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ABSTRACT  
This work analyzes solutions to improve power flow distribution in Paraguay’s transmission network in response to growing demand and 

congestion in key corridors. Three alternatives were evaluated: series compensation on the 500 kV line to increase system capacity 

and stability, the installation of phase-shifting transformers to control phase angles and redistribute flows, and the deployment of mod-

ular static synchronous series compensators (SSSCs) to dynamically redirect power. Results indicate that while all options enhance 

system operation, SSSCs stand out as the most effective due to their superior dynamic stability, operational flexibility, fast response 

capability, and adaptability to future expansions, making them the most suitable alternative for the Paraguayan National Intercon-

nected System (SINP). 

Keywords: Transmission Network, Power flow congestion, series compensation, Phase-shifting transformers, Modular synchronous se-

ries compensators.   

RESUMEN 
Este trabajo analiza soluciones para optimizar la distribución de flujos en la red de transmisión de Paraguay frente al aumento de la 

demanda y la congestión en corredores críticos, priorizando tecnologías versátiles y flexibles que fortalezcan la infraestructura exis-

tente. Se estudian dos alternativas principales: la compensación serie en la línea de 500 kV, que incrementa la estabilidad y capaci-

dad de transmisión mediante el ajuste de la reactancia y mejora el reparto de cargas, y la instalación de transformadores desfasa-

dores en puntos estratégicos, que posibilitan la modificación del ángulo de fase entre líneas y el control del flujo de potencia entre 

distintas áreas del sistema. 

Palabras clave: Red de Transmisión, Congestión de Flujo, Compensación Serie, Transformadores Desfasadores Compensadores 

Síncronos Modulares. 
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1. INTRODUCTION 

The optimization of power flow in electrical transmission networks 

is essential to ensure the efficiency of the power system. Improv-

ing the management of energy flows not only helps reduce 

transmission losses but also minimizes the risk of network over-

loads. The implementation of advanced technologies and con-

trol strategies can optimize the overall performance of the 
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system, ensuring a more reliable and cost-effective energy sup-

ply. In doing so, it contributes to a more efficient operation of 

the electrical infrastructure, benefiting consumers and enhanc-

ing the system’s responsiveness to demand fluctuations or ad-

verse operating conditions. 

In the current context of the electric power sector, Modular 

FACTS (Flexible AC Transmission Systems) emerge as an innova-

tive solution to maximize the performance of existing networks. 
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Today’s trends call for fast and flexible solutions capable of ad-

dressing the challenges posed by renewable energy develop-

ment and the integration of intermittent resources [1]. These 

challenges are further compounded by significant environmen-

tal concerns and increasing resistance to large-scale, disruptive 

infrastructure projects. 

One of the most recent and significant developments in FACTS 

technology is the SmartValve, a modular static synchronous se-

ries compensator (M-SSSC). This technology leverages the 

power of silicon and advanced software to enhance control 

and efficiency in power transmission networks, representing a 

breakthrough in the implementation of series-connected FACTS. 

The SmartValve offers a modern, versatile, and effective solution 

for current challenges in power transmission. 

In summary, this study analyzes the integration of these devices 

into the local transmission network, aiming to provide the flexibil-

ity and speed required to tackle today’s operational chal-

lenges, thereby ensuring more stable and efficient system per-

formance in an increasingly complex environment [2]. 

2. CASE STUDY 

In this study, two 220kV transmission corridors were selected as 

case studies: the corridor connecting the Margen Derecha sub-

station (SE-MD) with the Parque Industrial Hernandarias (MD-PIH) 

and Itakyry (MD-IRY) substations. Likewise, the Yguazú–Coronel 

Oviedo (YZU-COV) corridor is also analyzed (see Fig. 1). 

 

Figure 1: Injections to the SINP in December 2023. Power Flows under condition N-

0  

Source: Own elaboration in ANAREDE software 

 

 

The electro-intensive nature of the loads located in the Parque 

Industrial Hernandarias (PIH) causes significant congestion, par-

ticularly overloading the capacity of the 500/220 kV autotrans-

formers at the Margen Derecha substation (SE-MD), which oper-

ate, on average, at levels close to 100% of their rated capacity. 

