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Abstract
Power quality issues arise in electrical networks when variable renewable energy (VRE) is integrated into them due to their 
random and intermittent nature which depends on weather conditions and other factors. The variation of solar irradi-
ance throughout the day affects the energy produced by solar panels and the integration of solar power into electrical 
networks will result in changes and fluctuations in the voltage profile of buses. Reactive power compensation is required 
to improve the bus voltage levels of the electrical network to be within the required limits and the optimal allocation of 
reactive power compensation devices in the network is a complex problem to be investigated for the optimum injection 
of reactive power to obtain better voltage profiles for the entire network. This research investigated the penetration of 
variable solar energy into an electrical network in terms of voltage and reactive power flow. A variety of literature was 
reviewed in the scope of reactive power management in power systems and a gap in addressing the optimal allocation 
of compensation devices in the IEEE-14 bus was addressed based on the proposed methods followed by discussions of 
the results in terms of voltage profiles and reactive power flow in the buses. The objective is to produce an output power 
of higher quality and reliability for the loads so that intermittent sources of renewable energy can be more competent 
with energy sources such as fossil fuels that do not depend on weather conditions. Integration of methods using com-
pensation optimisation (optimal allocation of capacitors) and volt-var regulation (smart inverter) to improve the voltage 
profile that was dropped and the fluctuations after penetration of solar power were carried out. A solar bus with variable 
energy generation was connected to the IEEE-14 bus to study the voltage variations. This was executed by the power 
flow calculation module to determine the voltages and reactive power in the buses of the network. With the optimum 
allocation of the capacitors, the voltage levels in all weak buses of the IEEE-14 bus were increased to be between 0.95 p.u. 
and 1.05 p.u. which was the voltage specifications of the Malaysian Grid Code Requirements. The voltage for every weak 
bus in the IEEE-14 bus showed a rise of 5.7% from 7 a.m. to 12 p.m. With that, the volt-var function was used for reactive 
power regulation at the point of common coupling (PCC) and a reduction of voltage deviation of 2.828 to 1.3% in the 
IEEE-14 bus was observed. The average voltage profile of all buses managed to attain a value of 98.99% from 95.673% 
(with solar power) with the optimal allocation of capacitors and volt-var regulation. The beneficiaries of this project will 
be the Sustainable Energy Development Authority (SEDA) which administers the Net Energy Metering (NEM) scheme 
and Tenaga Nasional Berhad (TNB) which is the Malaysian multinational electrical company focused primarily on the 
generation, transmission, and distribution of electricity in Peninsular Malaysia. The Energy Commission and Ministry 
of Energy and Natural Resources are also beneficiaries as they carried out a competitive bidding programme for large-
scale solar (LSS) known as the LSS@MEnTARI or LSSPV4 to attain bids for the development of around 1000 MW AC of 
LSS power plants to be operational in Malaysia by 2022. This work will also be beneficial in future research in planning 
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reactive power compensation devices in networks of multiple VRE sources, communication, and coordinated control of 
smart inverters, and incorporation of these devices for smart grid applications.

Keywords Power Flow · Compensation · Optimal allocation · Volt-var

1 Introduction

Malaysia’s equatorial location implies that it has great potential for the implementation of large-scale solar power pro-
jects as the irradiance levels of the country are relatively high throughout the year. Around 1575 to 1812 kWh/m2 of 
solar irradiance is received in Malaysia and this has close values to Southeast Asia’s average solar irradiance value which 
is 1500 to 2000 kWh/m2 [1]. Despite the high potential for solar power penetration into the electrical grid, the integra-
tion of solar PV feeders has faced distinct challenges and many methods for improving its power penetration have been 
researched and developed through the years. The variation in solar irradiance and atmospheric temperature affects the 
generation profile of solar panels. These variables are intermittent and not consistent throughout the atmosphere in a 
specific location and this will cause a generation of electricity that is fluctuating as well. This variation of the two param-
eters mentioned is due to the dispersion and blocking of sunlight by clouds in what is known to be the shading effect 
and this is the major reason why solar generation is intermittent [2]. An element of volatility and randomness also exists 
in solar PV technology in which its generating efficiency will decline over the years due to aging and coverage of dust. 
Bird passing and climate change frequency also cause a rapid change in generated power [3].

With this, voltage stability will arise in the electrical network buses integrated with solar panels. In the research con-
ducted in [4], it was found that the location of solar panels had a major role in the improvement of the stability of the 
power system. Next, it was also discussed that installed solar panels on a weak bus operated at a lagging or leading power 
factor of 0.7 in a stable system. Lastly, fluctuations in the frequency of the power system can also happen due to mis-
matching in load and generation. In intermittent sources of renewable energy, there is an important characteristic known 
as the lack of providing inertia or rotor angle when it is required. Generators of solar PV do not work like synchronous 
generators in which the rotating mass is operated directly proportional to the frequency of generation which controls 
the load change [5]. An ideal generation station must be equipped with inertia in which there is a change in frequency, 
then mitigation of this problem by devices such as batteries, capacitors, and ultracapacitors, can be executed and more 
of this research was carried out in [6]. The research highlight will be focused on the management of reactive power using 
capacitor banks and smart inverters in solar panels. Voltage regulation in buses, power loss reduction, power factor cor-
rection, and power quality improvement are the positive impacts of connecting capacitors in distribution systems. The 
optimal allocation of capacitors is a complex problem as it has a combinatorial nature and the size of capacitors as well 
as the location of their placement are discrete variables that will result in different outcomes of power flow in electrical 
networks. The optimal allocation of capacitors will be formulated by the desired voltage limits of 0.95 p.u. to 1.05 p.u so 
that the module will find the best possible configuration of capacitors in terms of its rating and location to obtain the 
specified range of voltage in all buses of the IEEE-14 bus.

