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1. INTRODUCTION

The global electricity demand is growing at a rapid pace. Additional generation capacity is
necessitated to be made available to cater the needs. Besides, the electricity sector is in the phase of energy
transitioning towards a more sustainable way of operation. Within this context, the concept of distributed
generation (DG) involving renewable energy (RE) technology such as solar photovoltaic (PV), wind and
biomass is increasingly introduced as the alternative generation source in the electrical grid. Recognizing the
RE target set in worldwide, a significant share of renewable DG in the electricity generation mix is foreseeable.
Among the myriad of RE technologies available, the PV system has gained wide interests and a rising uptake
due to its continuous price reduction and technological advancement [1]. Additionally, the utilization of free
and abundant solar insolation as its input and the features of carbon-free, minimal maintenance and noiseless
operation make the PV system a preferred choice of DG.

However, the integration of DG based on the PV system in the traditional electrical grid is a
challenging and complex task. This is owing to the intermittent and non-dispatchable generation characteristics
of the PV system. Furthermore, the concern lies in the fact that most distribution networks in operation today
are designed as a passive system. Only unidirectional power flow from the main generation station to the loads
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is expected. Consequently, the usual power flow direction may be altered with the increase of PV system
capacity in the network. The integration of the PV system in the network may bring about positive or negative
impacts. Previous studies [2-6] have shown that various network operational limits may be violated due to the
generation and demand mismatch arising from the integration. Examples of the violations are bus overvoltage,
line and transformer overloading, and possibly leading to an increase in network losses. Despite that, the
strategic integration of the PV system shall contribute to the network operation. The technical benefits may
include network loss reduction, voltage profile improvement, increase in network loadability, and improve in
sustainability in terms of minimized carbon emission and usage of fossil fuels [2, 6]. In this regard, a
comprehensive analysis and proper planning are imperative for ensuring that the network stability and
reliability are maintained while leveraging the advantages from the integration.

The optimization of network operation by utilizing renewable DG has attracted wide interests among
the researchers. There have been numerous attempts in employing different optimization strategies for
achieving pre-specified goals using various approaches. Optimal allocation of DG was proposed in numerous
studies. The strategy was employed by Ghosh et al. [7] for a 33-bus network for voltage profile enhancement
and system loss minimization through a load flow algorithm. Jamil and Anees [8] identified the optimal size
and location of multi-location DG in IEEE 33 and 69 bus networks for improving voltage profile, reducing
losses and optimizing the costs using an analytical method. The optimal allocation of three types of DG for
loss reduction was proposed by Prenc et al. [9] while accounting average daily electricity generation and load
profile. Liu et al. [10] searched for the optimal DG location and capacity based on time-varying generation and
demand for achieving the multi-objective goals involving economic and technical factors.

The analysis by Hung et al. [11] involved assessing the optimal power factor of DG for loss
minimization using analytical approaches, in addition to the optimal location and size. The strategy of
leveraging the power factor control capability of solar inverter was proposed by Abdelmotteleb et al. [12]. The
work aimed for reducing losses and maximizing line and feeder reserve capacity in an IEEE 34 bus system.
Alternatively, Bouhouras et al. [13] studied the network configuration strategy for loss reduction in 16, 33 and
39 bus grid systems integrated with the PV system by utilizing spatial and quantitative sensitivity study. Murthy
et al. [14] examined the optimal network configuration with the aim of minimizing the losses and enhancing
the voltage profile in a 33-bus system with DG.

Though various types of strategies are available, it is hypothesized that they possess dissimilar
optimization potential. Yet, the comparison between their potentials has not much been assessed in a unified
network model and in the perspective of optimizing in comparison to a proposed PV system configuration with
a specified cumulative installed capacity. It is also worth noting that numerous good earlier works solved the
optimization problem in consideration of the operating condition at a specific point in time, such as maximum
DG generation and maximum loading only [7, 8, 14-17]. Thereby, the influence on the results due to the
condition at other times may be understated. The variations in generation and demand in the network are
required to be considered for improved accuracy [11, 18].

