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Power transmission networks play a critical role in linking generation and distribution 

systems. One key aspect of the network's performance is voltage optimization. This study 

focuses on comparing the impacts of High-Voltage Direct Current (HVDC) transmission 

and Flexible Alternating Current Transmission Systems (FACTS), specifically the Unified 

Power Flow Controller (UPFC), on system voltage stability, grid power losses, and 

transmission capacity under load fault conditions. This present study develops the IEEE 

30-bus and IEEE 57-bus systems as test cases, incorporating Genetic Algorithms (GA) to 

analyze the effects of HVDC and UPFC integration. The Power System Simulator for 

Engineering (PSS/E) version 33 software program is used to model multi-terminal UPFC 

and HVDC. A comparative study is performed between the system's performance with and 

without HVDC and UPFC under various load conditions in the transmission network. 

Three load conditions were analyzed. The results demonstrate that for the IEEE 30-bus 

system, the total active power loss under normal load conditions is reduced by 69.594% 

after adding UPFC between buses (3-4) and by 75% after introducing multi-terminal VSC-

HVDC between buses (2-6) and (2-4). Similarly, reactive power losses are reduced by 

74% with UPFC and 73% with multi-terminal VSC-HVDC under the same conditions. 

For the IEEE 57-bus system, the addition of UPFC and VSC-HVDC improves active and 

reactive power losses by 49% and 55%, respectively, under normal load conditions. The 

studied results confirm that connecting HVDC to the system achieves better results in 

terms of bus voltage profile, a significant reduction in total network power losses, and a 

higher effective power transfer rate compared to UPFC. Moreover, multi-terminal HVDC 

transmission delivers greater voltage improvements and larger reductions in total power 

losses compared to adding UPFC to the same system. 
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1. INTRODUCTION

The increase in demand in our daily life is one of the 

important things that must be taken into consideration because 

it requires an increase in the rate of electrical energy, because 

this exposes electrical power transmission networks to operate 

under high pressures and unstable voltages [1]. Therefore, it is 

important to develop electrical transmission networks in terms 

of control and equipping networks with devices that increase 

the rate of energy supply to confront these complexities and 

the increase in demand rate [2]. Whereas the FACTs and 

technologies of high-voltage direct current (HVDC) 

transmission have many advantages such as they can be used 

to control power flow, transmit maximum power, control 

voltage, compensate reactive power, improve stability and 

power quality and power conditioning [3]. 

A very powerful FACTS tool for managing power flow, 

lowering transmission losses, improving stability, and 

increasing transmission efficiency is the (UPFC) control 

system. However, obstacles to its wider implementation 

include its high cost, complexity, and maintenance needs. 

Notwithstanding these drawbacks, this system is still an 

essential piece of technology for contemporary power grids, 

especially when it comes to integrating renewable energy 

sources and improving system dependability. 

With features like grid connectivity, long-distance 

efficiency, and integration of renewable energy, HVDC is a 

crucial component of contemporary power systems. However, 

its broad adoption is constrained by high costs, complexity, 

and compatibility problems. HVDC is anticipated to become 

more prevalent in energy systems of the future due to 
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developments in multi-terminal networks and VSC-HVDC  [4, 

5]. 

Unified Power Flow Controller (UPFC) which can be 

defined as a versatile device characterized by high flexibility, 

reliability and flexibility through which the flow of real and 

reactive power can be controlled and the independent control 

of voltage and redistribution of power in a way that can be 

used to exploit areas with low load to peak areas in 

transmission lines [6]. 

In the other hand, transmitting power over long distances 

and through asynchronous systems requires the use of high-

voltage direct current (HVDC) to be considered useful and 

effective for this purpose. High-voltage direct current cables 

and lines compared to three-phase alternating current 

transmission lines are less expensive, have fewer losses and 

require fewer transmission lines High-voltage direct current 

connections offer steady capacity without being constrained 

by network congestion or loop flow on parallel paths since 

they are controllable [7, 8]. The large power can be transmitted 

without distance conditions through high-voltage direct 

current cable systems that use fewer cables than alternating 

current cable systems due to their charging current. VSC-

HVDC provides the network with high control methods for 

both active and reactive power independently of each other [9]. 