2  Review of literature on reactive power flow in electrical networks

A power system study focusing on voltage profile variations after the integration of solar power into the IEEE-9 bus 
was carried out by [7]. The problem statement here is that PV systems will result in an impact on the voltage stability of 
power systems due to the intermittent nature of solar irradiance. This research aim was done using PVsyst to determine 
and optimal sizing of the PV modules based on real data of the installation of LSS in various locations. After this, power 
system analysis was carried out by using the PSS SINCAL software which is a simulation tool for power systems to run a 
load flow analysis to analyse the variation in potential difference on each bus when connected to the IEEE-9 bus power 
system. From the load flow analysis, the researchers found that among the 9 buses, the stable configuration for integrat-
ing the solar PV will be at bus 4 due to the small voltage deviations at the affected buses.

Researchers in [8] carried out a power system analysis to compare the performance of reactive power compensa-
tion devices which were STATCOM and the static VAr compensator (SVC) on static voltage stability of large-scale PV 
integration in the IEEE-14 bus system. This research aim was achieved by using the Q–V modal analysis method by 
implementing it in MATLAB and Power System Analysis Toolbox (PSAT). The key findings in this study were that in 
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comparison with the SVC, the STATCOM provided a much better option to improve the stability of the voltage in 
large-scale PV systems. This was because the STATCOM resulted in higher system loading margins in all the cases. 
Furthermore, placing SVCs in PV generator buses is much more effective in improving the voltage stability of the 
system compared to placing it at the weakest bus as well as placement which deals with short-term dynamic reac-
tive power support.

Research carried out in [9] investigated the effects of LSS on the quantitative and qualitative voltage characteristics 
by short-term and long-term state variables using the IEEE-14 bus transmission network. This aim was achieved by using 
a formulated mechanism to analyse the dynamic phenomenon of voltage instability with the integration of LSS. These 
simulations were done using the PSAT using eigenvalues from the reduced non-singular Jacobian matrix. In addition, it 
was also found that the static analysis overestimated the margin of stability which means that dynamic analysis is impor-
tant to define the critical time of control application for appropriate corrective actions. PV units influence the stability of 
dynamic voltage and this depends on the settings and type of controllers incorporated in the systems of the PV module.

Research in [10] designed and implemented an optimised version of a static VAr compensator (SVC) and tap changer 
(TC) to reduce reactive power as well as the number of operations in the tap changer. The altering of the parameters 
such as gain, settling time, dead band time delay, and triggering compensator pulse of the on-load tap changer (OLTC) 
resulted in an optimum number of TC operations which demonstrated an improvement in voltage profile. The SVC 
model for the improvement of the voltage profile was carried out in MATLAB. Without the SVC model, the simulation 
results showed that the regulated voltage was within the range of 0.967 ± 0.005 p.u. when the number of tap changer 
operations was 9 times. When the SVC model was integrated for absorption and injection of reactive power, the results 
simulated in Simpower demonstrated that the voltage profile was improved to around 0.98 ± 0.005 p.u. and the number 
of TC operations was reduced to 5. From this research, the level of voltage variations was reduced as well as the number 
of TC operations by implementing the SVC in the system.

Authors in [11] researched the theory of instantaneous reactive power by the implementation of the hysteresis cur-
rent controller. The control system that was proposed contained the instantaneous reactive power theory (IRPT) which is 
based on the current source inverter (CSI) to reduce the reactive power as well as the harmonic currents. This simulation 
was carried out in MATLAB/SIMULINK to use the control scheme of grid-connected PV systems to improve the power 
factor to a nearly perfect level close to unity. The aim was achieved by implementing an IRP-based control algorithm 
with a grid-tied inverter having active power as well as reactive power control. When a basic R-L load was connected 
to the grid, its power factor was 0.9285 and this was reduced to 0.7808 when a solar PV with unity power factor was 
integrated with it with 50% of load sharing. In the third case, the power factor was then improved to 0.9864 when the 
IRPT and hysteresis controller were incorporated.

Based on research in [12], results were simulated by using the “RastrWin 3” software package to study the influence of 
various FACTS devices and OLTC installed in transmission grids by the reconfiguration of reactive power flow and the net 
power loss based on the model known as the United Energy System (UES) of Russia in the 110 kV to 500 kV networks for 
two distinct conditions which are winter maximum and summer minimum for 2016. The key findings were that the range 
of variation in active power losses was highly dependent on the position of the OLTC. This range of active power losses 
was higher in the 500 kV substations as compared to the 220 kV substations for both conditions of winter maximum and 
summer minimum based on the results. As in the use of FACTS devices and capacitor banks, this research paper found 
that the injection of reactive power in the energy scheme to reduce the total losses in UES was not practical because 
the lines were not loaded to natural power to generate reactive power, which creates an exceeded amount in the grid 
which will then lead to overcompensation and an added increase in the loss of active power due to additional genera-
tion. From the results, the total reduction in losses in the UES was the highest for OLTC, followed by capacitor banks and 
then the controlled shunt reactor.

