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A distribution network connected to rural consumers is often quite
weak due to the long distance. Hence, an increase in power
demand over this network will result to power quality problems.
The main cause of this unacceptable situation is the inability of
the power system to meet the demand of reactive power. Inductive
loads are the main cause of power quality problems and they are
widely used in domestic and industrial sector, contributing to
inefficient use of energy. In this paper, a reactive power
compensator is proposed to give voltage stabilization, good
power quality and to control non-linear loads in a standalone
photovoltaic system. The results obtained show significant
enhancement in terms of power factor correction of 0.87, thereby
improving the power quality of the system.
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1. INTRODUCTION
As power generating plants are typically situated far away from the city, significant loss is experienced in
the course of operating the transmission lines (Bayliss, 2012). Similarly, commercial grid system fluctuations
are dependent on peak periods of power load demand, which sometimes result to insufficiency of the grid as
the maximum output power margin of the grid is exceeded (Gonen, 2014). In addition, interconnected grids
tend to become more unstable as loads vary dynamically in magnitude, phase and power factor (Rohouma
et al., 2019). This voltage instability is more noticeable when there is a decrease in magnitude of load.
For example, the distribution network connected to rural consumers is often quite weak due to the distance,
as they are far away from the generator. Therefore, an increase in power demand over this network will result
to power quality problem such as voltage imbalance, high total harmonic distortion and low power factor
(Rohouma et al., 2019). The main cause of this unacceptable situation is the inability of the power system to
meet the demand of reactive power quantity for sustaining the healthy operation of the system (Madhusudan
and Rao, 2012; Masoud and Hussain, 2013).
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Ideally, the voltage magnitude of the load bus increases as reactive power injected to the same bus is
increased. If the voltage magnitude of a particular bus decreases with an increase in the corresponding
reactive power flow, the system is said to be unstable .i.e. the receiving end (node) voltage at the output of
the bus is unstable (Amroune et al., 2014).
Further to this, the major factors causing voltage instability are due to disturbance, which can either be an
increase in load or voltage drop, that occurs when active and reactive power flow through the inductive
reactance resulting to a gradual and uncontrollable decrease in voltage magnitude. Most importantly, the
inability of the system to meet the reactive power requirement, i.e. a mismatch between supply and demand
of reactive power, will also result in voltage instability. The voltage decreases slowly as the demand increases
until a critical point is reached (Samuel et al., 2012). Although, the voltage instability is a localized problem,
its impact on the system depends on the relationship between transmitted active power, injected reactive
power and receiving node or bus voltage (Amroune et al., 2014). The main problem is to identify the voltage
instability source and one of the effective ways to achieve this, is to identify the weakest buses in the system
(Oluseyi et al., 2018). This can be determined by the bus which lacks reactive power supports the most.
According to Samuel et al. (2012), the 330 kV transmission lines in Nigeria national grid with a frequency
of 50 Hz, which fed 23 sub-stations via 330/132 kV transformers, has a combined capacity of 6,000 MVA
at a utilization factor of 80%. Similarly, the 132 kV transmission lines fed 91 sub-stations with 132/33 kV
transformers of 7,800 MVA has a combined capacity at a utilization factor of 75%. This is because the grid
is characterized by poor voltage profile due to overload, poor control system in most part of the grid, high
transmission losses resulting to weak grid, voltage instability and eventually voltage collapse (Samuel et al.,
2012; Krishnan and Nair, 2013). This motivates the examination of the power quality of the major alternative
power source used in the country.
Recently, an alternative power source, photovoltaic system (PV), which is a non-linear system whose
performance depends on the environmental conditions as a clean source of energy has drawn a lot of attention
in recent years, considering its performance level and advantages mentioned (Akuon, 2012). A PV system
can be used as a backup system and as a power consumption reduction mechanism in domestic and industrial
sectors to shed essential load against commercial grid fluctuation at peak periods (Babatunde et al., 2018).
The application of PV systems can be categorized into two fields: standalone application and grid connected
application. The PV systems used to provide power to remote loads that are not connected to the grid are
referred to as the standalone applications while the grid connected PV systems are used to provide power
with the utility grid (Masoud, 2013). The operation of PV systems can improve the voltage profile, reduce
the energy losses of distribution feeders, cost of maintenance and loading of transformers tap changers during
peak periods (Daher et al., 2008; Masoud and Hussain, 2013; Wandhare and Agarwal, 2014). PV systems
can produce high voltage with high power gain coupled with less electromagnetic interference (EMI)
(Rahman et al., 2012).
Despite all the advantages of PV systems when compared to other renewable technologies, PV systems still
have some major limitations such as harmonic pollution due to power electronics based controllers and
switches, experiencing a major drawback of higher order of harmonics in the current line as a result of nonlinear loads (Rahman et al., 2012). This results in high cost of implementation and low efficiency due to
variation in solar irradiation that can cause power fluctuation and voltage flicker. However, certain control
methods have being introduced to improve the efficiency of the system such as maximum power point
tracking (MPPT) (Masoud and Hussain, 2013). So also some techniques have been investigated in PV system
to improve this limitation as seen in Daher et al. (2008) and Jabir et al. (2010), where a multi-transformer
based PV system was introduced, to enable it to convert higher power level with the help of the high
switching frequency with less ripple content. The proposed system in Rahman et al. (2012) was further
improved on, in terms of reduction in high level of losses in the semiconductor coupled with less harmonics
distortion in the output level in Jabir et al. (2010). This was achieved by integrating an auxiliary transformer
coupled with a flying capacitor to the system.