To achieve the best results that improve network 

functionality, this requires good selection of the optimal 

location and the best size for both MT-HVDC and UPFC 

components [10, 11]. After the loaded transmission lines in the 

system are identified, Genetic Algorithm (GA) will be used to 

locate the optimal HVDC and UPFC power systems under the 

normal system load capacity with safely operation. GA 

supports the search for optimal placement, best generation and 

optimal size of the UPFC and HVDC to maintain the voltage 

system profile, minimize the total active and reactive power 

losses. Where the UPFC and HVDC parameter rate and 

control the power flow in the overloaded transmission lines 

[12]. 

In reference [13], the optimal location of FACTS devices 

that is UPFC and HVDC are investigated using Power Flow 

Analysis in order to decrease the active power losses which 

analyzed on WSCC 3 machine 9 bus system and its doing 

using PSAT (Power System Analysis Toolbox) software. 

While in study [14], the study examined the advantages of 

using high voltage DC and FACTS devices in power systems 

such as increased power transmission capacity, improved 

static and dynamic stability, increased availability and reduced 

transmission losses using power electronics technologies. In 

the study [15], the comparison of the performance of HVDC 

transmission and UPFC controller, the controllers can work 

with multiple operating modes to control voltage, active power, 

reactive power flow and transmission line. The obtained 

results demonstrate the feasibility of the proposed models in 

solving Newton-Raphson power flow. These devices can be 

used by a company that can implement HVDC transmission 

with multiple control function and also UPFC with the 

following control types [16, 17]. 

The Power System Simulator for Engineering (PSS/E) is 

one of the programs used to analyze and design electrical 

networks in a smooth, flexible and highly reliable manner in 

identifying problems to be addressed. As a result, PSS/E has 

been widely utilized to analyze electrical networks. 

Additionally, real power system data can be used with PSS/E 

to show how the HVAC and UPFC power grids interact with 

the HVDC power grid [18, 19]. 

2. MODELLING AND POWER FLOW ANALYSIS FOR

UPFC

2.1 UPFC system model 

The concept of The Unified Power Flow Controller, or 

UPFC, is a power electronics-based system that allows for the 

simultaneous management of active and reactive power flow 

rate, phase angle, transmission line issues, and voltage 

magnitude [20]. UPFC have two voltage source convertors: 

one acts as shunt converter called a STATCOM and the other 

series converter called a SSSC. In series with the line, the 

SSSC converter regulates the phasor voltage. Through this 

voltage source, the transmission line current exchanges active 

and reactive power with the AC system [21]. Additionally, the 

transformer that connects the STATCOM converter to the 

power supply allows it to exchange reactive power with the 

system. A DC capacitor serves as the connection between 

STATCOM and SSSC [22]. 

The STATCOM and SSSC converters both are used 

controllers [23]. The controller is used in order to control of 

give or consume real and reactive power in the transmission 

line [24]. Figure 1 depicts the basic equivalent circuit of a 

UPFC device, which includes two compensators: the Static 

Compensator (STATCOM), which is linked in parallel, and 

the Static Synchronous Series Compensator (SSSC), which is 

connected in series. In order to exchange real power between 

the STATCOM and SSSC output terminals, both 

compensators are connected via a "DC" link [12, 25]. 

Figure 1. UPFC equivalent circuit [24] 

2.2 Power flow analysis for UPFC 

To distinguish the ability of the UPFC devices to regulate 

the active power P and the reactive power sent across the line, 

𝑄𝑠 and 𝑄𝑟, at the sending and receiving ends of the line, 

respectively, the basic ac system with the transmission 
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parameters is introduced in Figure 1. 

