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          Abstract 

          The increasing penetration of Distributed Generation (DG) in medium-voltage (MV) distribution networks presents 
significant technical challenges, including voltage rise, increased power losses, and reduced network stability. This study 
presents a network comparative analysis of distributed generation in a developing power system using D-STATCOM and 
UPFC. A 33-bus, 11-kV radial distribution network of the Port Harcourt Electricity Distribution Company (PHED) was 
modelled and simulated in MATLAB/Simulink. The Distribution Static Synchronous Compensator (DSTATCOM) and Unified 
Power Flow Controller (UPFC) were modelled as alternative FACTS compensation strategies, and their performances were 
comparatively evaluated. Comparative analysis showed that DSTATCOM - DG configuration exhibited slightly better 
efficiency in power loss reduction, whereas UPFC-DG combination provided improved voltage control and system robustness, 
increasing the bus voltage to 0.9547 p.u as compared to 1.014 p.u for DSTATCOM-DG. The results further demonstrated that 
excessive compensation could result in overvoltage, emphasizing the importance of optimal device sizing and placement. 
Overall, the coordinated deployment of DG and FACTS devices significantly improved voltage stability, reduced network 
losses, and enhanced the technical and economic performance of the MV distribution network. 

 

            1. INTRODUCTION 

            1.1. Background 

In many developing nations, power systems are facing challenges because of the growing demand for power, aging 
infrastructure and lack of expansion possibilities for the centralized power generation system. Some of these problems often 
manifest themselves as poor voltage profile, high technical and non-technical losses, frequent power outages, low system 
reliability, and poor power quality (Ackermann, Andersson, & Söder, 2001; Kundur et al., 2004; Emmanuel, 2024). Rapid 
urbanization, industrialization and population growth have overwhelmed the traditional electric grids, which are no longer 
enough, for present and future energy demands. Many emerging economies also face constraints to large-scale expansion of 
transmission and generation capacity, such as budgetary constraints, long projects timelines, and regulatory constraints (World 
Bank, 2020). 

Distributed generation (DG) offer a handy and an appealing approach to some of the issues encountered in developing power 
systems such as that of Nigeria. By introducing small to medium sized power generation, located in the proximity of the load 
centers using gas fired generators, wind turbines, photovoltaic (PV) plants or biomass plants, one is introducing distributed 
generation (DG) (Pepermans, et al., 2005). Distributed generation (DG) for a developing power systems have a number of 
benefits, such as lower transmission and distribution system losses, better voltage support, greater energy supply stability and 
easier access to energy in under-served and rural communities. Further, the use of DG helps incorporate renewable energy 
resources, lessen the Green House Gases (GHGs) emission and dependence on fossil fuels (Emmanuel et al,, 2025). 

Although all these advantages can be offered, high penetration levels of DG can cause technical problems such as voltage rise, 
reverse power flow, increased fault current levels, protection coordination problems, and system instability, especially in weak 
and poorly-regulated networks (Bollen & Hassan, 2011). Disparities of these technical issues may increase the losses, stress on 
equipment and maintenance costs in the system and offset some of the economic benefits expected from distributed generation. 

The use of advanced power electronic based control devices has been developed, to overcome these problems. Flexible AC 
Transmission System (FACTS) devices are highly useful because they provide a dynamic control on power flow and on 
reactive power which increases the controllability, stability and improves the power quality of power systems (Hingorani & 
Gyugyi, 2000). Of these devices the Unified Power Flow Controller (UPFC) exhibits outstanding performance on controlling 
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power flow and the Distribution Static Synchronous Compensator (DSTATCOM) exhibits outstanding performance on reactive 
power compensation. DSTATCOM has the ability of dynamic injection or absorption of Reactive power hence it is very useful 
in rapid and efficient voltage control especially when enhanced by DG integration causing voltage swings (Schauder & Mehta, 
1993). The UPFC is a combination of series and shunt compensation, and gives the full control of voltage magnitude, line 
impedance, active and reactive power flow of the network, resulting in an overall improvement of the flexibility and stability 
of the network (Gyugyi et al., 1995). 

