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Abstract

This report involves integrating Sephu Solar PV system’s distributed generation into
Bhutan’s Western grid to examine and assess how the grid performs. Renewable En-
ergy source integration with power systems is a strategic concept of smart grids. It is a
beneficial technology as the integration of standardized PV systems into grids optimizes
building energy balance, improves the economics of the PV system, reduces operational
costs, and provides added value to the consumer and its utility. However, the variability
and limited predictability of these sources, have posed significant challenges associated
with integration. This report reviews integration of solar systems into electricity grids
and highlights challenges faced by the existing grids. Some notable challenges associ-
ated with with Solar-Grid integration include problems of voltage stability, frequency
stability, and overall power quality. This report will examine the challenges and be-
havior of the existing Western Grid when integrating Sephu Solar PV into the existing
Western grid of Bhutan using PSS/E software.

Keywords— Distributed generation, Solar PV system, Smart grid, Solar Grid integration, Voltage
stability

1 Introduction
The energy sector in Bhutan is majorly dominated by electrical energy generated from hydropower
projects. The Renewable Energy Management Master Plan (2016) estimates that Bhutan has a
potential to produce 12GW of solar and 760MW of wind energy. Solar photovoltaic energy has
been implemented in both on- and off-grid settings, all at smaller scales [1]. The proposed 17.38
MW solar power plant site is located at Yongtru village under Sephu gewog of Wangdue Phodrang
district. Electricity produced at the Sephu solar power plant will be distributed from the power plant
at 33kV and be delivered to the national grid through three existing substations: Lobesa substation
and Phobjikha substation to the west of Sephu and Yurmo substation located in the east of Sephu.
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Of the existing power lines that connect Sephu to these three substations, BPC has recommended
that approximately 29 km are reconducted to facilitate power evacuation in case one of the 33 kV
feeders fail. The existing 33 kV line from Sephu running west toward Lobesa and Phobjikha will,
therefore be upgraded over a length of about 8 km, by replacing the existing electrical conductor
with a conductor of a higher diameter (rabbit to dog conductor) [18]. The aim of this project is
to analyze and evaluate the integration of the Sephu Solar PV distributed generation into Bhutans
existing western grid using PSSE software. Bhutan faces a significant challenge in integrating
renewable resources, particularly solar power, into its existing grid due to the intermittent nature
of solar PV generation. This challenge is exacerbated by the traditional one-way flow of electricity
and communication within the power system, leading to increased susceptibility to disruptions such
as voltage and frequency instability, and power outages. So, the objectives include developing the
western grid layout and performing load flow analysis, conducting contingency analysis to simulate
grid responses, incorporating Sephu Solar PV to assess its operational behavior, evaluating the
effects of DG integration on grid stability, deploying suitable FACTS devices to address voltage and
frequency instabilities, and performing post-implementation contingency analysis for grid instability
caused by FACTS devices.

2 Literature Review
Due to the intermittent nature, several challenges are presented in integrating solar photovoltaic
(PV) and wind energy systems into the electrical grids [2]. Wind energy systems cause voltage
and power fluctuations that lead to voltage sags, swells, flickering, and harmonics, impacting grid
stability. High wind energy penetration exacerbates these stability issues [3, 6]. Solar PV systems
face voltage regulation challenges as traditional grids are designed for one-way power flow. High
PV penetration can lead to instability, with issues like flicker, harmonic distortion, unwanted oscil-
lations, and frequency declines [5]. Advances in power electronics and distributed energy storage
systems, such as battery storage, are essential in managing these challenges. These technologies
help stabilize the grid and provide a buffer against the variable nature of renewable energy sources
[4, 9]. Smart grid technologies, anti- islanding, and solar-grid forecasting improve control and relia-
bility. Micro grids and distributed energy resources offer flexible solutions for energy management.
Robust interconnection protocols and advanced inverters are crucial for ensuring reliable opera-
tion with increasing renewable energy penetration [10]. Overall, integrating renewable energy into
the grid reduces fossil fuel dependence and meets rising energy demands, but requires advanced
technologies and strategies to maintain grid stability and reliability [11]. The variable output of
renewable energy sources (RES), such as wind and solar, can alter the operation of utility units
when integrated into the utility grid. This integration transforms the passive distribution system
into an active one, affecting the balance between active and reactive power, which can contribute
to voltage instability. To interconnect distributed generation (DG) systems to the utility grids, the
basic and most important parameters that need to be controlled are the phase sequence, frequency,
and amplitude of phase voltages. When solar energy is injected into the utility grid, a large current
is injected causing voltage sag in the network. It is to be noticed that the entire power system
inertia is proportional to the initial rate of change in frequency (due to any disturbance) and de-
pendent upon the overall inertial response of all synchronous generators in the system. However, by
displacing conventional synchronous generators with solar and wind power plants, the total system
inertia will be reduced. This reduction in system inertia renders the system incapable of managing
frequency and voltage instability.
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3 Methodology
This project involves designing the Sephu solar PV system using PVsyst software and analyzing
its power generation, economic investments, and other factors, with data from renewable energy
experts in Bhutans Ministry of Energy and Natural Resources. Additionally, the Sephu solar PV
system is simulated in PSSE software to validate real and reactive power generation results. The
project also includes designing the western grid of Bhutan in PSSE software using 2023 data from
the Bhutan Power System Operator. Power flow and contingency analyses are conducted on the
western grid before and after integrating the Sephu PV system to assess challenges. To mitigate
any grid fluctuations post-integration, a STATCOM device is implemented.