Two series and shunt voltage sources, which are frequently 

converted into two current (power) injections, are used to 

simulate the UPFC in steady state modeling. These current 

injections can be used to control the voltage at the shunt bus, 

control the real power of the ac transmission line with the same 

magnitudes at reverse pass, and adjust bus bar voltages and 

reactive power through the line (while ignoring the UPFC loss). 

Consequently, the UPFC's operational status may be limited.  

by the three factors as following: 

a. Reactive power generation by shunt current

b. Reactive power generation by series voltage injection

c. Active power generation on the DC-link from shunt to

series converters. 

So the controllable voltage magnitude which can be injected 

through sending and reserving convertor (𝐸𝑣𝑟 and 𝐸𝑐𝑟) is: 

Evr = Vvr (cos δvr + j sin δvr) (1) 

Ecr = Vcr (cos δcr + j sin δcr) (2) 

Re {−EvR IvR ∗ + −EcR IcR ∗} = 0 (3) 

where, 𝑉𝑣𝑅 and 𝛿𝑐𝑅 are the phase angle value (0≤ 𝛿𝑣𝑅 ≤ 2𝜋) 

and controlled voltage magnitude (𝑉𝑣𝑅min < 𝑉𝑣𝑅 ≤𝑉𝑣𝑅 max) 

of the voltage source converter that functions as a shunt 

converter. The voltage source converter that functions as a 

series converter has a programmable value (𝑉𝑐𝑅) and a phase 

angle (𝛿𝑐𝑅) that may be altered between limits (𝑉𝑐𝑅min 

<𝑉𝑐𝑅≤ 𝑉𝑐𝑅max) and (0 ≤ 𝛿𝑐𝑅 ≤ 2𝜋). The phase angle value 

of the injected voltage at the series converter can be used to 

describe the power flow control mode. When 𝛿𝑐𝑅 is in phase 

with the angle of nodal voltage 𝜃𝑘, the UPFC can function as 

a voltage controller at the terminal bus.  

Additionally, when 𝛿𝑐𝑅 is in quadrature with respect to 𝜃𝑘, 

the UPFC devices can function as an active power flow 

controller. It is possible to think of the UPFC devices as series 

controller devices. At various magnitudes of 𝛿𝑐𝑅, the UPFC 

functions as a voltage controller and a series compensator. If 

𝛿𝑐𝑅 is in quadrature with the angle of line current, it operates 

on control of the actual power. The magnitude of the series-

injected voltage can be used to determine the quantity of 

power flow [26]. 

Real and reactive power equations at bus k [27, 28]: 

𝑃𝑘 = 𝑉𝑘
2𝐺𝑘𝑘 + 𝑉𝑘𝑉𝑚[𝐺𝑘𝑚 𝑐𝑜𝑠(𝜃𝑘 − 𝜃𝑚)

+ 𝐵𝑘𝑚 𝑠𝑖𝑛(𝜃𝑘 − 𝜃𝑚)]
+ 𝑉𝑘𝑉𝑐𝑅[𝐺𝑘𝑚 𝑐𝑜𝑠(𝜃𝑘 − 𝛿𝑐𝑅)
+ 𝐵𝑘𝑚 𝑠𝑖𝑛(𝜃𝑘 − 𝛿𝑐𝑅)]
+ 𝑉𝑘𝑉𝑣𝑅[𝐺𝑣𝑅 𝑐𝑜𝑠(𝜃𝑘 − 𝛿𝑣𝑅)
+ 𝐵𝑣𝑅 𝑠𝑖𝑛(𝜃𝑘 − 𝛿𝑣𝑅)]

(4) 

𝑄𝑘 = −𝑉𝑘
2𝐵𝑘𝑘 + 𝑉𝑘𝑉𝑚[𝐺𝑘𝑚 𝑠𝑖𝑛(𝜃𝑘 − 𝜃𝑚)