748
P.O. Oluseyi et al. / Nigerian Research Journal of Engineering and Environmental Sciences
4(2) 2019 pp. 746-755

In the available literature, power factor compensator has been recognized as the most economical and
efficient way of increasing power quality (Adebayo et al., 2017; Adebayo and Sun, 2018; Alayande and
Nwulu 2019). This provides motivation for investigating power factor control on a standalone PV system.
In this paper, the investigation is centered on the technique of reactive power compensation in a PV system
connected to an inductive load, employing capacitive loads, which can generate reactive power to
compensate for the lagging power factor in the system to provide voltage stabilization, good power quality
and to control non-linear loads.

2. MATERIALS AND METHODS
2.1. PV System Model and Analysis
In interconnecting the PV system (PVS), some factors must be considered and satisfied. These include: phase
sequence, frequency and voltage level matching (Masoud and Hussain, 2013). These factors depend on the
switches and controllers of the PVS. The PVS can be expressed in terms of the current-voltage characteristics
of the cell. These characteristics variation directly depends on the irradiance received by the cell and the cell
temperature. Figure 1 describes a grid-connected PV system, which is the focus of this paper.

Figure 1: Grid-connected PVS

A crystalline silicon PV module is modelled in Figure 2. In order to analyze the performance of the PV
systems under different weather conditions, PV arrays are interconnected in parallel-series configuration and
grouped in large unit to form a PV module.
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Figure 2: PV cell modelled as a diode circuit (Habyarimana and Venugopal, 2015)
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Using Kirchhoff’s voltage law (KVL) on Figure 2, the output current ( ) can be verified as (Masoud and
Hussain 2013):
−

=

−

(1)

Where is the shunt resistance voltage,
is the shunt resistance, is the light-generated current and
is the diode current which can expressed using diode current expression (Masoud and Hussain 2013) as:
=

−1

(2)

is the open circuit voltage which is sensitive to temperature, Io is saturation current of the diode, is
electron (1.6 10 ), ! is curve-fitting constant. According to Masoud and Hussain (2013), ! is an ideal
value between 1 and 2, " is the Boltzmann constant, which is 1.38 10 J/K, T is the operating temperature
given by:
# = #$ +

&' ()
*))
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Where +, is the reference irradiance, #$ is the ambient air temperature, , and #- is the nominal operating
temperature of the cell. , is assumed in (Habyarimana and Venugopal, 2015). #- can be expressed as:
#- = # − #$ + .0.0352+,

(4)

can be obtained as (Masoud and Hussain 2013):
4&
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Then, the output current and voltage from the solar panel are derived as function of time. The output power
of the cell can be obtained in a similar way to (Masoud and Hussain 2013):
:=;

(6)

Where F is the cell fill factor and this can be formulated as (Habyarimana and Venugopal, 2015):
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2.2. Proposed System Topology
The regulation requires PV system to operate at a power factor equal or greater than 0.95 (Enslin 2010). The
propose system measure the power factor of the PV system in real time and if the power factor is less than
0.95, then the compensation rule is adopted. Figure 3 describes the block diagram of the proposed system.
2.3. Power Factor Compensator
In the proposed system, two high frequency transformers are employed to step down the waveform. One is
used to step down the current waveform while the other steps down the voltage waveform. The output of the
transformers is fed to a comparator to compare two analogue voltage levels. This is then fed to the
microcontroller to measure the power factor in real time. The power factor is measured using the time
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difference between the current and voltage waveform, respectively by detecting the zero crossing point. If
the measured power factor is less than 0.95, then the signal level at the output pin of the microcontroller will
be comparatively high, thus adequately powering the relay system which connects the capacitor bank to the
load, so as to initiate compensation. This is further explained by Figure 4.
For efficient analysis, the zero-crossing detector circuit is employed to quantify and assess the point at which
the circuit (ac) waveform crosses the zero point in the circuit. The waveform is as depicted in Figure 5.

Figure 3: Block diagram of the proposed topology

Figure 4: The proposed power factor compensator

Figure 5: Zero cross detection points

Figure 5 reveals the zero crossing point of the current waveform and voltage waveform, measuring the time
difference/lagging angle between the current waveform and voltage waveform. The power factor can be
obtained as:
@ = Difference in time J 2LPF = ,OP.@2

(8)
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where PF is the power factor which is multiplied by 2L to convert the time difference to radian, and @ is the
time difference in radian.