3.1 Sephu Solar PV System
In figure 1 specifications of the PV array for the Sephu Solar PV system, detailing all the essential
characteristics of both the PV modules and the inverter can be seen. Figure 1 illustrates these
specifications based on initial parameters, indicating that a total of 40,766 PV modules, each with
a capacity of 365 Wp, were used. Under optimal conditions, this configuration yields a maximum
power output of 13.58MW. Regarding the inverter, a 30kW model with 490 units was selected,
resulting in a total AC power output of 14,700kW as determined by the PVsyst software. The
Sephu PV system was also simulated using PSSE software. Due to the softwares limitation in
modeling individual PV arrays for each system, the entire PV array was represented by a single
bus. This bus was modeled as a synchronous generator to indicate the overall generation of Sephu
Solar PV plant.

Figure 1: Sephu PV Array characteristics

The figure 1 indicates the Sephu Solar PV system with three buses: Sephu (bus 3301), Phobjikha
load (bus 3302), and Lobesa load (bus 6619). A single synchronous generator represents the entire
PV array. According to the load flow analysis in Figure 2, the system generates 14.6 MW of active
power and supplies 1 MVar of reactive power. This power is transmitted to the Sephu bus, where
it is stepped up to 33 kV before distribution to the Phobjikha and Lobesa load buses, ensuring
efficient power delivery across the network.

3.2 Western Grid Simulation in PSSE Software
The Western grid simulation is conducted using PSSE software. It comprehensively replicates
the components of systems, performs load flow analysis to assess stable operating conditions, and
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scrutinizes dynamic performance and stability.

Figure 2: Load flow analysis result

Simulation of Bhutans Western grid in PSSE software was done with 35 buses and 8 trans-
formers, despite constraints in the student version limiting their use. One transformer per voltage
step-up was strategically employed to balance representation of generation stations. This approach
ensured a comprehensive simulation of the grid within the softwares constraints.

Figure 3: Western Grid Simulation in PSSE Software

Following a load flow simulation, a contingency analysis was conducted. The contingencies
examined included the tripping of the line between Chukha 66kV and Chumdo 66kV, the line
between Semtokha 66kV and Dochula 66kV, and the line between Malbase 66kV and Pling 66kV.
Among these, the contingency analysis revealed that the tripping of the line between Malbase 66kV
and Pling 66kV resulted in several critical issues.
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Figure 4: Load flow analysis result

