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a b s t r a c t

Recently, a tendency in the growing of grid-connected building integrated photovoltaic (BIPV) systems
has been noticed in most countries. Hence, high penetration of PV power into the system network can be
observed in many points in the network. This may cause severe problems on the distribution network
due to the intermittent nature of PV systems. As a feasible solution, the reactive power capability of
voltage source inverter in PV systems can be employed rather than approaching expensive grid in-
frastructures in the distribution network. The purpose of this study is to implement a 3-phase grid-
connected (BIPV) system with reactive power control to regulate the system voltage and improve the
system power factor. Subsequent to this, a specific system model has been designed and developed in
MATLAB Simulink application. The selection of PV system specifications is based on practical system
implementation. The inverter control system along with the reactive power control has been developed
for the proper system operation at different system conditions to reduce the var compensation on the
utility grid. Better system accuracy of the developed system model has been found by validating with real
system data. The overall system performance has indicated that the effective utilization of reactive power
control of a grid-connected PV system yields to a stable, reliable and cost-effective system network
operation which reduces the heavy burden on the utility grid to control the PV system effects.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Presently, a tendency in the rapid growth of energy has been
noticed in the world. Hence in most of the countries, renewable
energy resources (RES) have been utilized in electricity production.
The main available RESs are hydroelectric, biomass, photovoltaic,
wind, geothermal and tidal systems and also called the alternative
source of energy which can be used again and again. Consequently,
this increase in renewable energy generation systems combined
with power electronic systems, the microgrid concept has been
developed. The capability of operating in an uninterruptible way
either grid-connected or islanding mode is the main benefit of a
microgrid.

Integrating RESs such as wind and solar, into the utility grid at
the distribution level, is a trending fact. These distributed energy
ka, Crow Island, Mattakuliya,
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resources (DERs) supply power directly to the grid via power
electronic converters where the final stage is a DC-AC inverter
between the DERs and the grid. In recent in years, Photovoltaic (PV)
system has been the fastest growing power generation system
worldwide, has a total capacity of 228 GW at the end 2015 [1].
Generally, the available types of PV systems are residential scale,
commercial scale and utility scale in which capacities range from
few kilowatts to hundreds of megawatts.

These PV systems inject real power to the grid via at many
points in the distribution network. Since this is an effective solution
for rapid growing energy demand, but this will bring adverse
consequences on the entire distribution network. This is because of
the intermittent behavior of the PV energy which accordingly have
an impact on the availability, reliability, and quality of the distrib-
uted grid. Due to this intermittent nature and cumulative real po-
wer injections at different points, it is a very much complex process
of making reliable estimations of the power circulations
throughout the distribution network employing a few readings at a
few different locations. In case of high PV production level, the
whole power system will be out of control and there is a potential
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risk of significant reverse power circulation, and accordingly
causing unacceptable voltage hike in the network voltage [2e4].

To overcome this abnormal voltage over-limits situations, the
expensive grid infrastructures such as under-load tap changing
transformers (ULTC), step voltage regulators (SVR), and fixed and
switchable capacitors (FC and SC), can be deployed or the reactive
power control ability of voltage source inverter (VSI) in PV systems
can be utilized for injecting or absorbing reactive power for voltage
compensation as an ancillary service [5,6]. The advantages of uti-
lizing PV inverters over expensive grid infrastructures are the
capability of providing continuous variable reactive power which
enables to manage the voltage more closely, and inverter quick
response in comparison with switched capacitors [7].

Previously the IEEE Standard for Interconnecting Distributed
Resources with Electric Power Systems (IEEE Std 1547, 2003) [8]
states that the DERs are not permitted to regulate the voltage at the
point of common coupling (PCC). Due to some technical problems
arisewith high PV penetration level after rapid growth in PV energy
production, the amendment IEEE Std 1547a-2014 [9] unleashes the
restrictions that the DERs are allowed to actively engage in regu-
lating the grid voltage by making alterations to the active and
reactive power productions of the DERs coupled with mutual
agreements with the distribution grid operators and the DERs.