1.2 Statement of the Problem 

In recent years, Flexible AC Transmission Systems (FACTS) devices such as Distribution Static Synchronous Compensators 
(DSTATCOM) and Unified Power Flow Controller (UPFC) have been proposed as advanced solutions for mitigating voltage 
rise problems. These devices are capable of supplying reactive power support quickly and dynamically to provide stable 
operation of distributed systems  (Hingorani & Gyugyi, 2000 and  Singh, 2018) high DG penetration. But, finding the optimum 
deployment of FACTS devices in MV distribution network with regard to location, capacity, topology and cost of the network 
still remains a challenge (Rashid, 2015). 

The problem addressed therefore in this study is the continuing increase in the values of voltage, resulting from the high 
penetration of DG, in medium voltage distribution networks and the fact that the conventional technique for voltage control is 
not able to control such problems. In this study, the effectiveness of FACTS devices as compensation apparatus to stabilize the 
voltage, increase the degree of DG hosting and increase the reliability of the system overall will be evaluated. 

 

2. LITERATURE REVIEW 

2.1 Conceptual Review 

2.1. 1 Distributed Generation 

Distributed Generation is the term used for the small to medium size electricity generation source(s) that are directly connected 
to the distribution network or to the customer's side of the metering device (Ackermann, Andersson, & Söder, 2001). The 
generators come in renewable (solar PV and wind generation) or non-renewable (microturbines, diesel generators). DG 
systems have been gaining in popularity, because of their advantages such as serving the local demand, minimization of 
transmission losses, and improvement of reliability of power supply (Bayod-Rújula, 2009). Unfortunately, the non controlled 
or imbalanced penetration of DGs in distribution networks can lead to a number of technical issues like voltage fluctuations, 
reverse power flow, power losses and protection coordination (Pepermans et al., 2005). Hence, the installation, sizing and 
management of DG is important to achieve desired network performance. 

In this work FACTS devices, which are power electronic-based systems used to improve the flow and power transfer 
capabilityy of AC systems (Hingorani and Gyugyi, 2000) has been incorporated. At the distribution level these are called 
Distribution FACTS (D-FACTS) devices and these are used in the following ways to combat voltage instability, reactive power 
imbalance and harmonics. Some of the commonly used D-FACTS devices are Static Var Generation (SVC), Distribution Static 
Synchronous Compensator (DSTATCOM), Dynamic Voltage Restorer (DVR) and Unified Power Flow Controller (UPFC). 
These devices offer better voltage profile, reduce line losses and improve the quality of power, by intelligent way of controlling 
the reactive power flow (Singh, Al-Haddad, & Chandra, 1999). 

2.1.2 Flexible AC Transmission Systems (FACTS) Devices 

Flexible AC Transmission Systems (FACTS) are the most sophisticated technologies based on power electronics technology 
which improve the control, stability and power transfer capacity of power transmission and distribution system. They do this 
by controlling, dynamically, other important electrical parameters like voltage magnitude, phase angle and line impedance 
(Hingorani & Gyugyi, 2000). Inclusion of these FACTS devices allows for addressing the operational constraints of the 
conventional power systems that they are deployed to and make them more flexible and responsive to fluctuations in load and 
generation. 

With the growing penetration of renewable energy and distributed generation (DG) sources in modern power system, which are 
often intermittent and may supply power to the grid and/or may demand power from the grid, there is an urgent need to 
improve the stability of the power system and manage the power quality. By incorporating FACTS devices, these challenges 
can be addressed as it can provide fast reactive power compensation, voltage regulation and loss reduction for both the 
transmission and distribution networks (Kumar & Ghosh, 2009; Song & Johns, 1999). 