Research carried out in [13] investigated voltage profiles of the IEEE-9 bus with the integration of LSS power and 
improvement of these profiles by using FACTS devices for reactive power compensation by using PSS/E. Research in 
[14] studied the support of reactive power in prosumer grids with solar power and found that the Python-based optimal 
capacitor placement algorithm did not create overvoltage and power loss issues. The optimal allocation of capacitors and 
distributed generators by using probabilistic generation models in MATLAB was investigated in [15]. PV inverters and 
fixed capacitors for the management of reactive power were researched in [16] and found that they reduced the losses of 
energy in a real low-voltage distribution grid. Research in [17] investigated the optimal allocation of FACTS devices for the 
IEEE-30 bus system integrated with stochastic renewable energy power using new metaheuristic optimisation methods.
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2.1  Contribution

To complement the research carried out in [7] and [9], further analysis was carried out to study the fluctuation and drops 
of voltage profile on a time series basis throughout 24 h in a day. This involved the injection of a time-varying load profile 
of solar power into the IEEE-14 bus on a case-by-case basis to find out the worst-case scenario of interconnection in terms 
of voltage drop. The volt-var regulation and the compensation optimisation iteration algorithm for optimal capacitor 
allocation were used to improve the voltage profile of all buses in the IEEE-14 bus system. Based on research carried 
out by [18], the volt-var control modelling of the solar bus was adapted and tested with altering parameters of the QU 
(reactive power-voltage) and PQ (active power-reactive power) functions to get optimum results of voltage and this 
incorporated to function together with the optimal capacitor placement to improve the voltage fluctuation and levels.

Furthermore, the contribution of this research was based on research in [19] in which compensation methods were 
used to improve voltage profiles in the IEEE-9 bus. The results in [19] were the optimal capacitor placement method, 
the voltage profile for all buses was improved to be within 0.94 p.u. to 1.01 p.u. The average voltage profile for all 
buses of the IEEE-9 bus demonstrated an increase of 13.3% as taken from 7 a.m. to 12 p.m. The volt-var regulation 
was implemented in the solar bus for the regulation of reactive power at the point of common coupling (PCC), this 
resulted in a voltage fluctuation reduction of 2.71 to 0.81% in the IEEE-9 bus. The results in [19] were used as verifica-
tion of results obtained in terms of the percentage of improvement in voltage profile levels and the percentage of 
reduction in voltage fluctuations throughout the day. In this research, a separate case study and in-depth analysis 
of the IEEE-14 bus test system will be carried out to compare the consistency and pattern of the results of reactive 
power flow and the changes in the voltage profile of the buses. The method of optimal allocation of capacitors in 
the IEEE-14 bus and a smart inverter with a volt-var function in the solar bus is used. The improvement of the voltage 
levels, voltage deviation, and reactive power reduction will be analysed for the IEEE-14 bus.

3  Methodology

The time-varying load profile of the solar bus was integrated with the IEEE-14 bus in PSS SINCAL. The optimal alloca-
tion of the capacitor’s module was used to calculate the reactive power demand in the buses and it determines the 
optimal location and rating of capacitors with reference to the voltage limits which were initially set to be within 
the Malaysian Grid Code Requirements [20]. The power flow and compensation optimisation module for the optimal 
allocation of capacitors was developed by Siemens [21, 22] in PSS SINCAL software and these modules were used in 
this research. The volt-var function was then modelled in the solar bus controller settings for further improvement 
in voltage fluctuations over an annually average 24-h period and this will be executed together with the bus topol-
ogy that has already had its reactive power compensated by the capacitor banks to compare the voltages during 
peak hours of solar power penetration. This research was done to optimise the models of the buses for photovoltaic 
system-based DC-in feeders to model the solar farm of 116 MWp. The interfaced buses with the solar bus were buses 
4, 5, 7, 9, 10, 11, 12, 13, and 14 to determine the worse scenarios for compensation optimisation procedures.

3.1  The IEEE‑14 bus

The IEEE-14 bus is a representation of a simple approximation in the American power system and it consists of 5 
generators, 14 busses, and 11 loads as presented in Fig. 1. Data on loads, generators, buses, transformers, and lines 
were obtained from the standardized IEEE-14 bus data sheet. The base apparent power of this test system is 100 MVA 
and the data on tables are referenced based on this value. Based on the IEEE-14 Bus Datasheet [23], the voltage levels 
for this topology are 69 kV (bus 1 to bus 5), 18 kV (bus 7 and bus 8), and 13.8 kV (bus 9 to bus 14). Table 1 shows all 
the line data of resistance and reactance with its MVA rating and Table 2 shows the load parameters. Figure 2 shows 
the IEEE-14 bus after power flow calculation was executed.