In this paper, various scenarios based on three different optimization strategies viz. i) distributed
installation, ii) power factor and iii) network configuration are focused on assessing their potentials in
optimizing the network operation, in comparison with the PV system of base configuration. Time-series load
flow algorithm utilizing average PV system generation and load demand profiles is adopted as the method, and
the generation and demand variations are considered. The problem is formulated as a multi-objective
optimization problem with the goals of minimizing active line losses and enhancing voltage profile in the
network. A real 11 kV distribution network in Brunei is modeled and used as the test system with the integration
of the PV system.

2. METHODOLOGY AND MODELING

Given the background, the work will commence with deriving the time-series potential generations of
the PV system modeled for each scenario. The next step will encompass the modeling of the 11 kV distribution
network of Brunei and the load demands. The scenario-based integration of the PV system will then be carried
out. The analysis will proceed with assessing the network operation enhancement potential of each scenario
within a set of constraints using a multi-objective performance index.

2.1. PV system and distribution network

PVsyst software is utilized for modeling the PV system. PVsyst is a well-recognized software package
specializing in PV system design and sizing. In the present work, the cumulative PV system installed capacity
is specified as 2 MW. The system is formed by 17,390 units of 115W thin-film cadmium telluride (CdTe) PV
panels manufactured by First Solar. The panels are fixed to orient due South and tilted at 10°. A solar inverter
is an essential component in a PV system for converting direct current power generated into alternating current
(AC) power useable in the network. The specification of an inverter varies across different manufacturers and
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models. Here, the inverter selection is limited to the product manufactured by SMA and within the product
family range of Sunny Central CP XT. These limitations shall ensure a minor performance and capability
variations between the inverters of different capacities. The inverter is chosen based on the closest available
nominal AC power rating in matching the PV system installed capacity in each scenario. Table 1 shows the
specified nominal AC power rating of the inverter with respect to each PV system installed capacity.

Table 1. Specified rating of solar inverter.

Inverter rated power (MVA) System installed capacity
(MW)
0.50 0.58
0.63 0.65
0.72 0.77
0.85 0.86
0.90 0.92/0.94
1.00 1.00/1.06/1.08/1.14
2*1.00 2.00

The main factors dictating the energy generation from a PV system are solar irradiance and ambient
temperature at the installation site. Other factors include the environment, orientation, system component, and
shading. In this work, Meteonorm software is employed to acquire the meteorological data needed for
estimating the potential generations from the PV system. Meteonorm is a software package comprising of a
comprehensive climate measurement database. It should be mentioned that a similar meteorological condition
is assumed for all scenarios of the optimization strategies.

Taking the factors into account, the generations from the PV system over a year are computed in
hourly time resolution in PVsyst for each scenario. Then, the sum of the generations for a specific hour is
divided by the number of available data to determine the magnitude of the average PV system generation at
the hour. The value of the peak generation in the year is also recorded. Figure 1 illustrates the hourly average
generation of the PV system of base configuration normalized to the maximum value, which is utilized in the
subsequent analysis. Using the similar method, the average curve and peak value of the generation for the PV
system in other scenarios are derived.
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Figure 1. Average generation profile of PV system with base configuration.
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Figure 2. Single line diagram of the distribution network.
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Figure 3. Average load demand profiles.

The single line diagram of the distribution network modeled in the present work is depicted in Figure
2. The network is a radial system and operates in passive mode. There are two types of switches which
determine the network topology. A normally-closed switch is denoted as a sectionalizing switch, while a
normally-open switch is known as a tie switch. Two sets of tie switches are available in the network for
realizing the interconnection of bus 3 with bus 6 and bus 6 with bus 10 by energizing the lines. The status of
the switch could be altered by the distribution network operator (DNO) for satisfying network operational
requirements.

A proposed centralized PV system with an installed capacity of 2 MW is envisaged for integrating at
bus 6, and it is denoted as the base configuration in the present work. The representative average profiles of
the load demand measurements at points A, B and C normalized to the maximum value are shown in Figure 3.
The average demand of each hour is derived from the division of the sum of the hour-specific demands obtained
from long-term measurement with the total number of measurements. The peak and minimum demands during
the measurement period are also acquired. These demand data are included in the modeling of the network.