FACTS devices can drastically manage active and reactive power flows and therefore enhance transient stability, voltage 
control, power oscillation damping with fast response. It should be noted that unlike traditional mechanical devices like tap 
changers and capacitors banks, the FACTS devices provide continuous and dynamic control which is an important requirement 
for modern power grid with fluctuating renewable power generation and dynamic load behaviour (Schauder & Mehta, 1993). 
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Much of the research on DG and D-FACTS devices has been on how to optimally position and size these devices to achieve 
the greatest benefit in terms of reduction of losses, voltage profile and cost of operations. Studies present different 
methodologies such as the deterministic optimization based on mixed integer programming, the metaheuristic algorithms based 
on particles swarm, bacterial foraging, GA, etc., and the hybrid approach based on power-flow and global optimizers. All the 
recent comparative studies and surveys provide a great deal of evidence as to why metaheuristics are still popular, given the 
nonconvex and combinatorial nature of the placement problem, despite the need for rigorous benchmarking and formulations 
based on multiple objectives (lost time, cost, reliability, power quality) (Santamaria-Henao et al., 2023.). 

Prystupczuk et al. (2022) studied the topology and control-method and point out new concepts other than classical reactive 
compensation techniques; these consisted of inverter-based active power curtailment, dynamic operating techniques and local 
storage, which can often be compared to the FACTS based solution. The overwhelming opinion in the review is that FACTS 
are still a valuable and versatile option particularly when retrofitting with an inverter is not possible. When combined with the 
control by the inverter and network-level dispatch, effectiveness is increased and reduction of the required FACTS capacity can 
be achieved  

Unified Power Flow Controller (UPFC) can be considered as an advanced FACTS device that combines the features of a Static 
Synchronous Compensator (STATCOM) and a Static Synchronous Series Compensator (SSSC). Moreover, required placement 
of the Unified Power Flow Controller (UPFC) in the desired network is one of the issues that has been subject to much 
consideration by scholars. As the UPFC is placed in the network, its performance varies from one to another depending on the 
location of the UPFC in the grid. Many efforts have been done to achieve an agreement in this regard, such as (Zhang, 
Tomsovic and Dimitrovski, 2018; Ghahremani and Kamwa, 2013).   

When observing the optimum location of UPFC in lagger networks, some areas were always unsuitable for UPFC operation 
which is seen in (Dutta et al., 2016) while other areas were always favourable as can be seen in (Singh, 2018). To decrease 
subjectivity, the whole search space (the network) was used to find the optimal distribution of the UPFC. In (Albatsh et 
al.,2017), this procedure was conducted with fuzzy logic controllers, in (Miotto et al.,2018), while developing power system 
stabilizers, in (Kamel et al., 2018) in connection with the reliability analysis, and in (Galvani et al., 2019), at the time of 
optimizing the power loss.  

Adhvaryyu et al. (2017), clarifies how the SCOPF simulation helped to determine the location of the UPFC in a typical 
network for a higher demand condition. The UPFC use will have a larger cost benefit compared to the previous method, and 
may be beneficial to alleviate the N-1 congestion problem of the North to South transmission channels, according to Li et al. 
(2019).  

Ebeed et al. (2019), proposed the idea of using a Newton-Raphson load flow in conjunction with UPFC. The developed model 
of UPFC is implemented based on power injection strategy under four control modes, in which the usable power and MVAR 
power of a certain node can be injected into a line concurrently or selectively for controlling the voltage amplitude of a certain 
node.  

In Chakravorty and Saraswat (2019), the optimum placement of Distribution Power Flow Controller (DPFC) in a power 
system and optimum location of two DPFCs in a power system have been suggested, respectively. Using the artificial algae 
technique, DPFC is positioned in the best location of the electrical system.  

Asihene, Effah and Normanyo (2020) presented and experimented a model 161 kV UPFC on 11-bus network. FVSI is utilized 
to identify the weakest bus while MLA is utilized for identifying the most important line.  

Vijay, Kumar and Srikanth (2015) did the study on Dynamic Stability and proposed a hybrid approach to select optimum 
location and optimum size of UPFC. Singh, Singh and Srivastava (2007) used traditional technique to decide the best location 
of the TCSC and UPFC to maximize the system security at optimum FACTS parameter values and for different operating 
conditions. .  

Kamel et al. (2018), presented a comprehensive, reliable and flexible model of ESS and UPFC. Zohrabad (2018) provides an 
optimization problem for a power grid with the Tabu search algorithm based on an improved HS approach to reduce the overall 
loss of the grid. Khan et al. (2019), discussed the enhancement of a transmission line's ability to handle power and voltage 
using FACTS devices. Amirtham and Uma, (2016) have also investigated the best location of UPFC. 

