditions specific to the
house. The complete MATLAB/Simulink model is shown
in Figure 16. Each of the subsystems has been developed
using standard equations and calculated and standard
parameters from the manufacturers’” data sheets.

6.1. Dynamic Simulation Results. The most important
dynamic simulation results are shown in Figures 17-22.
Figure 18 shows the solar irradiance and temperature on
which the PV array is made to operate, as well as the gener-
ated power output. Figure 19 shows the current, state of
charge (SOC) and voltage (48V) of the battery, and from
the SOC, it can be seen that the battery is being charged by
the PV system for future use. Figure 20 shows the constant
DC voltage output (48V) of the DC-DC boost converter
while Figure 21 shows the generated AC voltage and fre-
quency of the inverter (48 V, 50 Hz) fed to the transformer.
The transformer steps this voltage up at the same frequency
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FIGURE 17: PV array voltage and current.

to 220V for the household AC loads as shown in Figure 22.
All dynamic simulations were done for 3 seconds only.

7. Future Work

In the future, battery management system (state of charge
controller) can be included and a more sophisticated inverter
control scheme (e.g., voltage oriented control, VOC) is
recommended for faster response in cases of severe system

disturbance such as sudden overload. Also, hardware
implementation of the proposed stand-alone PV system
is to be carried out for real-life testing.

8. Conclusions

In this paper, thermal modelling of a house in Benin City,
Edo State, Nigeria, has been carried out with BEopt software,
taking into account important parameters such as the type
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and size of the house, location, and orientation of the house,
materials used in building the house, number and types of
appliances in the house, and number of occupants. This is
because the actual energy needs of a house have been found
to be affected by these parameters. Having known the energy
needs of the house (17,485 kWh) from BEopt thermal model-
ling, HOMER Pro software package was used to find an opti-
mum stand-alone hybrid power system solution for the
chosen house. To achieve this, the generated annual load pro-
file of the house from BEopt thermal modelling simulation
was imported into HOMER Pro software, and through its
Add/Remove window, various components of the proposed
hybrid power system, such as solar PV arrays, diesel genera-
tor, converters, and battery, were selected for simulation.
This simulation took into account the project parameters,
such as project lifetime, and economic parameters (i.e., costs
gotten from the component manufacturers’ websites), as well
as the available solar irradiance in that region which was
downloaded from the National Solar Radiation Database
with HOMER resource window. In HOMER Pro, various
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systems were simulated and technoeconomic analysis was
carried out considering factors such as the size of the compo-
nents, system configurations, adequacies of the various
renewable energy resources, project economics with chang-
ing loads and component costs, life cycle of the system, net
present cost of the system, cost of energy to the end user,
maintenance costs, and annual operating costs of the hybrid
power system in determining the optimum solution of the
hybrid power system to meet the electrical loads of the house.
The optimum hybrid power system was found to comprise of
a conventional diesel generator and a solar PV system. In
order to test the power quality, harmonics, load impact,
and voltage transients of the proposed solar PV system
component of the hybrid power system, dynamic simulation
was carried out in MATLAB/Simulink environment under
various system conditions. The simulated results show that
the solar PV system is fully capable of powering the house
and could serve as a potential solution to the energy crisis
in that region.
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