− 𝐵𝑘𝑚 𝑐𝑜𝑠(𝜃𝑘 − 𝜃𝑚)]
+ 𝑉𝑘𝑉𝑐𝑅[𝐺𝑘𝑚 𝑠𝑖𝑛(𝜃𝑘 − 𝛿𝑐𝑅)
− 𝐵𝑘𝑚 𝑐𝑜𝑠(𝜃𝑘 − 𝛿𝑐𝑅)]
+ 𝑉𝑘𝑉𝑣𝑅[𝐺𝑣𝑅 𝑠𝑖𝑛(𝜃𝑘 − 𝛿𝑣𝑅)
+ 𝐵𝑣𝑅 𝑐𝑜𝑠(𝜃𝑘 − 𝛿𝑣𝑅)]

(5) 

And at bus m: 

𝑃𝑚 = 𝑉𝑚
2𝐺𝑚𝑚 + 𝑉𝑚𝑉𝑘[𝐺𝑚𝑘 𝑐𝑜𝑠(𝜃𝑚 − 𝜃𝑘)

+ 𝐵𝑚𝑘 𝑠𝑖𝑛(𝜃𝑚 − 𝜃𝑘)]
+ 𝑉𝑚𝑉𝑐𝑅[𝐺𝑚𝑚 𝑐𝑜𝑠(𝜃𝑚 − 𝛿𝑐𝑅)
+ 𝐵𝑚𝑚 𝑠𝑖𝑛(𝜃𝑚 − 𝛿𝑐𝑅)]

(6) 

Qk = −Vm
2Bmm + VmVk[Gmk sin(θm − θk)

− Bmk cos(θm − θk)]
+ VmVcR[Gmm sin(θm − δcR)
− Bmm cos(θm − δcR)]

(7) 

3. MODELING AND ANALYSIS OF POWER FLOW IN

HVDC

3.1 HVDC system converter model 

HVDC-VSC consists of two VSC units, one as a rectifier 

and the other as a converter. The converters are connected 

either mutually or via a DC cable, depending on the 

application. It transmits steady DC power to the inverter 

station from the rectifier. between complex and different 

frequency networks with high controllability [29]. Figure 2 

displays the analogous circuit for HVDC-VSC [24]. 

One convertor is responsible for controlling the DC voltage, 

while the other is responsible for transferring the active power 

across the DC link. The active power flow into the DC system, 

is equal to the active power entering the AC system at the 

inverter end minus the losses experienced during the DC cable 

transfer, as indicated by Eqs. (16) and (17), provided the 

transformers are loss-free. Both convertors independently 

manage reactive power during normal operation [30]. 

Figure 2. VSC-HVDC equivalent circuit [24] 

3.2 Power flow analysis for HVDC 

In the VSC-HVDC equivalent circuit depicted in Figure 2. 

The voltage sources which express the two VSC terminals in 

HVDC according to Eqs. (1) and (2) [31]. 

So, the power equation for VSC- HVDC without DC line 

(RDC = 0) is: 

Re{𝑉vR1IvR1
∗ + VvR1IvR2

∗ } = 0 (8) 

Or the power equation when HVDC-VSC is linked with DC 

line (RDC ˃ 0) is 

Re{VvR1IvR1
∗ + VvR1IvR2

∗ + PDCloss} = 0 (9) 

It is assumed the bus k is (rectifier connected terminal) and 

the bus m is (inverter connected terminal), and that power 

flows from bus k to bus m. 