Rajderkar and Chandrakar (2013) have identified the optimum placement of UPFC device by using sensitivity and GA 
approach. Test results indicate that either sensitivity factor or GA can be used to successfully deploy UPFCs to meet the 
desired goals. If congestion reasons arise in the network, option can be to position the UPFC. Once determining the ideal 
location of the UPFC, a detailed model of UPFC should be considered to remove congestion, and improve the security of the 
system, when using PWS. 

Osama abed el-Raouf et al. (2023) used a Unified Power Flow Controller (UPFC) to enhance the performance and reliability of 
renewable energy systems connected to the power grid. This system comprises of two renewable energy sources: PV cells and 
WTs. The UPFC was selected, due to its unique advantage to manage both the reactive power and active power. An optimized 
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3.2 Modeling of the Different FACTs Devices 

In this study two FACTs devices such as Distribution Static Synchronous Compensator (DSTATCOM) and Unified Power 
Flow Controller (UPFC) were modeled in Simulink to compensate for voltage changes in the distribution network. The 
modeling equations for STATCOM and UPFC are described in the sub-sections below 

3.2.1  Modeling of STATCOM 

The Distribution Static Synchronous Compensator (DSTATCOM) is one of the most widely applied Distribution Flexible AC 
Transmission System (D-FACTS) devices used for power quality enhancement and voltage regulation in distribution networks. 
It is a shunt-connected, solid-state compensator designed to inject or absorb reactive power at the point of common coupling 
(PCC) to regulate voltage magnitude, improve power factor, mitigate harmonics, and enhance overall system stability (Kumar 
& Ghosh, 2009; Hingorani & Gyugyi, 2000). 

A DSTATCOM operates based on the voltage source converter (VSC) principle, where a DC capacitor supplies controllable 
AC output voltages of variable magnitude and phase through power electronic switches (e.g., IGBTs or MOSFETs). By 
dynamically controlling the output current, the DSTATCOM can provide rapid reactive power compensation, offering superior 
performance compared to conventional static VAR compensators (SVCs) (Padiyar, 2007). 

The DSTATCOM injects a current into the distribution network that can be leading or lagging, depending on whether the 
system requires capacitive (voltage boost) or inductive (voltage reduction) compensation. 

a. When the system voltage is low, the DSTATCOM generates reactive power (capacitive mode) to raise the voltage. 
b. When the system voltage is high, it absorbs reactive power (inductive mode) to lower the voltage. 

The injected current 𝐼 𝑖 𝑛 𝑗  is controlled by adjusting the phase angle 𝛿  and magnitude of the converter’s output voltage 𝑉 𝑐  
relative to the system voltage 𝑉 𝑠 . 

The basic relationship governing reactive power exchange is: 

  𝑄 ൌ 𝑉௦ሺ𝑉௦ െ 𝑉௖ሻ𝑋 (1)

Where 𝑄  = reactive power exchanged, 𝑉 𝑠  = system voltage, 𝑉 𝑐  = converter output voltage, 𝑋  = coupling reactance between 
the converter and the system. 

When 𝑉 𝑐  > 𝑉 𝑠 , the DSTATCOM supplies reactive power (capacitive mode), and when 𝑉 𝑐  < 𝑉 𝑠 , it absorbs reactive power 

The performance of a DSTATCOM depends largely on its control algorithm, which determines the reference current or voltage 
signals to maintain desired power quality parameters.  

The DSTATCOM is modeled as a shunt-connected voltage source converter (VSC) linked to the distribution feeder through a 
coupling transformer or reactance. Its primary function is to inject controllable currents into the distribution system to 
compensate for reactive power, correct voltage deviations, and mitigate power quality issues. 

The controller used in this dissertation is the PI Controller-based Control and Instantaneous Reactive Power Theory (p–q 
Theory). The control method generates a reference source current for the 3-phasе system using the modulating signal of the 
inverter. 

The mathematical model of a DSTATCOM can be derived using Kirchhoff’s voltage and current laws (KVL and KCL) and 
represented in the abc (three-phase) or dq0 (synchronous reference) frame for ease of control. 