2.4. Algorithm of the proposed Power Factor Compensator
Algorithm 1:
Step 1: Analyze the amplitude of the output voltage waveform of the PV system employing a transformer
and comparator.
Step 2: Compute the amplitude of the output current waveform of the PV system using similar approach to
step 1.
Step 3: Calculate the time difference in radian that each of the waveform. i.e. the voltage waveform and
current waveform cross the zero crossing line.
Step 4: Compute the power factor employing Equation 8:
Step 5: If the computed power factor is less than 0.95 trigger on the capacitor C1 and C2 to compensate for
the reactive power, else, C1 and C2 remain idle.
2.5. Analysis of the Power Factor Compensator
The required transformer can be obtained using:
QR : Q( =

T

=U

V

(9)

W

where QR and Q( is the number of required turns of the primary side and secondary side of the transformer,
respectively. Similarly, X and
is the primary and secondary voltage, respectively. 7R and 7( is the
induction of the primary and secondary side, respectively. Likewise, the required parameters of the capacitor
can be obtained using:
=

Y 31

−
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R

9[

6
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Where Y is the expected peak voltage in rms,
is the DC voltage, F is the frequency,
is the resistive
load and C is the capacitance It can be verified from the datasheet that capacitor made from silicon have a
Y of 0.6 V. Therefore:
=

− 1.2

Y

(11)

The ripple voltage and discharge time of the capacitor can be obtained using Equations (12) and (13)
respectively:
\]
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Where \] is the ripple voltage,
frequency.

is the resistive load, #

_

$\`a

is the discharge time and ; is the

The power factor compensator integrated to the PV system is described in Figure 6. The microcontroller is
based on C language and simulated in Porteus. The proposed system is described following the algorithm
below:

Algorithm 2:
1. The output of the PV system is analyzed using a transformer and a comparator to measure the
lagging angle between the voltage waveform and current waveform as they cross the zero crossing
line. TR1 steps down the voltage waveform in terms of amplitude, while TR2 steps down the current
waveform.
2. The output of the transformer is fed into the comparator to measure the time difference at which
each waveform i.e. voltage and current waveform crossed the zero crossing line.
3. The resulting output of the comparator is fed into the microcontroller via pin 4 and 5 following the
algorithm to calculate the PF.
If the PF is less than 0.95 then, pin 21 and 22 will be high to power on the relay system, which the capacitor
C3 and C4 are connected to, in order to compensate for the reactive power.

Figure 6: The Proteus model of the power factor compensator circuit
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3. RESULTS AND DISCUSSION
From the obtained results, Figure 7 shows the performance characteristics of the injected reactive power at
the modelled PV system connected to an inductive load. Figure 7 reveals that at first, the PV system
consumed reactive power up to -1200 VA, due to the inductive load. Later, reactive power was injected to
the system via the PF compensator improving the power quality up to the amount of consumed reactive
power. It was observed in Figure 7 that the power factor injected at the PV system output is high. This is due
to an inductive load connected to the PV system output, as inductive load is the main cause of low power
factor, voltage unbalance and high reactive power (Glover et al., 2012). The power factor at this point was
less than unity and compensated for, as expected as seen in the waveform in Figure 8, which exhibit unstable
output, considering the component of noise and ripples at the edge of the output signal.

Figure 7: Injected reactive power at the PVS output

Figure 8: Output waveform of PVS with power
factor less than 0.9

Figure 9: Output waveform of PVS with unity power
factor

The power factor was compensated for employing the capacitive load integrated to the PV system, which
was triggered by the microcontroller after computing the power factor in real time and the result yield a PF
less than 0.95. The output waveform is presented in Figure 9, revealing a stable output waveform, which
demonstrates a significant improvement when compared to Figure 8. This shows an improvement in the
voltage stability of the system.
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Figure 10 describes the voltage magnitude and the load current at the output of the PV system without the
power factor compensator. This shows that the magnitude is a little bit unstable in relation to the load demand
at that point. Thus, the power factor at this point is approximately 0.87 which is quite close to 0.95, the bench
mark value. However, from this arrangement and the results obtained, the proposed system has a limitation
of delay in injecting the required reactive power as seen in Figure 7. Though, the time delay is very small
and this is due to the charging time delay of the capacitor but once the capacitor is charged, the required
reactive power was fully compensated for as reveal in Figure 7.

Figure 10: System voltage and current waveform

4. CONCLUSION
The power quality problems have been universally identified as one of the major setbacks of full
implementation and integration of PV system’s penetration in the power industry. This is mainly due to the
fact that it has been identified as the major source of harmonic propagation. This work has provided a
platform for the solution of the twin problems of power quality as it relates to voltage fluctuation and reversed
power flow in the PV system. The technique demonstrated herein is quite an economical and efficient power
factor compensation for a PV system and this can be implemented in either a grid-connected or standalone
PV system.
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