In this work, there are several constraints concerning the PV system and the network, as detailed below:
(i) The operating bus voltages in the network must lie within the acceptable range as described in equation

(1). Here, the V,;;, and V., .. are specified as 0.95 p.u. and 1.05 p.u, respectively.
Vmin < Vi < Vmax (1)

where V..., = minimum allowable voltage at bus i and V,,,,, = maximum allowable voltage at bus i.

(i) The network topology may be modified within the possibilities offered by the available switches.
However, its radiality characteristic must be preserved and all the loads must remain energized.

(iii) Recognizing the geographical condition, the PV system integration is practically possible at bus 3, 6 and
8 only. In addition, the possibilities of integrating the proposed installed capacity of 2 MW as a centralized
installation (base configuration) at bus 3 and 8, respectively, are excluded due to certain factors. However,
the PV system may be split into multiple smaller systems for integration as distributed installations in
suiting the requirement in each scenario. In all the scenarios, the total PV system installed capacity in the
network must remain as 2 MW as defined in equation (2).

Z?=1 Ppy; =2 MW 2

where Ppy ; = PV system installed capacity in MW at bus i and n = number of buses.

(iv) All the solar inverters must satisfy the operating power factor range of SMA Sunny Central CP XT
inverter as given in equation (3). The PF,,;;, and PFE,,, are limited to 0.90 leading and 0.90 lagging,
respectively. In this analysis, the power factors of all the solar inverters are specified as 0.95 operating in
a lagging mode, unless otherwise specified.

PF,, < PFu, <PF,, ?)

min

where PF, ;. = minimum power factor limit of the inverter and PF,,,, = maximum power factor limit of
the inverter.
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2.2. Computational method

Time-series load flow algorithm employing the Newton-Raphson (NR) method is adopted for solving
the power flow problem of the network. In terms of convergence speed and accuracy, the NR method was
proven to outperform other techniques [19]. The solution is determined by an iterative calculation process until
a pre-specified accuracy is achieved. Equation (4) and (5) are the main mathematical expressions used in
deriving the power flow solution.

P; = XialVilIViI(Gy cos 6y, + By, sin 6) 4)
Q, = 2ialVilIVi|(Gy sin 6, — By, cos 6,) 5)

where n = number of buses, V; = voltage of bus i, V,, = voltage of bus k, G;, = conductance between

bus i and bus k, 8;, = phase angle and B;, = susceptance between bus i and bus k.

In the computation process, bus 1 is assigned as the slack bus with a voltage magnitude of 1 p.u. The
voltage magnitude drops across the electrical components such as line and transformer. The operating voltages
of all the other buses are determined from the successive iterations. They are expressed in relative to the
specified voltage of the slack bus. The detailed computation procedure using the NR method could be referred
in [19]. The power transfer across the line involves losses due to line impedances. In the present work, the
active component of the power loss in the line is focused. The active line losses are defined in equation (6).

Ploss = ?:1 3 x IizRi (6)

where i = line number, n = number of lines, I = current and R = resistance of line i.

The method commences with performing preliminary load flows of the existing network without the
PV system in corresponding to different loading levels (maximum and minimum). This step is essential for
assessing the compliance of the existing network against the constraints. Any non-compliance throughout the
solving process will lead to cessation of the algorithm until the issue is rectified. Next, the existing network
with average demand profile is simulated and the resulting values are stored.

The peak generation of the PV system with base configuration and the minimum demand data are
combined to represent the extreme condition. Load flow is conducted for the network integrated with the PV
system of base configuration under the extreme condition. The resulting network operation is evaluated for its
adherence with the constraints. Given no violation, the algorithm proceeds to forming a set of conditions
comprising the average PV system generation profile of the base configuration and the average demand profile.
Time-series load flow is then performed considering all the 12 hourly conditions for computing the active line
losses and bus voltages in the network. The solutions are stored and expressed as a multi-objective performance
index. Similarly, the procedure is repeated from assessing the compliance of the network with the PV system
for all the scenarios of optimal distributed installation and optimal power factor strategy. As for optimal
network configuration strategy, the procedure is repeated from the step prior to the PV system integration for
assessing the compliance of the new network topology with the constraints before proceeding to the next step.