Data such as generator MVA and transformer tap setting value (p.u.) were all included to be modelled manually 
in addition to this line and load data tables as shown above. Specific data were obtained and modelled accordingly 
in PSS SINCAL in accordance to the datasheet [23].
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3.2  Power flow calculation

Power flow or load flow is used to calculate the operating behaviour of transmission and distribution networks. 
This can be divided into symmetrical or unbalanced power flow but the symmetrical power flow will be used as the 
individual real power of the 3-phase loads that are set to be equally shared across the phases. There are methods of 
iteration known as the Newton–Raphson method or the current iteration which are the only remaining methods. 
Generators and loads which are active network elements are reproduced with their voltage and current sources. 
Voltages and currents in the scheme are assumed to be from sources of voltages and currents. Therefore, the process 
of iteration is a procedure done to alter the voltages and currents where they feed into the network if it is required 
for the needed value of accuracy. These calculations generate a non-linear set of equations that does not contain a 

Fig. 1  Sequence of optimal 
capacitor allocation for IEEE-
14 bus based on [22]

Preparation of Results

Checking of violations 

Capacitors are placed

Capacitors are placed at the nodes that require compensation

Power flow of the IEEE-14 bus is calculated and losses and 
compensation is determined

All network data is unloaded and checked

Table 1  IEEE-14 bus line parameters [23]

Line number From bus To bus Line resistance (pu) Line reactance (pu) Half-line charging 
susceptance (pu)

MVA rating

1 1 2 0.01938 0.05917 0.02640 120
2 1 5 0.05403 0.22304 0.02190 65
3 2 3 0.04699 0.19797 0.01870 36
4 2 4 0.05811 0.17632 0.02460 65
5 2 5 0.05695 0.17388 0.01700 50
6 3 4 0.06701 0.17103 0.00640 65
7 4 5 0.01335 0.04211 0 45
8 4 7 0 0.20912 0 55
9 4 9 0 0.55618 0 32
10 5 6 0 0.25202 0 45
11 6 11 0.09498 0.1989 0 18
12 6 12 0.12291 0.25581 0 32
13 6 13 0.06615 0.13027 0 32
14 7 8 0 0.17615 0 32
15 7 9 0 0.11001 0 32
16 9 10 0.03181 0.0845 0 32
17 9 14 0.12711 0.27038 0 32
18 10 11 0.08205 0.19207 0 12
19 12 13 0.22092 0.19988 0 12
20 13 14 0.17093 0.34802 0 12



Vol:.(1234567890)

Research Discover Energy            (2023) 3:10  | https://doi.org/10.1007/s43937-023-00023-3

1 3

Table 2  IEEE-14 bus load 
parameters [23]

Bus number Load real power (MW) Load reactive 
power (MVAr)

1 0 0
2 21.7 12.7
3 94.2 19.1
4 47.8 − 3.9
5 7.6 1.6
6 11.2 7.5
7 0 0
8 0 0
9 29.5 16.7
10 9.0 5.8
11 3.5 1.8
12 6.1 1.6
13 13.8 5.8
14 14.9 5.0

Fig. 2  The IEEE-14 Bus Topology modelled in PSS SINCAL with power flow
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direct solution and the Gaussian equation is applied to solve it [21]. As a result, power flow analysis calculates the 
voltages and current flow resulting from power consumption at the nodes which allows users to design variations 
in the network to make sure the planning of the supply network is optimal. The data of voltage, current, and power 
for branches, nodes, generator, and load can be obtained by the power flow simulation results so that evaluation 
of network losses and voltage deviations can be done. These calculations can be done for any number of meshed 
networks and all these data are checked for topological and logical plausibility. In theory, networks with N number of 
nodes can have N number of equations in the connection of the complex node voltages to the complex feed power 
as shown in the equation below:

The four values in each node are the node voltage angle, active feed, reactive feed, and magnitude of node voltage. 
This will be used to calculate power flow of the 14-bus without solar, with solar, and after the compensation procedures 
have been executed.

3.3  Optimal allocation of capacitors

The objective of this optimisation procedure is to reduce losses in the network by inserting capacitors. An important 
condition in this module is that the voltage limits and utilisation defined in the settings of calculation cannot be exceeded 
when the placement of capacitors is done. These voltage values were set in accordance with the Malaysian Grid Code 
Requirements of 0.95 p.u. to 1.05 p.u. in the option of voltage lower limit and voltage upper limit under power flow 
calculation settings. Optimal capacitor placement is determined by PSS SINCAL [22] by power flow series that interface 
different capacitors to permitted nodes. The capacitor with the highest rating available will be chosen from a pool of 
capacitors to be placed at the first available node. Then, the calculation of power flow and power loss analysis in the 
network will be executed. By using active losses of individual branches, the network losses PI are calculated using the 
following equation:

PSS SINCAL documents the data if the losses are lesser as compared to that of the original network condition. There 
is an additional condition whereby the limits in the calculation settings are required to be met. If these requirements are 
not met, the capacitor attachment is not documented. Next, the capacitor connected to the first node is removed and 
connected to the next available node. Then, power flow is calculated with the determination of losses in the network. If 
these losses are less than the losses in the original condition of the network and all constraints have been met, then PSS 
SINCAL documents attach the capacitor. The loss reduction which is the difference in loss in comparison to the original 
network is calculated using the following equation:

This procedure is repeated until all the available nodes for placing capacitors have been processed and then the loca-
tion that produces the highest loss reduction will be determined for capacitor placement [22]. This algorithm delivers 
the optimal results of electrical networks in terms of bus voltage levels using automatically rated capacitors based on 
the optimised reactive power demand of the weakest buses. After the allocation of capacitors, the power flow analysis 
can be executed again to obtain a better voltage profile that is observed in all the buses as the reactive power demand 
has been matched in the optimum configuration.