Likewise, the MD–IRY corridor is a critical point, as it serves as the 

departure path for power transmission toward the Northern and 

Western subsystems, which face voltage stability issues due to 

the lack of robust transmission infrastructure and their distance 

from major generation sources. 

 

Furthermore, with the commissioning of the new Yguazú Substa-

tion, the redistribution of power flows toward the YZU–COV cor-

ridor has increased. 

In summary, both transmission corridors experience significant 

power flow congestion, mainly due to the radial operation from 

the generation center to the main load centers. 

3. PROPOSED SOLUTION 

3.1 Equipment Used 

As part of the comparative analysis, other alternatives for power 

flow redirection were also evaluated. First, the implementation 

of 25% series compensation on the 500 kV lines was analyzed, 

with the objective of modifying the flow distribution between the 

500 kV and 220 kV voltage levels. However, the results showed 

that this measure produced only a 5% change in the power flow 

ratio between both networks, which was considered operation-

ally insignificant. 

Second, the insertion of phase-shifting transformers was simu-

lated on the 220 kV Margen Derecha–Itakyry corridor. Subse-

quently, their implementation was also considered on the Ita-

kyry–Nueva Esperanza corridor, with the aim of altering the 

phase angle and thereby modifying the power distribution be-

tween the 220 kV and 500 kV corridors. To achieve the observed 

3% shift in power flow distribution, it was necessary to apply a 

phase shift of 75°. This value is well beyond the typical ±10° range 

commonly used in commercial PST applications. 

In specialized configurations, such as hexagonal or quadrature-

controlled transformers, phase shift angles may reach ±60° [5], 

and in exceptional experimental cases, even up to ±90° [5]. This 

extreme angle confirms that, while technically feasible, such an 

approach is neither practical nor efficient for achieving a mean-

ingful redistribution of power flow in our network. These findings 

highlight the need to adopt more flexible and dynamic technol-

ogies, such as the M-SSSC, to more effectively achieve the in-

tended objectives. 

3.2 Operational versatility of FACTS 

FACTS (Flexible AC Transmission Systems) are static power elec-

tronic devices designed to increase power transfer capacity, 

enhance system stability, and provide greater control over alter-

nating current (AC) transmission networks. These objectives are 

achieved through series and/or shunt compensation mecha-

nisms. 

These devices enable dynamic control of transmission system 

parameters, improving stability, transfer capability, and the 

overall quality of power delivery. 

Among the various FACTS devices, the Static Synchronous Series 

Compensator (SSSC) is specifically used to regulate and en-

hance power flow in transmission lines. It operates by injecting a 

controlled voltage in series with the transmission line, thereby ad-

justing the line’s apparent impedance and influencing both ac-

tive and reactive power flow. This enables precise and dynamic 

control of the transmission system, contributing to improved sys-

tem stability and operational efficiency. 
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One of the most recent and significant advancements in FACTS 

technology is the SmartValve, a modular static synchronous se-

ries compensator (M-SSSC). By combining advanced silicon-

based electronics with software applications, this technology re-

defines efficiency and control in transmission networks. Smart-

Valve has emerged as a leading solution in the adoption of se-

ries-connected FACTS, offering a modern and efficient response 

to the current challenges facing the power sector. 

The device is based on a Voltage Source Converter (VSC), 

which converts alternating current (AC) into direct current (DC), 

and vice versa. This converter is the core of the system and is 

composed of high-capacity electronic components such as 

transistors and diodes [3]. 

• Series Voltage Generation: The SSSC’s power converter gen-

erates a series voltage that is injected into the transmission line. 

This voltage has a precisely controlled magnitude and phase, 

allowing the SSSC to function as a synchronous voltage source 

in series with the line. 

• Reactive Compensation: By injecting a voltage in series with 

the line, the SSSC modifies the line’s effective reactance. This ad-

justment can be used to either increase or decrease the line’s 

ability to transmit active and reactive power. Reducing the se-

ries reactance increases the line’s capacity to carry active 

power, while increasing it provides greater control over reactive 

power flow. This effect is illustrated in Figure 1. 