Hence, the PV inverters can be utilized as the fast acting local var
compensators in the areas with significant levels of PV penetration,
providing reactive power absorbed by local loads as measured at
their point of common coupling (PCC) and subsequently help to
enhance the power factor (PF) at PCC. This will assist to attenuate
the voltage regulation problems along with the PF improvement
while enhancing the grid stability and maximizing the power
transmission capability by reducing transmission loss. In the
meantime, this will be a significant economic benefit for consumers
to avoid the cost of the equipment required to control the PF.

With the rapid growth in the penetration level of PV power on
the distribution system, voltage fluctuations issues can be arisen
around the location of the interconnection of PV systems due to the
real power injection of PV systems. The reactive power control
functionality of PV inverter has been utilized to support the voltage
regulation at the distribution level. In recent years, most of the
researches have been focused on the reactive power control stra-
tegies for grid-connected PV inverters for active contribution on the
voltage regulation.

Different techniques have been discussed for the voltage sup-
port, based on the reactive power compensation of the PV inverter
in literature. Those can be grouped as fixed PF (fixed cos4), PF as a
function of the active power (cos4(P)) fed into the network, fixed
reactive power (fixed Q), reactive power as a function of the voltage
at the point of common coupling (Q(V)) [10,11] and reactive power
as a function the active power (Q(P)) [12]. Besides these technol-
ogies, several studies have been presented based on the reactive
power control along with the active power curtailment for voltage
regulation problem [13e16].

Reference [17] presented a three-phase grid interactive PV
inverter with reactive power ability to support the grid voltage
regulation. The proposed systemwas enabled to operate in unity PF,
variable PF, and zero PF to meet the grid requirements. In [18], an
adaptive decentralized voltage restriction control by the autono-
mous reactive power control of grid-connected PV inverters was
presented and tested on different LV grids to reduce the necessity of
additional grid reinforcement measures. The proposed strategy
based on the V-Q characteristics with a dead band where the
reactive power injection or consumption by the inverter was
initialized when the voltage limitations exceed. The work in [19]
addressed a reactive power control (Q(V)) relying on voltage for an
inverter with a PF of 0.9 for compensating the voltage rise due to
the PV power feed in an MV network located in Belgium.
A power control approach based on the single-phase active-

reactive power theory which was controlled by system conditions
and specific demands from both system operators and customers
was presented in [20] to enable the PV inverters to perform the
multi-functional ancillary services such as “low voltage ride
through (LVRT), reactive power compensation and reliability-
oriented thermal management” on PV inverters. The prescribed
power control strategy was developed and utilized under the lim-
itation of the PV inverter ratings. Similarly, in [21], an inverter
control strategy was based on the PQ theory which facilitates to
produce the active power and compensate the reactive power of
the loads during daytime while only compensating the reactive
power of the loads during night time.

Utilizing analysis of voltage sensitivity by setting a location
dependent PF to each PV inverter units for the grid voltage support
control was presented in [22] as a decentralized reactive power. In
this work, the combination of aforementioned strategies, cos4(P)
and Q(V), was employed to avoid the unnecessary absorption or
injection of reactive power during over-voltage conditions. A
similar approach using the voltage sensitivity analysis was dis-
cussed in [23] for the reactive power control of the PV systems, to
attenuate the voltage fluctuations due to the active power varia-
tions of the PV systems. The effect on the inverter efficiency was
discussed for three different modes of reactive power control to
investigate the inverter performance.

In [24], an inverter reactive power injection control was
designed, based on the volt/var control as a “radial optimal power
flow (OPF) problem”, subjected to the constraints of voltage and PV
inverter reactive power limit where the objective was to reduce the
line losses, the energy consumptions and the cost of inverter losses
when not operating at unity PF. Reference [25] discussed a method,
based on the absorption and injection of uneven reactive power by
three-phase PV inverters, to avoid the voltage unbalance due to the
high penetration of single-phase inverters in the LV grid. In this
proposed method, the average values of the phase voltages at the
PCC of the PV inverters were employed as the references for the
balancing algorithm for controlling each phase independently to
achieve uneven compensation and also reducing the over-voltage
conditions.