(1)
Si = Pi + jQi = Vi ×

N
∑

k=1

(

Yi
∗

k
× Vi

∗

k

)

i = 1…N

(2)PI =

L
∑

i = 1

Pi ⇒ minimum

(3)dPI = PI − PI opt

(4)dQI = QI − QI opt

(5)dSI = SI − SI opt
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This procedure of capacitor placement consists of the following advantages for the network that is integrated with solar 
power:

• Reduces the apparent power transferred within the network.
• Places capacitors in the most optimised configuration for reactive power compensation.
• Reduces losses in the transmission network.
• Reduces the utilisation of equipment.
• Improves the voltage profile in the network.
• Aids in avoiding violations to the voltage limits as per the Grid Code Standards.

3.4  Volt‑var regulation

The QU function works to keep the voltage within acceptable ranges. This function manages the output of reactive power 
from devices to uphold a specified voltage level. However, the PQ function regulates reactive power and real power so that 
the overall power flow in the grid fulfills the operational criteria. The PQ function aids in the overall equilibrium and quality 
of power in the electrical network. The volt-var function in the controller settings of the solar bus was modeled by the QU 
function in Fig. 3 for the maintenance voltage profiles in the IEEE-14 bus. This is carried out by controlling reactive power 
flow according to the voltage of the point of common coupling (PCC). When the voltage at the PCC drops below 0.94 p.u., 
there will be an active injection of reactive power by the smart inverter to increase the voltage. If the voltage drops within 
the range of 0.94 p.u. to 0.97 p.u., the smart inverter will inject reactive power in proportion to the rate of change so that the 
voltage is maintained within the normal range [18].

No contribution of reactive power occurs in the distribution system when the voltage range is between 0.97 p.u. and 
1.05 p.u. However, when the voltage at the PCC increases to be between 1.05 p.u. and 1.08 p.u., there will be absorption of 
reactive power by the smart inverter to prevent excessive increase in voltage levels. Lastly, when the voltage increases above 
1.08 p.u., the smart inverter will aid in restraining this elevation by absorption of reactive power [18]. The settings of the PQ 
function are specified in Table 3.

Fig. 3  QU Function
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0
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/Q
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Table 3  PQ Function 
Parameters

Parameters Value (p.u.)

Start voltage inductive (v1i) 1.05
End voltage inductive (v2i) 1.08
Active power (Pi/Sn) 1
Reactive power inductive (Qi/Sn) 0.4843
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4  Results and discussions

4.1  Voltage profile analysis of the IEEE‑14 bus

The power flow calculation was carried out for different cases of interconnection between the solar bus and the IEEE-14 
bus. The reference case was selected to be the IEEE-14 bus without the connection of solar bus together with an ideal 
case of the IEEE 14-bus test system (without solar) with optimal allocation of capacitors as presented in Table 4. The power 
flow results for this reference case in terms of voltage profile (V/Vn), real power (P), reactive power (Q), and apparent 
power (S) in each bus was calculated.

From these results, the voltage profile of the IEEE 14-bus without solar demonstrated an approximate range that was 
acceptable throughout a day according to the Malaysian Grid Code Requirements as the lowest of the values was from 
bus 14 with 94.184%. The voltage profile in other buses ranged from 94 to 100%. Based on the reference case, the solar 
bus was interfaced to all the buses without synchronous generators on a case-by-case basis. This was carried out to 
investigate the worst-case scenario of voltage profile drop based on the peak time of day in which the voltage profile was 
at the minimum value. After testing each of the buses with the solar bus, the results were tabulated and the minimum 
value of voltage for all buses was computed to find out the worst buses of solar power interconnection. It was observed 
that the time of day for worst case of voltage profile violation (lowest voltage levels) in every bus was at 12 p.m. for every 
case of interconnection. Table 5 shows the results of average voltage profile of every bus of the IEEE-14 bus at 12 p.m. 
for the cases of solar bus interconnection.