A simplified single-phase equivalent circuit of the DSTATCOM connected at the Point of Common Coupling (PCC) is shown 
conceptually as: 

  𝑉௦ ൌ 𝑉௖ ൅ 𝑗𝑋௖𝐼௦ (2)

Where 𝐼 𝑠  = DSTATCOM current injected into the system, and 𝑋 𝑐  = equivalent reactance of the coupling inductor. The 
DSTATCOM injects current 𝐼 𝑠  depending on the difference between 𝑉 𝑐  and 𝑉 𝑠 . 

The DSTATCOM Converter Voltage–Current Dynamics is modeled using the three-phase voltage equations of the 
DSTATCOM in the abc frame given by applying Kirchhoff’s Voltage Law (KVL): 

  𝑉௦௔ ൌ 𝑉௖௔ ൅ 𝑅௦𝑖௔ ൅ 𝐿௦
𝑑𝑖௔

𝑑𝑥
  (3)

  𝑉௦௕ ൌ 𝑉௖௕ ൅ 𝑅௦𝑖௕ ൅ 𝐿௦
𝑑𝑖௕

𝑑𝑥
  (4)
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  𝑉௦௖ ൌ 𝑉௖௖ ൅ 𝑅௦𝑖௖ ൅ 𝐿௦
𝑑𝑖௖

𝑑𝑥
  (5)

Where 𝑉 𝑠 𝑎 , 𝑉 𝑠 𝑏 , 𝑉 𝑠 𝑐  = source voltages, 𝑉 𝑐 𝑎 , 𝑉 𝑐 𝑏 , 𝑉 𝑐 𝑐  = converter output voltages, 𝑖 𝑎 , 𝑖 𝑏 , 𝑖 𝑐  = phase currents, 𝑅 𝑠  = 
resistance of coupling inductor, 𝐿 𝑠  = inductance of coupling inductor. 

To simplify control and eliminate time-varying components, the above equations are transformed into the synchronous rotating 
reference frame (dq-frame) using the Park transformation: 

  ൤
𝑉ௗ
𝑉௤

൨ ൌ
2
3

൤
𝑐𝑜𝑠𝜃 𝑐𝑜𝑠ሺ𝜃 െ 120௢ሻ 𝑐𝑜𝑠ሺ𝜃 ൅ 120௢ሻ

െ𝑠𝑖𝑛𝜃 െ𝑠𝑖𝑛ሺ𝜃 െ 120௢ሻ െ𝑠𝑖𝑛ሺ𝜃 ൅ 120௢ሻ൨ ൥
𝑉௔
𝑉௕
𝑉௖

൩  (6)

After transformation, the dynamic model in the dq-frame become; 

  𝑉௦ௗ ൌ 𝑅௦𝑖ௗ ൅ 𝐿௦
𝑑𝑖ௗ

𝑑𝑥
െ 𝜔𝐿௦𝑖௤ ൅ 𝑉௖ௗ  (7)

  𝑉௦௤ ൌ 𝑅௦𝑖௤ ൅ 𝐿௦
𝑑𝑖௤

𝑑𝑥
െ 𝜔𝐿௦𝑖ௗ ൅ 𝑉௖௤  (8)

Where 𝑉 𝑠 𝑑 , 𝑉 𝑠 𝑞  = d-axis and q-axis components of the source voltage, 𝑉 𝑐 𝑑 , 𝑉 𝑐 𝑞  = d-axis and q-axis components of 
converter voltage, 𝑖 𝑑 , 𝑖 𝑞  = d-axis and q-axis components of the converter current, 𝜔  = angular frequency of the supply. 

The d-axis controls active power, and the q-axis controls reactive power, enabling independent regulation of both power 
components through feedback control. 

The instantaneous active (P) and reactive (Q) power exchanged between the DSTATCOM and the distribution system are 
expressed as: 

  𝑃 ൌ
3
2

൫𝑉௦ௗ𝑖ௗ ൅ 𝑉௦௤𝑖௤൯  (9)

  𝑄 ൌ
3
2

൫𝑉௦௤𝑖ௗ ൅ 𝑉௦ௗ𝑖௤൯  (10)

In steady-state operation, if the DSTATCOM is primarily used for reactive compensation, the d-axis current component 𝑖 d is 
minimized (≈ 0), and reactive power 𝑄  is controlled through, 𝑖 𝑞 . Hence, the reactive current reference can be adjusted to 
maintain the desired PCC voltage. 