The aim of this analysis is to assess the potential of each strategy in optimizing the network operation,
in comparison with the PV system of base configuration. The optimization goals are active line losses
minimization and network voltage profile improvement. More efficient power transfer in the network is
achieved with the reduction in line losses. Moreover, a better voltage profile suggests a lower risk of voltage
limit violation and an improvement of system loadability. Two performance indices viz. active line losses index
(ALLI) and voltage index (VI) are utilized for the assessment. The ALLI is formulated in equation (7) where a
more effective loss minimization is reflected by a lower magnitude of ALLI.

ALLI = ? 1Pl%?gft/zgzlpl%ls%,t )

new old

where Pjc¢, = total active line losses in the network with PV system during hour t, Py, = total
active line losses in the existing network prior to having PV system during hour t and h = number of hours.

The VI is determined by the mathematical expression defined in equation (8). A smaller VI indicates
a lesser average deviation from the nominal bus voltage.

Vnom_Vb,t

VI - Z?':l Vnom

7P /(h X nb) (8)

where V,,,, = nominal bus voltage magnitude, ¥, , = voltage magnitude of bus b at hour t, nb =
number of buses and h = number of hours. The voltage magnitude at the slack bus is not considered in the
computation as it is pre-specified as a constant value.
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The problem is formulated as a multi-objective optimization problem. In solving the problem, each
performance index is assigned with a weighting factor w. The multi-objective performance index is determined
by the summation of all the performance indices along with their individual w as given in equation (9). The
value of w can be varied by DNO according to the significance of each index in contributing to the network
operation enhancement. Nevertheless, the conditions in equation (10) and (11) must be fulfilled. Here, w; and
w, are set as 0.60 and 0.40, respectively. The allocation put a higher emphasis on loss minimization compared
to voltage profile improvement in solving the optimization problem.

zZ = wALLI + w,VI 9)
0<w; <1 (10)
Yo =1 (11)

where w, = weighting factor for ALLI, w, = weighting factor for VI and w; = weighting factor of the
term i.

The objective function is established as minimizing the multi-objective performance index as
described in equation (12), subjected to the specified constraints.

f = minimize (z) (12)

The z will be derived for all the scenarios. The minimum z indicates the highest potential in
minimizing the active line losses and enhancing the network voltage profile.

3. RESULTS AND DISCUSSION

In the present work, the network operating condition is computed by using load flow algorithm. The
existing network without the PV system is assessed for compliance with the operational limit. The maximum
and minimum network loading conditions are considered as the network may be risked to undervoltage and
overvoltage issue, respectively. Table 2 shows the operating bus voltages in the network are within the range
of 0.95 p.u. and 1.05 p.u. during the maximum and minimum demand. The results proved that no limit violation
is presented in the existing network under the normal operating condition.

Table 2. Bus voltages during maximum and minimum demand in the existing network.

Demand

Voltage Maximum Minimum
Maximum 0.9999 p.u. 1.0000 p.u.
Minimum 0.9829 p.u. 0.9928 p.u.

10 =15 Existing network without PV [®a] Base configuration |

1011 12 13 14 15 16
Time (hour)
Figure 4. Hourly total active line losses before and after the PV system integration of the base configuration.

3.1. Base configuration

In this scenario, the PV system is integrated as a centralized installation at bus 6 with the installed
capacity of 2 MW. The network conforms to the operational limit during peak PV system generation at the
minimum demand. Figure 4 illustrates the total active line losses for each hour in the existing network versus
those of after the PV system integration in the base configuration normalized to the maximum value. They are
computed based on the average PV system generation and load demand profile. It is obvious that the losses are
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reduced for all the hours with the PV system in the network. For the time interval considered, the total active
line losses in the network before and after the integration of the PV system are 348.5 kW and 267.3 kW,
respectively. In addition, the average network voltage is increased from 0.9955 p.u. to 0.9959 p.u. after having
the PV system. It is proven from the results that the integration of PV system as DG is beneficial to the network
as it is being a nearer source to the loads. A larger benefit to the network operation may be possible with an
appropriate optimization strategy.