Table 4  Voltage profile of the 
IEEE-14 bus system without 
solar and its ideal case

IEEE-14 Bus without Solar (Reference Case) Ideal Case
Bus V/Vn [%] V/Vn [%]

1 100 100
2 99.624 99.899
3 99.434 99.819
4 99.44 99.825
5 99.611 99.886
6 96.355 99.791
7 97.807 99.903
8 98.784 100.861
9 95.841 99.642
10 94.615 99.301
11 95.183 99.446
12 95.072 99.257
13 94.503 99.071
14 94.184 98.945

Table 5  Voltage analysis of 
the IEEE-14 bus system when 
integrated with solar bus

Connection of 
solar bus

Average voltage (%) of all 
14 buses at 12 p.m

Average voltage (p.u.) of 
all 14 buses at 12 p.m

Malaysian grid code requirements

Bus 4 97.1695 0.972 0.95 p.u. to 1.05 p.u
Bus 5 97.1710 0.972
Bus 7 96.0601 0.961
Bus 9 96.3332 0.963
Bus 10 95.8248 0.958
Bus 11 95.7051 0.957
Bus 12 95.6730 0.957
Bus 13 95.9207 0.959
Bus 14 95.9664 0.960
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From these results, the worst-case scenario of solar bus interconnection was selected for further analysis with com-
pensation methods and this was the interconnection case to bus 12 which resulted in the IEEE-14 bus to have an aver-
age voltage profile of 95.673% for all buses at the period of the lowest voltage. The best-case scenario however for the 
interconnection of solar to the 14-bus was bus 5 with an average voltage profile of 97.171% for all buses. The intercon-
nection of solar to bus 12 resulted in minimum voltage values of 91.045%, 91.181%, and 91.661% in buses 12, 13, and 
14 respectively. This violated the grid code requirements of 0.95 p.u. to 1.05 p.u. Analysis on values based on a point in 
time (12 p.m.) was presented in tables as the benchmark of results. However, time-series graphs of the voltage profile 
throughout every hour of the day in a 24-h period was illustrated for demonstration of the voltage profile improvement 
throughout the day.

4.2  Improvement of voltage profile by optimum allocation of capacitors

The bus voltages of the IEEE-14 bus system without solar penetration demonstrated constant levels in a straight line 
throughout the day as illustrated in Fig. 4. The modelled solar bus that was connected to the IEEE-14 bus had the following 
time-varying profile of energy injected into the grid (annual hourly averages for a period of one day) as shown in Fig. 5. 
After the case study of the IEEE-14 bus and solar bus, bus 12 was found to be the worst case of solar power connection 
as the average voltage profile across all the buses was relatively the lowest. Fluctuation and drop of voltage profile in 
every bus was observed except for bus 1 which remained at 1 p.u. throughout the scenarios. Bus 12, 13, and 14 showed 
the most drop in voltage profile reaching a minimum value of 91.045%, 91.181%, and 91.661% respectively and this can 
be observed in Fig. 6. After the compensation was done, voltage profile improvement was carried out as illustrated in 
Fig. 7. Table 6 shows the results of the optimised reactive power demand in the IEEE-14 bus in which the capacitors was 
placed in accordance with their rated capacity. These values are the optimised reactive power demand and capacitor 
ratings of these values of reactive power were placed at the respective buses specified in Table 6 to inject these values 
of reactive power for the overall improvement of voltage profile in the buses of the topology.

The bus with the lowest voltage profile of 91.045% which was bus 12 itself was improved to 96.161%. Bus 2, 3, and 5 
were the most stable buses as there were minimal drops in voltages after solar power penetration. Table 7 summarises 
the comparative results of the voltage profile when the IEEE-14 in the three scenarios at 12 p.m. Figure 8 illustrates the 

Fig. 4  Voltage profile of IEEE-14 bus without solar
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Fig. 5  Time-varying profile of energy injected by solar bus to IEEE-14 bus

Fig. 6  Voltage profile of IEEE-14 bus with solar at bus 12
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data of voltage at each bus when there is no solar power compared to that of with solar power. Figure 9 demonstrates 
the improvement of these bus voltage data after capacitors were placed optimally in the buses of the IEEE-14 bus based 
on the specific locations and reactive power demand ratings of the optimal configuration.

4.3  Management of reactive power flow by optimal allocation of capacitors

When load flow analysis was carried out on the IEEE-14 bus, the power flow in terms of real power (P), reactive power 
(Q), and apparent power (S) were evaluated based on the buses. Real power with a positive value is equivalent to feed-
ing while real power with a negative value is equivalent to removing real power. Power flow to the bus is positive and 
the power flow away from the bus is negative. Positive reactive power is equivalent to capacitive feeding while negative 
reactive power is equivalent to inductive removal of reactive power. The results of power flow for the system without 
solar power penetration are tabulated in Table 8.

Fig. 7  Voltage profile of IEEE-14 bus after optimal allocation of capacitors

Table 6  Results of optimised 
placement of capacitors for 
reactive power demand

Bus Qn [MVAr]

2 − 6.71
3 − 13.15
5 − 1.6
6 − 5.02
9 − 16.72
12 − 1.62
13 − 5.91
11 − 1.82
10 − 5.88
14 − 5.11
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With the penetration of intermittent solar power in bus 12, a variation of power flow results was obtained based on 
time. In this case, the peak period of sunshine and voltage profile which is 12 p.m. was used as the benchmark to compare 
the worse cases of power flow. Table 9 shows the power flow when the solar bus was integrated into bus 12 at 12 p.m.