An active power dependent (APD) (Q(P)) voltage regulation
method was proposed in [26] in which the required reactive power
to manage the voltage was calculated in terms of the penetrated
real power of a PV system. In this proposed method, an active po-
wer threshold, based on the investigation of the “voltage sensitivity
matrix”, was employed as a start point above which the PV system
was ready to consume reactive power to regulate the voltage.
Reference [27] discussed an active power dependent reactive po-
wer compensation method without utilizing a threshold into the
system where the aim was to optimally dispatch the inverter
reactive power while maintaining the voltage within an admissible
range and minimizing the resistive losses over the entire network.
An “optimal inverter dispatch (OID)” framework was proposed in
[28] where the task was to determine both the real and reactive
power set points of the PV inverter so that to optimize the network
operation by minimizing the power losses while assuring the
voltage regulation and adhering to other electrical network con-
straints. The proposed OID framework increased the adaptability
over the volt/var support and the active power restriction, by
invoking a combination control of active and reactive powers
generated by the PV inverters.

Thework in [29] proposed a control strategy for the PV inverters
to enhance the operational performance of the unbalanced four-
wire distribution networks with high PV production, based on
the optimal generation capability of reactive power and the real
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power restriction. An optimization problem with the objectives of
voltage magnitude, network losses, PV production and active po-
wer restriction costs was addressed in previous work to find the
optimum control values. In [30], a combination of droop-based
inverter reactive power control technique with the active power
curtailment (APC) technique was addressed to maintain the local
voltage profile within pre-defined limits, in the case of large-scale
PV implementation in a specific location. In this approach, the
APC was employed only to improve the inductive reactive power
generation at the maximum PV generation time.

Based on the literature reviews, the inverter reactive power
compensation on both voltage regulation and PF improvement on
building integrated PV (BIPV) systems have not been considered
together. Hence, this research work is mostly focused on enabling
reactive power control of a grid-connected BIPV system for auto-
matic voltage regulation and PF improvement based on PCC load
conditions. The reactive power control system is mainly subjected
to the inverter capacity with the instantaneous PV power without
any active power curtailment injecting to the grid. Most BIPV sys-
tems operate at unity PF where the systems inject only real power
to the grid. This may have the effect of lowering the PF at the PCC of
a lagging power system. Fig. 1 indicates an example of this effect.
The power relationship of the relevant load is given as S1 at a PF of
0.95 (18.15�) lagging. If a PV system that injects only active power at
a unity PF, is installed at the PCC, the PF of the power combination
S2 that is seen at the PCC will reduce to 0.75 (41.41�) lagging. Even
though for a small-scale residential PV system, this cannot be
neglected. Hence, it would be financially favourable to the electrical
power system as well as to the consumers if the PV systems could
operate with the facility of reactive power compensation at a local
level.

2. Modeling of PV system components

In grid-connected PV systems, the power electronic devices are
used to connect the PV model into the grid because of its stochastic
nature. The different PV system configurations are concerned to
connect the PV modules into the grid.

Usually, the configurations can be divided into two categories, as
illustrated in Fig. 2, such as the PV inverters with DC/DC converter
(Double-Stage) and the PV inverters without DC/DC converter
(Single-Stage) [31,32].

The double-stage PV system with a boost converter is used for
this research study for boosting the PV voltage to a higher level. In
this case, the maximum power point tracking (MPPT) is controlled
by the boost DC-DC converter. The boost DC-DC converter is con-
nected to the grid through a DC/AC inverter, which takes care of the
grid current control and the grid synchronization [33].