Figure 5: Result of out of limit voltage after

Figure 6: Result of line with overloading after tripping

3.3 Western Grid Simulation After the Integration of Sephu PV
After conducting thorough simulations on the Western Grid using PSSE, the next step was to
seamlessly integrate the solar PV into the existing infrastructure of the western grid. With the
incorporation of 14.6 MW of solar PV, specifically the Sephu Solar PV, into the western grid, a
noticeable impact was observed. The power generation from the slack bus, notably the Tala 13 kV
bus, experienced a reduction. Prior to the integration, the slack bus was generating a robust 333.9
MW. However, after integrating the solar PV, this generation capacity decreased to 319.8 MW with
voltage sag near the slack bus. Additionally, four buses (i.e., Gedu 66, Malbase 66, Gomtu 66 and
Pling 66) experienced voltage drops below the nominal range after integration of the Sephu PV
system. To address this voltage sag, a STATCOM was deployed at three locations: the Sephu bus,
the Tala Slack bus, and the Malbase bus. This implementation led to improved voltage levels at
these buses, as demonstrated in the contingency analysis presented below. The initial integration of
solar PV into the western grid, prior to contingency analysis, showed several critical issues when the
Malbase 66 kV to Pling 66 kV line tripped. The contingency analysis revealed significant overloading
on the Tala 13 kV line at 107.8% and the Malbase 66 kV line at 166.4%, along with 28 buses failing
to reach their nominal voltage levels. These conditions indicate potential operational inefficiencies
and risks to grid stability and equipment integrity.
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Figure 7: Result of buses with voltage out of range after tripping

3.4 Implementation of Station in Western Grid
As electricity demand and capacity increase, power quality issues like reactive power and harmonic
distortion threaten grid stability. STATCOM, a leading FACTS component, excels in managing
reactive power with rapid response times as fast as 10ms and superior dynamic performance com-
pared to SVC. It maintains full capacitive output at low voltages, enhancing transient stability,
and requires only half the installation space of SVC. Additionally, STATCOM can handle currents
up to 3 per unit (pu) for 2 seconds, ensuring power quality and stability by injecting reactive
current during faults and correcting voltage fluctuations. After installing the STATCOM, tested
various positions to address voltage and overloading issues. Initially placed at the Sephu bus, it
showed voltage sag at eight buses and overloading at two. Moving it to Tala 13.8kV resolved some
issues, but Malbase 66kV still experienced voltage sag during emergencies. Finally, installing the
STATCOM at Malbase 66kV eliminated all voltage and overloading problems, confirming it as the
optimal location for ensuring grid stability and performance.

Figure 8: STATCOM at Malbase 66kV

Figure 9: Voltage limit checking

Academic Excellence Through Research and Innovation 34



JNEC Thruel Rig Sar Toed Volume VII, Issue I, ISBN:978-99936-986-7-8

4 Result and Discussion
The western grid’s power flow analysis using PSSE software showed a generation of 333.9 MW.
Contingency analysis simulating a line trip between Malbase 66 and Pling 66 resulted in voltage
drops below 0.95 pu at 14 buses and an overload at Malbase 66kV. Integrating 14 MW from
the Sephu PV system reduced the slack bus Tala 13.8 kV generation to 319.8 MW but increased
voltage instability, affecting 28 buses and overloading two. To mitigate this, STATCOM was tested
at various locations: Sephu bus reduced issues but left some voltages low; Tala 13.8kV bus improved
conditions but still had one low voltage; finally, placing STATCOM at Malbase 66kV resolved all
voltage and overloading issues, confirming it as the optimal location.

5 Recommendations
To strengthen this project result, future research should prioritize conducting thorough dynamic
analyses to assess system behavior during transient events like load changes, generation fluctuations,
and faults. These studies are essential for ensuring resilient grid integration of renewable energy.
Researchers should also investigate how STATCOMs impact power system harmonics to maintain
high power quality despite their operational effects. With Bhutan, planning 16 solar PV plants
totaling 1226 MW by 2029, theres a significant opportunity for further study. Expanding grid
simulations to include both eastern and western sides will offer a comprehensive view, potentially
revealing insights for optimizing overall grid stability and performance.

6 Conclusion
In conclusion, the incorporating of the Sephu solar PV system into Bhutans Western Grid presents
both opportunities and challenges. The project aimed to evaluate, distributed generation af- fects
grid stability and propose solutions to mitigate potential issues. Using PVsyst and PSSE software,
it was found that the Sephu solar plant would significantly boost energy generation, re- ducing
dependence on conventional sources. However, the intermittent nature of solar power poses chal-
lenges, particularly in managing voltage stability. Simulation highlighted voltage instability and
overloading at specific bus locations post-integration. Implementing a STATCOM at the Malbase
66 kV bus effectively improved voltage stability, addressing potential disruptions from solar power
fluctuations. These findings emphasize the need for meticulous planning and robust management
strategies when integrating renewable energy to ensure grid reliability and stability.
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