The DC link capacitor provides the necessary DC voltage for converter operation. The energy balance in the DC link is 
governed by the following equation: 

  𝐶ௗ௖
𝑑𝑉ௗ௖

𝑑𝑥
ൌ 𝑖ௗ௖ െ

𝑃௅௢௦௦

𝑉ௗ௖
  (11)

Where 𝐶 𝑑 𝑐  = DC link capacitance, 𝑉 𝑑 𝑐  = DC link voltage, 𝑖 𝑑 𝑐  = current flowing into the DC link, 𝑃 𝑙 𝑜 𝑠 𝑠  = power loss in 
converter and coupling components. 

3.2.1.1 DSTATCOM Proposed Controlled Strategy 

The PI Controller-based Control and Instantaneous Reactive Power Theory (p–q Theory) is used for grid voltage regulation. 
The control method generates a reference source current for the 3-phasе system using the modulating signal of the inverter. In 
Figure 3, I is the inverter output current, IP is the active current vector, and Iq is the reactive current vector. Vinv is the inverter 
output voltage, Vs is the grid voltage, and ɤ is the phase angle. Changes in the active and reactive current vector determine the 
inverter's capacity to absorb and inject reactive power. 

By creating various reactive power references using a regulated DC link capacitor current value known as 𝐼 𝑐 , the amplitude of 
the inverter's modulating signal was controlled. 

It is assumed in the analysis that the DC link voltage and the inverter input current are inversely proportional. Consequently, 
the Vdc needs to be raised in order to ramp down the inverter input current. As previously mentioned, lowering the modulating 
signal will lengthen the transistor off time, which will raise the DC link voltage. To achieve this, it is assumed that the inverter 
produces a reactive current, as indicated: 

  𝐼௤௥௘௙ ൌ
1

𝑉ௗ௖
െ 𝐼௖   (12)
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A UPFC combines the functions of series and shunt compensation within a single device, using two voltage source converters 
(VSCs) that share a common DC link. This configuration allows it to regulate real and reactive power flow, control bus 
voltage, and improve system stability 

The UPFC consists of shunt converter (Converter 1) and series converter (Converter 2). Both converters are linked through a 
common DC-link capacitor, which allows real power exchange between the two converters while maintaining independent 
control of reactive power at each converter terminal. 

The equivalent circuit of a UPFC connected between two buses (sending-end 𝑖  and receiving-end 𝑗  can be represented as 
follows: 

  𝑉௦ ൅ 𝑉௦௘ ൌ 𝑉௝ ൅ 𝐼௟௜௡௘ሺ𝑅 ൅ 𝑗𝑋ሻ (17)

where: 𝑉 s = sending-end bus voltage, 𝑉 𝑗  = receiving-end bus voltage, 𝑉 𝑠 𝑒  = injected series voltage by the UPFC, 𝐼 𝑙 𝑖 𝑛 𝑒  = 
distribution line current, 𝑅 , 𝑋  = resistance and reactance of the transmission line, respectively. 

The series converter injects a voltage 𝑉 𝑠 𝑒  with controllable magnitude and phase angle 𝛿 : 

  𝑉௦௘ ൌ |𝑉௦௘| ൏ 𝛿 (18)

By adjusting ∣𝑉 𝑠 𝑒 ∣ and 𝛿 , the UPFC can control both real power (P) and reactive power (Q) flow through the line. 

3.3.1 Shunt Converter (STATCOM) Model 

The shunt converter maintains the DC-link voltage and provides reactive power support to the bus. The voltage equation at the 
shunt side is expressed as: 

  𝑉௕௨௦ ൌ 𝑉௦௛ ൅ 𝑅௦௛𝐼௦௛ ൅ 𝐿௦௛
𝑑𝐼௦௛

𝑑𝑥
  (19)

where: 𝑉 𝑏 𝑢 𝑠  = bus voltage, 𝑉 𝑠 ℎ = shunt converter voltage, 𝐼 𝑠 ℎ = shunt current, 𝑅 𝑠 ℎ, 𝐿 𝑠 ℎ = resistance and inductance of the 
shunt transformer. 