From these power flow results; the real and reactive power remained constant throughout for all the buses except 
for bus 1. In terms of real power, bus 1 had a real power of 107.087 MW and it dropped to 46.406 MW after the pen-
etration of solar power. There was a rise in reactive power in bus 1 from 64.419 MVAr to 91.61 MVAr at 12 p.m. due 

Table 7  Voltage profile changes in the IEEE 14-bus system

Bus V/Vn (%) of IEEE-14 bus without solar pen-
etration at all periods in a day

V/Vn (%) of IEEE-14 bus at 12 p.m. with solar 
power penetration at bus 12

V/Vn (%) of the IEEE-14 bus at 12 
p.m. after compensation optimisa-
tion

1 100 100 100
2 99.624 99.578 99.868
3 99.434 99.376 99.78
4 99.44 99.37 99.777
5 99.611 99.555 99.849
6 96.355 93.351 97.299
7 97.807 97.001 99.207
8 98.784 97.986 100.172
9 95.841 94.256 98.256
10 94.615 92.486 97.47
11 95.183 92.576 97.243
12 95.072 91.045 96.161
13 94.503 91.181 96.382
14 94.184 91.661 96.842

Fig. 8  Voltage profile of 14-Bus vs 14-Bus with solar at bus 12
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to solar power penetration. After the capacitors were placed, the results for power flow were obtained for compari-
son purposes as the pattern of fluctuation in power was uniform throughout all buses as shown in Table 10. It was 
observed that the reactive power in bus 1 was reduced from 91.61 MVAr to 22.167 MVAr at 12 p.m. after the capacitors 
were placed. There was a slight reduction in real power of 46.406 MW to 45.967 MW in bus 1 at this period.

Figure 10 illustrates the change in the reactive power flow in all 14 buses at the peak period of 12 p.m. with solar 
penetration compared to the optimised scenario. Figures 11, 12, and 13 illustrate the time series results of real and 
reactive power in Bus 1 based on the three cases.

Fig. 9  Voltage profile of 14-bus with solar at bus 12 vs optimised scenario of capacitor placements

Table 8  Power flow results of 
IEEE-14 bus without solar

Bus P [MW] Q [MVAr] S [MVA]

1 107.087 64.419 124.97
2 32.3 − 6.7 32.988
3 − 40.2 − 13.1 42.281
4 − 47.8 3.9 47.959
5 − 7.6 − 1.6 7.767
6 11.3 − 5 12.357
7 0 0 0
8 22.5 2.5 22.638
9 − 29.5 − 16.6 33.85
10 − 9 − 5.8 10.707
11 − 3.5 − 1.8 3.936
12 − 6.1 − 1.6 6.306
13 − 13.8 − 5.8 14.969
14 − 14.9 − 5 15.717
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4.4  Improvement of voltage profile in the IEEE‑14 bus by volt‑var regulation

After implementing this function in the solar bus, the buses resulted in a steadier voltage, and its levels were also 
improved but some buses were still below 0.95 p.u. In the results, instead of only increasing the levels of the voltage 
profile with the capacitors which had an estimated average voltage deviation of 2.828% for all buses, the implemen-
tation of the volt-var function in the solar bus resulted in approximately the same levels of voltage profile but with 
a smaller deviation of approximately 1.3% as average for all buses. Figures 14 and 15 demonstrate these results in 
which the voltage deviation from its initial point (12 a.m.) is reduced after the implementation of the volt-var func-
tion. Figure 16 and Table 11 show the voltage profile results of all the scenarios.

Comparatively, the average voltage profile of all the buses (at 12 p.m.) of the IEEE-14 bus (without solar power) 
had an average value of 97.18% and this was reduced to 95.67% after solar was connected to bus 12 in which there 
were buses that violated the grid code requirements of below 0.95 p.u. This can be observed in the illustration of 
the time-series graph in Fig. 6. Table 11 shows the voltage profile of each bus taken at a reference period of 12 p.m. 
This value was improved to 98.45% after the optimal placement of capacitors but the voltage was not a steady (con-
stant line) as seen in Fig. 7. With volt-var regulation, the average voltage profiles of all buses showed improvement 
from 95.67% to 96.89% and a steadier voltage can be observed based on Fig. 15. For the case of using both optimal 

Table 9  Power flow results of 
IEEE-14 bus with the solar bus 
at bus 12 at 12 p.m

Bus P [MW] Q [MVAr] S [MVA]

1 46.406 91.61 102.694
2 32.3 − 6.7 32.988
3 − 40.2 − 13.1 42.281
4 − 47.8 3.9 47.959
5 − 7.6 − 1.6 7.767
6 11.3 − 5 12.357
7 0 0 0
8 22.5 2.5 22.638
9 − 29.5 − 16.6 33.85
10 − 9 − 5.8 10.707
11 − 3.5 − 1.8 3.936
12 − 6.1 − 1.6 6.306
13 − 13.8 − 5.8 14.969
14 − 14.9 − 5 15.717

Table 10  Power flow results 
of IEEE-14 bus after capacitor 
placement at 12 p.m

Bus P [MW] Q [MVAr] S [MVA]

1 45.967 22.167 51.033
2 32.3 − 0.004 32.3
3 − 40.2 − 0.01 40.2
4 − 47.8 3.9 47.959
5 − 7.6 − 0.001 7.6
6 11.3 − 0.247 11.303
7 0 0 0
8 22.5 2.5 22.638
9 − 29.5 − 0.458 29.504
10 − 9 − 0.212 9.002
11 − 3.5 − 0.079 3.501
12 − 6.1 − 0.098 6.101
13 − 13.8 − 0.311 13.803
14 − 14.9 − 0.21 14.901
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Fig. 10  Minimisation of reactive power flow in all buses when 14-bus with solar at bus 12 is compensated with the optimal allocation of 
capacitors at 12 p.m