At the k-bus (at rectifier bus) can express to the active and 

reactive power equations [24]: 
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PvR1 = 𝑉𝑘vR1
2 𝐺𝑣𝑅1

+ 𝑉𝑘𝑉𝑣𝑅1[𝐺𝑣𝑅1 cos(𝛿𝑣𝑅1 − 𝜃𝑘)
+ 𝐵𝑣𝑅1 sin(𝛿𝑣𝑅1 − 𝜃𝑘)] 

(10) 

 

QvR1 = −𝑉𝑣𝑅1
2 𝐵𝑣𝑅1 + 𝑉𝑘𝑉𝑣𝑅1[𝐺𝑣𝑅1sin(𝛿𝑣𝑅1 − 𝜃𝑘)

− 𝐵𝑣𝑅1cos(𝛿𝑣𝑅1 − 𝜃𝑘)] 
(11) 

 

where, the admittance equation YvR1 = 𝐺𝑣𝑅1 + 𝑗𝐵𝑣𝑅1where 

𝐺𝑣𝑅1 and 𝐵𝑣𝑅1 represent the conductance and susceptibility of 

the converter transformer, respectively. 

Similarly, for the m- bus (at inverter bus), the power flow is 

determined by the following equations: 

 

PvR2 = 𝑉𝑘vR
2 𝐺𝑣𝑅2 + 𝑉𝑚𝑉𝑣𝑅2[𝐺𝑣𝑅2 cos(𝛿𝑣𝑅2 − 𝜃𝑚)

+ 𝐵𝑣𝑅2 sin(𝛿𝑣𝑅2 − 𝜃𝑘𝑚)] 
(12) 

 

QvR2 = −𝑉𝑣𝑅2
2 𝐵𝑣𝑅2 + 𝑉𝑘𝑚𝑉𝑣𝑅2[𝐺𝑣𝑅2sin(𝛿𝑣𝑅2 − 𝜃𝑚)

− 𝐵𝑣𝑅2cos(𝛿𝑣𝑅2 − 𝜃𝑚)] 
(13) 

 

3.3 Active and reactive load power calculation in 

overloaded lines 

 

𝑃𝐺𝑖 − 𝑃𝐷𝑖 − 𝑉𝑖 ∑𝑉𝑗 [𝐺𝑖𝑗 cos(𝛿𝑖𝑗) + 𝐵𝑖𝑗 sin(𝛿𝑖𝑗)] = 0 

𝑁𝐵 𝑗=1 ∀ 𝑖 ∊ 𝑁𝐵 
(14) 

 

𝑄𝐺𝑖 − 𝑄𝐷𝑖 − 𝑉𝑖∑𝑉𝑗 [𝐺𝑖𝑗 sin(𝛿𝑖𝑗) − 𝐵𝑖𝑗 cos(𝛿𝑖𝑗)] = 0 

∀ 𝑖 ∊ 𝑁𝐵 𝑁𝐵 𝑗=1 
(15) 

 

where, the voltage angle difference between buses 𝑖 and 𝑗 is 

represented by 𝛿𝑖𝑗 = 𝛿𝑖 − 𝛿𝑗, the number of buses is 

represented by 𝑁𝐵, and the active and reactive load demands 

are represented by 𝑃𝐷 and 𝑄𝐷, respectively. The susceptibility 

between buses 𝑖 and 𝑗 is represented by 𝐵𝑖𝑗, while the transfer 

conductance is represented by 𝐺𝑖𝑗 [32]. 

 

3.4 Active and reactive power losses 

 

The total power equation for VSC- HVDC is [33]: 

 

PvR1 + PvR2 + PDC = 0 (16) 

 

∆𝑃𝐻𝑉𝐷𝐶 = ∆𝑃𝑣𝑅1 − ∆𝑃𝑣𝑅2 (17) 

 

The active power loss for three phase AC system will be:  

 

Ploss,AC = 3 * I2 * R * distance of route in Km (18) 

 

where, the line current (I) is per phase and the resistance of the 

conductor is (R), Ω/km.  

The active power loss for two pole DC system will be:  

 

Ploss,DC = 3 * I2 * RDC * distance of route in Km (19) 

 

where, the line current (I) is per pole and the resistance of the 

DC line is RDC, Ω/km. 

 

 

3.5 The deployment costs of UPFC and HVDC 

 

UPFC technology is cost-effective in optimizing existing 

AC grids, reducing congestion, and improving system stability. 