3.2. Optimal distributed installation

Eight scenarios comprising of different combinations of PV system capacity distribution and
integration point are analyzed as summarized in Table 3. Scenario 1 to 4 represent the cases of equal
distribution of the specified 2 MW PV system capacity. On the other hand, Scenario 5 to 8 consider a practical
condition where the 2 MW PV system capacity distribution is assigned based on the total average load demand
in each selected integration bus. In all the scenarios, the network operation does not violate the limit during
peak PV system production at the minimum demand. Table 3 shows the comparison of the total active line
losses and average network voltage between the scenarios, along with the description of the PV system
integration. The obtained results are corresponding to the average PV system generation and load demand
profile.

Table 3. Total active line losses and average network voltage of the distributed installation scenarios.

Scenario PV system capacity (MW) Total active line losses Average network voltage

Bus 3 Bus 6 Bus 8 (kW) (p.u)
1 1 1 0 252.2 0.9962
2 1 0 1 291.9 0.9962
3 0 1 1 291.6 0.9958
4 0.667 0.667 0.667 273.2 0.9961
5 0.86 1.14 0 252.5 0.9962
6 0.94 0 1.06 293.7 0.9962
7 0 1.08 0.92 289.2 0.9958
8 0.58 0.77 0.65 273.2 0.9961

Based on Table 3, Scenario 1 is proven to be the optimal distributed installation in terms of active line
losses reduction and network voltage profile improvement. In comparison with the PV system integration of
the base configuration, the total active line losses are decreased from 267.3 kW to 252.2 kW in Scenario 1, and
the average network voltage is improved from 0.9959 p.u. to 0.9962 p.u. As a result, the efficiency and
loadability of the network are further improved. This finding is in line with the previous study by Jamil and
Anees [8] that the PV system deployment as distributed installation possesses the potential in providing more
benefits to the network operation in terms of losses and voltage than centralized installation. It is worth pointing
out that the results obtained in this work have taken the variations of generation and demand into account.

Instead of deploying the PV system as a centralized installation, distributed installation as in Scenario
1 provides more benefits to the network operation. The second optimal distributed installation is followed by
Scenario 5. The results indicate that the potential of the PV system in further enhancing the network operation
varies across the scenarios. In comparison with the integration of the base configuration, the total active line
losses resulting from Scenarios 2, 3, 4, 6, 7 and 8 are risen. Despite that, their average network voltages are
improved with exceptions to Scenarios 3 and 7. Thereby, the weighting factor of each performance index shall
play an important role in evaluating the optimization potentials of these scenarios.
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Figure 5. Average network voltage profile of each scenario.
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Figure 5 depicts the hourly average network voltage curves resulting from the PV system integration
of the base configuration and Scenarios 1 to 4. Similarly, the curves can be plotted for Scenarios 5 to 8. Based
on Figure 5, it can be noted that the average network voltage of Scenario 1 is higher than that of the base
configuration for all the hours. It is worth noting that Scenario 3 presents a lower average network voltage than
the base configuration for most of the hours. This demonstrates the contrasting impact between the PV system
integration at the optimal and inappropriate points. Therefore, the optimal integration scenario is crucial to be
identified in the planning stage for optimizing the benefits of the PV system in contributing to the network
operation

3.3. Optimal power factor

The potential of leveraging reactive power control capability of the inverters in further enhancement
of the network operation is investigated. The power factors of the inverters are varied within the specified
operational constraint, ranging from 0.90 leading to 0.90 lagging in the step of 0.05. The parameters and
integration point of the PV system of base configuration are maintained for all the scenarios except the power
factor of the inverter of which is varied according to the specified for each scenario as displayed in Table 4. In
all the scenarios, the network complies with the operational limits under the extreme PV system generation and
loading conditions.

Table 4. Power factor setting of the inverter

Scenario Power factor Operating mode
1 0.90 Lagging
2 0.95 Lagging
3 1.00 Unity
4 0.95 Leading
5 0.90 Leading

In Figure 6, the total active line losses and the average voltage of the network corresponding to the
average profiles of the PV system production and load demand for each power factor setting of the inverter are
illustrated. The results show that the losses are reduced as the inverter is set to operate increasingly towards
the lagging mode. This implies that the reactive power injection into the network, in addition to the active
power injection brings about a positive impact on the network operation. The finding is in good agreement
with the work by Hung et al. reported in [11]. In addition to the losses, the present work includes considering
the effect on the network voltages in evaluating the optimization potential.