The active and reactive power exchanged between the shunt converter and the AC system are: 

  𝑃௦௛ ൌ 𝑉௕௨௦𝐼௦௛𝑐𝑜𝑠ሺ∅௦௛ሻ (20)

  𝑄௦௛ ൌ 𝑉௕௨௦𝐼௦௛𝑠𝑖𝑛ሺ∅௦௛ሻ (21)

The shunt converter draws or supplies real power to maintain the DC-link voltage and injects reactive power for bus voltage 
regulation. 

3.3.2 Series Converter (SSSC) Model 

For the series converter, the voltage and current relationship along the transmission line can be written as: 

  𝑉ூ െ 𝑉௃ ൌ ሺ𝑅 ൅ 𝑗𝑋ሻ𝐼௟௜௡௘ െ 𝑉௦௘ (22)

The injected voltage 𝑉 𝑠 𝑒  can be resolved into in-phase and quadrature components with respect to the line current 𝐼 𝑙 𝑖 𝑛 𝑒  

  𝑉௦௘ ൌ 𝑉௦௘,௣ ൅ 𝑗𝑉௦௘,௤ (23)

where: 𝑉 𝑠 𝑒 , 𝑝  controls the real power flow (active power exchange).𝑉 𝑠 𝑒 ,𝑞  controls the reactive power flow (series 
compensation). 

Thus, the instantaneous active and reactive power exchanged by the series converter are: 

  𝑃௦ ൌ 𝑅௘൫𝑉௦௘𝐼௟௜௡௘൯  (24)

  𝑄௦௘ ൌ 𝐼௠൫𝑉௦௘𝐼௟௜௡௘൯  (25)

These equations show that the series converter can directly control line power flow by injecting a voltage of desired phase and 
magnitude. 

Transforming the voltage and current equations into the synchronous rotating reference frame (dq-frame) simplifies the control 
design. For the shunt converter: 

  𝑉௦,ௗ െ 𝑉௝,ௗ ൌ 𝑅௦௘𝑖ௗ ൅ 𝐿௦௘
𝑑𝑖ௗ

𝑑𝑥
െ 𝜔𝐿௦௘𝑖௤ ൅ 𝑉௦௘,ௗ  (26)
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overcompensation. Consequently, fine-tuning of the UPFC’s control parameters or the optimization of its placement is essential 
to achieve voltage regulation within the statutory limits, ensuring both voltage quality and operational efficiency. 

Figure 13 and Table 2 illustrate the voltage profile when a Distribution Static Synchronous Compensator (DSTATCOM) was 
introduced at Bus 32 (S. J. Abed feeder). The network voltage improved from 0.8749 pu to 0.8932 pu, indicating a modest yet 
positive enhancement in the voltage level. Although the DSTATCOM contributed to improved voltage support, the overall 
performance comparison reveals that the UPFC exhibited superior voltage regulation capability due to its combined series 
shunt compensation features. This demonstrates that while both devices enhance voltage stability, the UPFC provides a more 
comprehensive solution for voltage control and reactive power management in medium-voltage distribution networks. 

Figure 14 and Table 3 illustrate the variation of active and reactive power losses in the 33-bus distribution network following 
the integration of a Unified Power Flow Controller (UPFC) at Bus 32 (S.J. Abed). The simulation results reveal a substantial 
improvement in system efficiency, with the active and reactive power losses reduced to 4.718 kW and 2.788 kVAr, 
respectively. These values represent a remarkable reduction from the base case losses of 453.618 kW (active) and 11.089 kVAr 
(reactive) recorded in the network without DG or FACTS device integration. The significant loss reduction indicates the 
UPFC’s strong ability to control both voltage magnitude and phase angle, thereby optimizing power flow and minimizing 
network losses. 