Therefore, UPFCs can postpone or eliminate the need for 

costly new transmission projects. Improved system stability 

also leads to lower operating and maintenance costs [34]. 

Also can summarize the total cost rate and investment 

returns. 

Where the capital Cost: $20–50 million. 

Converter Station Cost: Not required. 

Maintenance Cost: Medium (power electronics & cooling) 

Payback Period (ROI): 5–10 years (depends on power savings 

& congestion relief) [35]. 

However, despite its high initial cost, HVDC is a financially 

feasible option for joining asynchronous grids and 

transmitting power over vast distances. In hybrid AC/DC 

systems, power flow can be optimized by combining UPFC 

and HVDC, offering the best cost-efficiency ratio [36]. In 

other hand the total cost rate and investment returns can be 

summaries as [37]. 

The capital Cost: $1.0–1.5million/km (overhead),$2.5–5.0 

million/km(underground/submarine). 

Converter Station Cost: $100–500 million per terminal 

Maintenance Cost: Medium to High (valves, converters, 

insulation systems). 

Payback Period (ROI): 10–20 years (depends on project 

scale). 

 

3.6 The dynamic response of UPFC and HVDC under fault 

conditions 

 

Power systems, particularly FACTS (Flexible AC 

Transmission Systems) devices like UPFC and high-voltage 

transmission systems like HVDC, are greatly impacted by 

fault conditions like short circuits.  

1. UPFC's Response to Fault Situations 

Combining a series and a shunt converter, the UPFC offers 

damping, power flow control, and voltage regulation. Under 

fault conditions, the shunt inverter provides or absorbs reactive 

power to maintain voltage stability; the series inverter 

responds by altering voltage injection to counteract 

disturbances; and the UPFC improves AC grid stability but 

requires coordinated control for optimal performance during 

high-impact short circuits [38]. 

Therefore, in UPFC-based systems, short-circuit defects 

result in significant DC-link voltage swings, necessitating 

quick response control to maintain network stability. 

2. Response of HVDC in Fault Situations Because HVDC 

systems include controlled converters, they are more fault-

tolerant than AC transmission. But errors continue to affect the 

system:  

• Because of commutation failure, line commutated converters 

(LCC-HVDC) have trouble with AC faults [39]. 

• By utilizing fault ride-through (FRT) and DC choppers, 

voltage source converters (VSC-HVDC) are better 

equipped to manage faults.  

• DC-side issues necessitate quick-reaction defenses. Fast 

fault-clearing techniques are necessary because DC-side 

failures might result in overcurrent surges. 

• Although HVDC systems provide more control over power 

transmission, DC-side faults continue to be a significant 

problem that necessitates quick fault-clearing techniques.  

• UPFC-HVDC techniques for improved fault ride-through 

performance [40]. 

 

 

4. METHODOLOGY 

 

To perform as well as possible throughout the study case 

and during the emergency conditions of the AC network, the 
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selection of the optimal location for the HVDC added to the 

network has a great impact in terms of improving the voltage, 

reducing the network losses and the power transmission 

capacity under overload conditions. Consequently, by 

identifying the best place to put the UPFC device for HVDC 

lines, its presence enhances network performance. A genetic 

algorithm (GA) is used to identify the best site for HVDC 

transmission and UPFC installation in order to lower overall 

system power losses and enhance the network's voltage profile 

(as an objective function) [27]. An objective function 𝑓(𝑥) can 

be defined as a genetic function used to identify problems and 

develop plans to improve them by starting the natural selection 

process. Where, 𝑥 = 𝑥1, 𝑥2, …. 𝑥𝑁 is a multidimensional vector 

of optimization data. The better parameters of the genetic 

algorithm rules are chromosomes and genes. GA encodes the 

optimization parameters as either a binary string (known as 

binary encoding) or an array of real values (integers), known 

as real encoding. A chromosome is a collection of genes that 

have the following structure:  