Fig. 3 represents the overall system configuration diagram of the
grid-connected BIPV system. The system components are con-
nected by the solid lines to represent the power flow while the
Fig. 1. Active and reactive power relationship for a unity power factor PV system.
control systems are connected by the dotted lines to represent the
signal flow.
2.1. PV array model

The PV array block which is included in the MATLAB Simulink
library is used as the PV array model. The PV array block enables to
select the inbuilt preset PV model from the National Renewable
Energy Laboratory (NREL) System Advisor Model. The PV array
model is implemented as strings of the module connected in par-
allel. The string module is built up with series connected modules.
As the main inputs of the PV array module, the solar intensity and
the cell temperature values are considered. The SunPower PV panel
is considered in the modeling and the PV model specifications are
given in Table 1.
2.2. DC-DC boost converter model with controller model

To ensure the optimal operating condition of the PV system, it
should produce the maximum power all the time under specific
meteorological conditions. The PV output power along with the
maximum power varies with solar radiation, ambient temperature
and cell temperature as shown in Fig. 4. Hence, this is a prominent
factor to track the maximum power point of the PV array under
different operating conditions. Consequently, the maximum power
point tracking (MPPT) control algorithm is utilized to provide the
maximum continuous power from the PV array based on the
variation in the irradiation and the temperature.

In the past few years, many MPPT techniques have been
developed. The Perturb and Observe (P&O) method and the In-
cremental Conductance (IC) algorithms are the most commonly
applied algorithms as the simple structure [34]. A major drawback
of P&O algorithm is failed to response sudden changes in solar
irradiance and it continues the process as a change in MPP due to
perturbation. This yields to end up calculating the wrong MPP [34].
The incremental conductance algorithm can be used to overcome
the problem occurs in the P&O algorithm [34]. This algorithm is
based on the slope of the PV array power curve. The basic equation
of this algorithm is given in equation (01) [35]. The graphical
interpretation of the incremental conductance algorithm is repre-
sented in Fig. 5.

8>>>>>>><
>>>>>>>:

dP
dV

>0; v<Vmpp

dP
dV

¼ 0; v ¼ Vmpp

dP
dV

<0; v>Vmpp

(1)

As themain function of the boost converter, the duty cycle of the
converter is varied under all conditions in order to efficiently track
the MPP of the PV array. The DC bus voltage of the system is kept at
800 V.When PV array is in MPP operating condition under 1000W/
m2 of solar irradiance and 25 �C of cell temperature, its output
voltage is 273.1 V. Hence, a DC-DC boost converter is deployed to
step up the PV array output voltage. The model of the boost con-
verter is shown in Fig. 6. The IGBT is utilized as the power switching
device in the converter.

The gate pulses for the IGBT are generated by the boost con-
verter controller accordingly by varying the duty ratio in order to
track the MPP of the PV panel. The incremental conductance al-
gorithm is utilized to follow the MPP voltage of the PV panel and
the duty cycle is continuously changed accordingly to produce the
pulses for the boost converter. The model of the boost converter



Fig. 2. Grid-connected BIPV system configurations (a) Double-stage (b) Single stage.

Fig. 3. Overall system configuration diagram of the grid-connected BIPV system.

Table 1
PV module specifications (SUNPOWER SPR-305E-WHT-U).

PV Module

Maximum Power (W)
Open Circuit Voltage (V)
Short Circuit Current (A)
Voltage at MPP (V)
Current at MPP (A)
Cells per module
Modules in series (PV Array)
Modules in parallel (PV Array)
Maximum Power (kW) (PV Array)
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controller withMPPT function is illustrated in Fig. 7. The initial duty
cycle is set as 0.5 in the controller.
2.3. Voltage source inverter (VSI) model with controller model

In grid-connected PV systems, the main task of the DC-AC
inverter or VSI is to convert the PV array DC power to the AC po-
werwith grid synchronization, whilemanaging the boost converter
DC output voltage in double-stage configurations. A three-phase
inverter which is used in a grid-connected PV system is voltage
source inverter (VSI) type equipped with power switching devices
(Insulated gate bipolar transistors (IGBT), Gate turn of thyristor
305.226
64.2
5.96
54.7
5.58
96
5
5
7.63
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(GTO) or Metal-Oxide semiconductor field-effect transistor
(MOSFET)).

In this research study, the inverter offers the reactive power
compensation service as an additional service. Hence, the two-
quadrant operation of the VSI is available as shown in Fig. 8.