Based on Figure 6, the optimal power factor of the inverter is determined to be 0.90 lagging for
achieving the least total active line losses and the best average network voltage. In comparison with the base
configuration, the total active line losses are reduced from 267.3 kW to 261.4 kW, and the average network
voltage is improved from 0.9959 p.u. to 0.99595 p.u. in Scenario 1. The results suggest the opportunity for the
DNO in utilizing the in-built reactive power control capability of the inverter for further optimizing the network
operation.
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Figure 6. Total active line losses and average network voltage of the power factor setting scenarios

3.4. Optimal network configuration

In this strategy, all the possible network topologies are analyzed by altering the statuses of the switches
available in the network. The PV system remains as the base configuration and integrated to bus 6 in all the
scenarios. Table 5 summarizes the combination of switch status in each scenario. For every set of tie switch
being closed, the corresponding set of the sectionalizing switch is opened for complying with the given
constraint of preserving the network radiality. During the extreme condition, no operational limit violation is
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presented in the network with the resulting topology in each scenario in both before and after the integration
of the PV system.

Table 5. Statuses of the network switches

Scenario Switch closed Switch opened
1 S3-6 S2-3
2 S6-10 $9-10
3 S3-6, S6-10 S2-3, S9-10
4 S2-3, S9-10 S3-6, S6-10

Figure 7 displays the total active line losses and average network voltage of the four scenarios,
considering the average PV system generation and demand profiles of the 11 kV distribution network in Brunei.
It is noted that in the case of deploying the PV system of base configuration, Scenario 4 represented by the
existing network topology achieves the lowest total active line losses and the best average network voltage.
This is followed by Scenarios 2, 1 and 3. Altering the network topology leads to the change in the power flow
in the network. Consequently, the losses and voltage profile are impacted, as demonstrated in the results and
the previous study based on a typical network model in [14]. Therefore, the optimization of the network
topology in accommodating the PV system integration shall be performed during the planning phase for
maximizing the benefits to the network operation.
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Figure 7. Total active line losses and average network voltage of the network configuration scenarios

3.5. Comparisons of multi-objective performance index (z)

The present work extends with a comparison of the optimization potentials of the scenarios
corresponding to each strategy based on z as derived using equations (7)-(9). Figure 8 presents the magnitude
of z determined for each scenario of the optimization strategies, in comparison with the z of the base
configuration. As mentioned, the scenario with the highest optimization potential is reflected by a minimum z.
Among all the scenarios, Scenario 1 of the distributed installation strategy demonstrates the highest potential
(z=0.435742), followed by Scenario 5 of the distributed installation strategy (z=0.436326) and Scenario 1 of
power factor strategy (z=0.451764). In fact, their z values are lesser than the base configuration (z=0.461917).
The finding implies that the deployment of the PV system based on any of these three scenarios is more
effective in terms of active line losses reduction and network voltage profile improvement compared to the
base configuration.
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Figure 8. Multi-objective performance indices.
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4. CONCLUSION

In this paper, time-series load flow algorithm considering the average PV system generation and load
demand profiles has been utilized for examining the potentials of the three different optimization strategies -
distributed installation, power factor and network configuration, in optimizing the network operation through
reducing the active line losses and enhancing the voltage profile of the distribution network in Brunei. The
benefits associated with integrating the PV system as DG in the network and the opportunities of furthering
the network operation enhancement with the optimization strategies in comparison with the base configuration
of centralized PV system deployment have been demonstrated in this paper. The highest optimization potential
has been shown in the distributed installation strategy, followed by the power factor strategy and the network
configuration strategy. Among the possible switching combinations analyzed, the existing topology of the
network has been identified to be optimal for the PV system integration of the base configuration. This paper
highlights the need for conducting the optimization assessment and considering different strategies for
providing a clear outlook on the optimization potential of each strategy, which shall be beneficial to the DNO
in planning the new PV system deployment. Future works shall be carried out with the consideration of
additional DG types such as wind power and hydropower and other optimization strategies.
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