Fig. 11  Time series active and reactive power flow in bus 1 without solar power penetration
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Fig. 12  Time series active and reactive power flow in bus 1 with solar bus at bus 12

Fig. 13  Time series active and reactive power flow in bus 1 after optimal allocation of capacitors
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Fig. 14  Voltage profile of IEEE-14 bus with solar integration (without volt-var function)

Fig. 15  Voltage profile of IEEE-14 bus with volt-var regulation on the solar bus
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capacitor allocation and volt-var regulation, the average voltage profile for all buses were improved to be 98.99%. 
All these results were tabulated in Table 11 which were the overall results obtained for the IEEE-14 bus based on all 
five cases of solar power penetration and reactive power management.

Fig. 16  Voltage profile improvement with volt-var and optimal capacitor placements

Table 11  All scenarios of voltage profile in the IEEE-14 bus topology

Bus V/Vn (%) of 14-bus 
without solar 
power

V/Vn (%) of 
14-bus with solar 
power

V/Vn (%) of 14-bus after 
optimal allocation of 
capacitors

V/Vn (%) of 14-bus 
after volt-var regula-
tion

V/Vn (%) of 14-bus after volt-var 
regulation and optimal allocation of 
capacitors

1 100.000 100 100 100 100
2 99.624 99.578 99.868 99.647 99.899
3 99.434 99.376 99.780 99.461 99.818
4 99.440 99.37 99.777 99.471 99.822
5 99.611 99.555 99.849 99.645 99.889
6 96.355 93.351 97.299 95.576 98.284
7 97.807 97.001 99.207 97.547 99.454
8 98.784 97.986 100.172 98.526 100.417
9 95.841 94.256 98.256 95.243 98.704
10 94.615 92.486 97.470 93.912 98.114
11 95.183 92.576 97.243 94.411 98.063
12 95.072 91.045 96.161 95.384 98.067
13 94.503 91.181 96.382 94.066 97.661
14 94.184 91.661 96.842 93.625 97.722
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5  Conclusion

This research aimed to investigate the issues of voltage profile in the IEEE-14 bus when time-varying solar power was 
injected into this test bed system. The issues of solar power intermittency were discussed to understand the complexity 
and various causes of this random nature of VRE sources. A review of the literature regarding power system stability of 
electrical networks with penetration of solar power was carried out followed by the recent work on the optimal alloca-
tion of reactive power compensation devices and solar inverters. For the methods used in this research, power flow 
analysis, optimal allocation of capacitors, and volt-var regulation were carried out to study the power flow, reactive 
power demands, voltage profile drop by injection of variable solar power, reactive power ratings, and injections of reac-
tive power by capacitor banks that were optimally placed in the network, and improvement in steadiness of voltages 
throughout the day. From the results obtained, it was found that the connection to bus 12 demonstrated the lowest 
voltage profile cases. The average value of the voltage profile for all buses of the IEEE 14-bus system demonstrated a 
reduction of 3.29% as taken from 7 a.m. to 12 p.m. (maximum to minimum voltage profile throughout the day). With 
the optimum allocation of the capacitors, the voltage levels in all weak buses of the IEEE-14 bus were increased to be 
between 0.95 p.u. to 1.05 p.u. which was the voltage specifications of the Malaysian Grid Code Requirements. The voltage 
for every weak bus in the IEEE-14 bus showed a rise of 5.7% from 7 a.m. to 12 p.m. With that, the volt-var function was 
used for reactive power regulation at the point of common coupling (PCC) and a reduction of voltage deviation of 2.828% 
to 1.3% in the IEEE-14 bus was observed. The average voltage profile of all buses managed to attain a value of 98.99% 
from 95.673% (with solar power) by using both methods of the optimal allocation of capacitors and volt-var regulation.

5.1  Recommendations and future works

Research in [24, 25] carried out a comprehensive review of literature on the optimal location and sizing of reactive power 
compensation devices. Furthermore, issues in grid integration with solar PV and utility storage sizing were reviewed in 
[26–29]. There are future works and recommendations based on the literature and methods covered in this scope of 
research as follows:

• Planning of reactive power compensation devices in electrical networks with numerous VRE generators connected 
at different buses can be solved by various heuristic algorithms to get optimum of reactive power flow, voltage, and 
power quality delivered to loads.

• Efficiency of real-time control algorithms utilised in the characteristics of convergence rate, computation time, and 
number of iterations. More investigation on issues of reactive power management with VRE generators by novel 
metaheuristic approaches, conventional approaches, analytical approaches, and hybrid-based approaches [24].

• The coordinated control and coordination of smart inverters to provide reactive power support can enhance grid 
stability. The integration adaptive algorithms into these inverters allows them to adapt their reactive power control 
based on the system dynamics and grid conditions which evolve as different levels of VRE are injected into the grid 
at different periods of time.
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