The selected inverter capacity of 9.5 kVA is larger than the
maximum PV capacity of 7.63 kW where the inverter maximum
operating PF is 0.8 at the maximum PV capacity. Consequently, the
inverter has the ability to produce reactive power at the maximum
PV system operation as indicated in Fig. 8. The P-Q relationship of
the inverter is given in equation (2).
Fig. 4. PeV characteristic curve of a PV module (a) Effect of temperature changes (b)
Effect of solar irradiance changes.

Fig. 5. Illustration of the incremental conductance algorithm on the PeV curve of a PV
array.

Fig. 6. DC-DC boost converter model.

Fig. 7. MPPT controller model.

Fig. 8. VSI 2-quadrant operation.

Fig. 9. VSI model.
Q ¼

8>><
>>:

S� sin
�
cos�1

�
PPV ;max

S

��
; P ¼ PPV ;max

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S2 � P2

p
; P ¼ PPV ;max

(2)

where S is the Inverter capacity, P is the instantaneous PV Power of
the PV array, PPV,max is the maximum PV power of the PV array and
Q is the reactive power of the inverter.

A three phase PWM generator is used to drive the IGBTs in the
inverter. The VSI sets the input DC voltage at 800 V and transforms
into a three-phase AC voltage of 400 Vrms with a frequency of
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50 Hz. The harmonics caused by the inverter is filtered out by
deploying an LC filter. The VSI model is depicted in Fig. 9.

The inverter controller system shown in Fig. 10 is responsible for
generating the PWM signals in the way to synchronize the PV
system with the grid. The control system consists of a DC voltage
regulator, a phase lockup loop (PLL) block, a current controller
block, and a PWM signal generation block. The PLL converts the
three-phase time varying system into DC system components ([Vd,
Vq] are voltage components and [Id, Iq] are current components)
and measures these DC components along with the phase angle of
the grid which are to be used for the grid synchronization purpose.

The DC voltage regulator generates the Id current reference
which is to produce the instantaneous PV power from the inverter
as an active power. The Iq current reference is generated from
reactive power controller to maintain the inverter output voltage
within the range of ±5% of 400 V by producing relevant reactive
power from the inverter. The current controller output gives the
references of Vd and Vq based on the Id and Iq references with the
measured Id, Iq and Vd, Vq values from the PLL. The PWM signal is
generated based on the three modulating signals which are
generated from Vd and Vq. The reactive power controller is
responsible for regulating the voltage at the PCC within the ad-
missible limits while improving the PF. Thus, the controller guides
the inverter to absorb or provide reactive power related to the
required conditions. It is achieved by generating the required Iq
reference to the current controller. The reactive power control is
based on the voltage behavior at the PCC and subjected to the
inverter limitation. The voltage at the PCC is continuously
measured and determined the proper Iq reference relevant to the
instantaneous PV power to manage the voltage and improve the PF
at the PCC.

2.4. Overall system model

The implemented simulation model of the grid-connected BIPV
system is illustrated in Fig. 11. The system module parameters are
summarized in Table 2.

3. Results and discussions

This paper is providing more detail extended results of our work
reported in ref [36]. In this work, as the first approach model
validation is performed with real system data to ensure a better
system accuracy of the developed system model. Then, to analyse
the effectiveness of the inverter reactive power control, the
implemented system is numerically investigated under real data
profiles for solar and loading.

3.1. Model validation with results of an operational ZEB system

One of the objectives of this research is to validate the developed
MATLAB Simulink model of the grid-connected BIPV system. The
Fig. 10. VSI controller model.
system performance is analyzed utilizing the real solar irradiance
and PV cell temperature profiles in two typical days in winter and
summer in this regard. The model PV power results are analyzed
and comparedwith the real measured data from an operational ZEB
system for model verification. A unity PF (UPF) model without the
reactive power control is considered in this process of validation
since the ZEB system is a UPF system.

The system is simulated considering the actual solar radiation
and cell temperature profiles, which were measured from an
installed PV system in a ZEB site, for two typical days in the month
of September and January. The typical day in September is a sunny
day while in January is a winter day.