• Dynamic Control: The SSSC can respond rapidly to changes in 

load demand and network conditions by redirecting power flow 

according to system needs. It uses advanced control algorithms 

to continuously regulate the injected series voltage, enabling 

adaptive and dynamic reactive compensation. This contributes 

significantly to voltage stability and power flow regulation. 

• Control and Monitoring Interface: The SSSC is equipped with 

integrated monitoring and control systems that enable real-time 

supervision and adjustment of its operation. These systems en-

sure the device functions within its design limits, maximizing both 

its efficiency and effectiveness. 

 

Figure 2: Power flow redirection with this technology 

Source: Smart Wires TM. Available:  https://www.smartwires.com/smartvalve/ 

 

To address all these challenges, a comprehensive approach 

is proposed, involving the installation of M-SSSC devices in both 

the MD–IRY and YZU–COV corridors. This dual strategy would en-

able a more balanced distribution of power flow, enhancing sys-

tem stability and reducing overloads at multiple critical points 

within the network [4]. 

 

4. RESULTS 

 

The fourth proposed solution involves the installation of an  M-

SSSC device in the MD–PIH corridor, with its configuration param-

eters shown in Figure 3. 

 

Figure 3: First Proposed Location of the M-SSSC in the SINP  

Source: Own elaboration in ANAREDE software  

 

Although this approach shows a reduction in loading on the 

MD–PIH transmission line, it does not yield the same effect on the 

YZU–COV corridor. Therefore, the insertion of a second Smart-

Valve in the latter corridor is analyzed, as illustrated in Figure 4. 

 

Figure 4: Insertion of a Second SmartValve in the 220 kV YZU–COV Corridor 

Source: Own elaboration in ANAREDE software 

 

For both the first and second alternatives, a reduction in power 

flow was observed depending on the location where the de-

vices were installed. However, when only a single device is de-

ployed, a significant improvement is achieved in the specific 

corridor where it is installed. Nevertheless, challenges remain in 
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other parts of the network due to the redistribution of power flow 

[6]. 

The system exhibits loadings exceeding 100% in various elements 

under N-0 conditions. This study focused specifically on address-

ing the overloads of 100.3% and 105.4% observed in the MD–PIH 

220kV and YZU–COV 220kV lines, respectively. 

5. CONCLUSIONS 

The analysis of line loading within the system highlights an urgent 

need for effective solutions to mitigate transmission line over-

loads. The implementation of SmartValve 10-1800 devices has 

proven to be a viable strategy for reducing the loading levels on 

the MD–PIH and YZU–COV lines, yielding positive results in allevi-

ating excessive stress. However, the near-full utilization of the in-

stalled devices suggests that additional interventions are neces-

sary to ensure long-term system stability and efficiency. 

It is essential to recognize that the optimal operation of the trans-

mission infrastructure is critical to maintaining the quality of 

power supply and preventing potential service interruptions. The 

addition of SmartValve units per phase on the YZU–COV circuits 

will not only help keep overloads within acceptable limits but 

also strengthen the system’s resilience in the face of growing fu-

ture demand. Furthermore, this will enable better capacity man-

agement across the lines, promoting a more balanced and sus-

tainable operation of the electrical grid. 

With the inductive injection of one SmartValve 10-1800 per 

phase in the MD–PIH 220 kV circuit, the line’s loading is reduced 

to 92%. However, this results in a slight increase in the loading of 

the YZU–COV 220 kV line, reaching 106.4%. 

When a SmartValve 10-1800 per phase is placed in the YZU–COV 

220 kV lines, the overload is reduced from 106.4% to 97.4%. In this 

case, the SmartValve units operate at nearly 100% of their ca-

pacity, so further reduction in line loading would require the in-

stallation of an additional device per phase in each YZU–COV 

circuit [7]. 

By increasing the impedance of the MD–PIH 220 kV and YZU–

COV 220 kV circuits, a portion of the power flow is redirected 

toward the MD–VHA 500 kV corridor. Additionally, the K30–JLM 

220kV line shows a tendency toward increased loading. 
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