Furthermore, Figure 15 and Table 4 present the active and reactive power losses when a Distribution Static Synchronous 
Compensator (DSTATCOM) was installed in the same network. In this case, the system experienced a moderate improvement, 
with the active and reactive losses recorded as 4.6224 kW and 2.8386 kVAr, respectively. Although both compensation devices 
demonstrated positive impacts on system performance, the DSTATCOM achieved a slightly better reduction in losses 
compared to the UPFC. 

Overall, the comparative analysis reveals that the DSTATCOM outperforms the UPFC in terms of power loss reduction, while 
the UPFC gives a better voltage improvement. This can be attributed to the UPFC dual control functionality providing both 
series and shunt compensation which allows for simultaneous management of voltage, power flow, and reactive power support.  

Figure 16 and Table 5 illustrate the voltage profile of the 33-bus distribution network when both a Distributed Generator (DG) 
and a Distribution Static Synchronous Compensator (DSTATCOM) were integrated into the system. The results show a notable 
enhancement in voltage performance, particularly at the remote end of the network, where the voltage magnitude improved 
from 0.8749 pu (base case) to 1.014 pu. This improvement demonstrates the effective voltage support provided by the 
combined operation of the DG and STATCOM. Correspondingly, Figure 17 and Table 6 present the associated system losses, 
indicating that the active and reactive power losses decreased significantly to  4.2536 kW and 2.4536 kVAr, respectively. These 
results confirm that the coordinated operation of DG and STATCOM enhances voltage regulation and reduces system losses, 
thereby improving the overall efficiency of the distribution network. 

Similarly, Figure 18 and Table 7 depict the voltage profile of the distribution network when the DG was integrated in 
conjunction with a Unified Power Flow Controller (UPFC). The results reveal that the combined configuration further 
improved the system voltage from 0.8749 pu (in the base case) to 0.9547 pu, representing a substantial increase in voltage 
stability and network reliability. As shown in Figure 19 and Table 8, the active and reactive power losses for this configuration 
were recorded as 4.7255 kW and 2.7069 kVAr, respectively. Although the UPFC and DG combination yielded slightly higher 
losses compared to the STATCOM–DG configuration, it demonstrated moderate voltage control capabilities due to the UPFC’s 
ability to simultaneously regulate voltage magnitude, phase angle, and reactive power flow. 

Overall, the comparative analysis indicates that the integration of DG with either STATCOM or UPFC significantly enhances 
system voltage stability and minimizes power losses. However, the STATCOM–DG configuration exhibited slightly better 
efficiency in reducing losses, whereas the UPFC–DG combination provided improved voltage control and system robustness. 
This highlights the importance of selecting appropriate compensation and control strategies based on the specific performance 
objectives of the distribution network. 

5. CONCLUSION 

This study investigated the technical and economic impact of integrating Distributed Generation (DG) and Flexible AC 
Transmission System (FACTS) devices, specifically the DSTATCOM and Unified Power Flow Controller (UPFC), on a 33-bus 
medium voltage distribution network. The primary objective was to enhance voltage stability, minimize power losses, and 
improve the overall efficiency of the distribution system through optimal placement and sizing of DG units and compensation 
devices. 

The inclusion of FACTS devices further enhanced the network performance. When a DSTATCOM was installed at Bus 32(S. J. 
Abed feeder), the voltage improved substantially from 0.8749 pu to 1.014 pu, reflecting its ability to supply reactive power 
support and correct voltage sags. In contrast, the integration of a UPFC at Bus 32 (S. J. Abed feeder), produced a moderate 
improvement, increasing the voltage from 0.8752 pu to 0.9547 pu. This result highlighted the superior voltage regulation and 
reactive power compensation capability of the UPFC compared to the DSTATCOM. 
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The introduction of FACTS devices further enhanced system performance. The DSTATCOM provided superior voltage 
regulation capabilities and power flow capabilities, while the UPFC demonstrated moderate voltage regulation.  

The combined application of DG and FACTS devices proved to be an effective strategy for achieving both technical and 
economic improvements in distribution networks with 99% power loss reduction for STATCOM and 98% power loss reduction 
for UPFC. The coordinated operation of these technologies improved voltage stability, reduced total power losses, and 
enhanced overall power quality and reliability. 
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