The PV power output of the model is compared with the actual
PV power measured data from relevant ZEB system for each
respective day as illustrated in Fig. 12 and Fig. 13. It can be observed
that the PV power output of the model is high in both days
compared to the real data.

The Root Mean Squared Error (RMSE) and the total PV energy
production comparison for the model and actual system in January
and September are summarized in Table 3. The RMSE value in-
dicates the degree of accuracy of theMATLABmodel with the actual
system. A lower value of RMSE leads to a better fit with the actual
system. Theoretically, the model PV power is high due to no losses
are considered in modeling when compared with the actual
system.

3.2. Voltage regulation with inverter var compensation

Mitigation of the voltage fluctuation at the PCC due to different
dynamic loading conditions is investigated by enabling the reactive
power compensation of the inverter. Hence, the voltage behavior at
the PCC is explored under two inverter operating modes where the
reactive power compensation is enabled and disabled conditions,
for dynamic lagging and leading PF loading conditions.

The system without inverter reactive power compensation
(unity PF system) is simulated separately for both dynamic induc-
tive and capacitive loading conditions at the PCC. The root mean
squared (RMS) voltage characteristics at the PCC are indicated in
Fig. 14 for the inductive loading condition and Fig. 15 for the
capacitive loading condition.

It can be observed that the RMS voltage at the PCC is dropped
below 395 V as a consequence of the inductive loading condition
while an increment in the RMS voltage is occurred above 405 V due
to the effect of the capacitive loading condition at the PCC. The
voltage conditions at the PCC are violated in both inductive and
capacitive loading conditions.

The behavior of the system with inverter reactive power
compensation is investigated for both dynamic inductive and
capacitive loading conditions at the PCC. The reactive power control
of the inverter is responsible for regulating the RMS voltage at PCC
within the range of ±5% of 400 V, regardless of any load conditions
at PCC. The RMS voltage characteristics at the PCC are represented
in Fig. 16 for the inductive loading condition and Fig. 17 for the
capacitive loading condition.

By enabling the inverter reactive power compensation, it can be
noticed the RMS voltage at the PCC is continuously maintained at
400 V in both loading conditions without any violations.

3.3. System performance evaluation with real operational data

The system power flow relationship with the sign convention as
represented in Fig.18 is very important fact in the process of system
analysing. The general rule for the sign convention is referenced to
the inverter operation. If the inverter feeds, the sign is positive and
if the inverter consumes, the sign is negative. Based on this, the



Fig. 11. Simulation model of the three-phase grid-connected BIPV system.

Table 2
System module parameters.

Parameter Value

PV Capacity (kW) 7.63
Inverter Capacity (kVA) 9.5
Three Phase Voltage (V) 400
DC Bus Voltage (V) 800
Grid Voltage (kV) 11
Frequency (Hz) 50

Fig. 12. PV output power comparison between the module and actual system in
January.

Fig. 13. PV output power comparison between the module and actual system in
September.

Table 3
Comparison of the MATLAB model and the actual system in January and September.

Month RMSE Total Energy Production
(kWh)

Model Actual

January 0.3066 470.08 393.53
September 0.3801 1031.31 916.46

Fig. 14. RMS voltage characteristic at the PCC for the inductive load.

Fig. 15. RMS voltage characteristic at the PCC for the capacitive load.
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opposite sign is assigned for injection and consumption for both
the grid and the load.

In this study, the actual solar radiation along with the cell
temperature data which are measured from a Zero Energy Building
(ZEB) system is utilized. The ZEB system’s load profile is considered
as the dynamic load condition at the PCC, where the load PF varies
in the range of 0.8e0.95.

The system is simulated considering the solar radiation and the



Fig. 16. RMS voltage characteristic at the PCC for the inductive load.

Fig. 17. RMS voltage characteristic at the PCC for the capacitive load.

Fig. 18. Relationship of the system power flow characteristic.

Fig. 19. Load power flow characteristic.

Fig. 20. PV power characteristic.
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cell temperature profiles of the midday in the months of January
and June.

3.3.1. System performance evaluation in January
The related load profile of the day is depicted in Fig. 19. The

maximum real load of the day is more than 4 kW and the reactive
power varies with respect to the load PF. Fig. 20 represents the PV
power characteristic of themidday in January. The peak PV power is
less than 4 kW.

The inverter power flow characteristic and the PF variation are
illustrated in Fig. 21 and Fig. 22 respectively. It can be observed that
the inverter var compensation is high when there is no PV power. It
gradually decreases with the PV power. The inverter operating PF is
in the range of 0e0.4.



Fig. 21. Inverter power flow characteristic.

Fig. 22. Inverter PF characteristic.

Fig. 23. Grid power flow characteristic.

Fig. 24. System power flow characteristic.

Fig. 25. RMS voltage characteristic at the PCC.
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It is observed that the grid is responsible for serving the load
when there is no PV power and absorbs the excess reactive power
from the inverter as can be illustrated in Fig. 23. The illustration of
the overall system power flow characteristic is given in Fig. 24. The
RMS voltage characteristic at the PCC is shown in Fig. 25.

A slight increment is noticed in the RMS voltage when the
inverter var compensation is gradually decreasing.
3.3.2. System performance evaluation in June
Generally, June is one of the months in the summer season. The

system performance is explored using solar radiation and cell
temperature profile of the midday in themonth of June. The related
load profile of the day is shown in Fig. 26.

The power characteristics of the PV module and the inverter are
illustrated in Fig. 27 and Fig. 28 respectively. High PV penetrations
can be observed throughout the day. The inverter PF characteristic
is shown in Fig. 29. The inverter operates in maximum operating PF
during the mid-hours while lowering the inverter var
compensation.

The grid power flow characteristic is indicated in Fig. 30. The
overall system power flow and the RMS voltage characteristic at the
PCC are represented in Fig. 31 and Fig. 32 respectively.
It can be noticed that the RMS voltage at the PCC escalates above

401 V during the mid-hours of the day when the inverter PF is high.
But the overall system manages to operate subject to the
limitations.

The simulation result of the overall system performance for real
data indicate that the system is ready to feed maximum available
power from the PV module and the reactive power subjected to the
inverter capacity regardless of any loading conditions to regulate
the system voltage and improve the system PF at low or high PV
penetration situations where the grid fulfills the load demand
when there is no PV power and absorbs excess reactive power from
the inverter. This implies that the system functions with its duties
where it leads to a better BIPV system operation by reducing the
burden on the utility grid.
4. Conclusions

This research work presents an overall implementation of a 3-
phase grid connected BIPV system with the reactive power con-
trol capability. The system model includes a PV array module with
7.63 kW capacity, a 3-phase VSI with 9.5 kVA capacity, a boost
converter, a 3-phase dynamic load and a utility grid. The main aim
of this work is to utilize the reactive power ability of the VSI to
regulate the system voltage and improve the system PF by enabling
the inverter var compensation while reducing the var compensa-
tion from the utility grid. The reactive power control is designed
and implemented based on the voltage behavior at the PCC with
the inverter limitations and embedded into the inverter control
system. Hence, the VSI is responsible for regulating and converting
the PV DC power to the AC power while producing and absorbing
reactive power as an ancillary service. The boost converter ensures
the operation of the PV system at MPP.

The validity and the accuracy of the implemented model were
verified by comparing the system performance results with a real
system. A better system accuracy was demonstrated from the



Fig. 26. Load power flow characteristic.

Fig. 27. PV power characteristic.

Fig. 28. Inverter power flow characteristic.

Fig. 29. Inverter PF characteristic.

Fig. 30. Grid power flow characteristic.

Fig. 31. System power flow characteristic.

Fig. 32. RMS voltage characteristic at the PCC.
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results. Hence, this research study suggests that more focuses on
effective utilization of the reactive power capability of a 3-phase
grid-connected BIPV system capitalize on the utility grid to mini-
mize the complexity of the control operation for mitigating the PV
system effects on the system network.
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