 

C𝑟𝑜𝑚𝑜𝑠𝑜𝑚𝑒= [𝑎1
1𝑎2

1…𝑎𝐿1
1 , 𝑎1

2𝑎2
2. . 𝑎𝐿2

2 , 𝑎1
𝑁𝑎2

𝑁 …𝑎𝐿𝑁
𝑁  ]  

= [𝑥1, 𝑥2, …. 𝑥𝑁] 

 

where, [𝑥1, 𝑥2, …. 𝑥𝑁] is a multidimensional vector of the 

optimization coefficient, 𝑎 is a gene and 𝐿𝑖 is the length of the 

code string of the coefficient 𝑖. The genetic algorithm consists 

of three basic parts, followed by the crossover rate and 

mutation operations that are performed until the best 

population is identified [12, 41]. 

The optimization control data provided include the 

population size, crossover and mutation probabilities, 

iterations, and number of generations. The optimal location for 

the HVDC and UPFC link is determined by a genetic 

algorithm that can be introduced into the IEEE-30 & 57 bus 

system by MATLAB software, and then test system and 

HVDC and UPFC stations are modelled and simulated based 

on PSS/E under different load conditions, this can be explain 

according to following step [12, 42, 43]: 

1: Determine the population size in the genetic algorithm 

and define the network data, UPFC and HVDC. 

2: Adopt the energy flow method (Newton Raphson). 

3: Find the target values for all individuals. 

4: A new population is selected from the old population 

based on the target values. Based on the calculation function. 

5: To create solutions with a new step, the crossover, gene 

and mutation algorithm operators are applied to the selected 

population. 

6: The goal values for the new chromosomes are determined 

and applied to the population. 

7: If the number of iterations is over, the genetic algorithm 

program is stopped and the best individual is relied upon, 

otherwise, move to step 4. 

 

 

5. RESULTS AND DISCUSSIONS 

 

The effectiveness of the suggested genetic algorithm (GA) 

in determining the best location for the HVDC and UPFC links, 

respectively, to accomplish all the goals—maximizing 

balanced power distribution and transmitted power, reducing 

losses, and improving the voltage profile under various system 

load conditions—was tested using an IEEE-30 & 57 bus 

system. The programming language MATLAB R2018a is 

used to implement GA. 

5.1 IEEE-30 bus system  

 

Figure 3 illustrates the standard IEEE 30-bus system, 

comprising 6 generators, 30 buses, 21 loads, and 41 

transmission lines [31], as modeled in the PSS/E software. The 

UPFC is represented by its two components: one connected to 

the transmission line to emulate the SSSC functionality and 

the other connected to the bus to emulate the STATCOM 

functionality, as shown in Figure 4(b). Similarly, the MT-

HVDC system is implemented in the PSS/E software, as 

depicted in Figure 4. 

 

 
 

Figure 3. IEEE 30 bus electrical network configuration 

 

 

 

 
(a) 

 
(b) 

 

Figure 4. The VSC-HVDC and UPFC in PSS/E applications 

 

In Table 1, it is giving the all-GA parameters values and 

select the objective function and suitable constrain and applied 

it in MATLAB (m.file coding) in order to limited the optimal 

location and size of UPFC and HVDC. For GA to work at its 

best, population size, crossover rate, and mutation rate must be 

properly adjusted. For the majority of optimization tasks, 

sensitivity analysis and comparison experiments recommend 

balanced population sizes of 100–200, crossover rates of 0.7–

0.9, and mutation rates of 0.01–0.05. GA resilience can be 
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further improved by adaptive parameter control techniques 

(such as self-adaptive mutation) [44, 45]. 

The PSS/E program is based on the location and appropriate 

size of UPFC and HVDC to be implemented on the grid and 

their impact on addressing the problems. 

Table 1. Genetic algorithm code parameters 

Data Value 

Population size 80 

Crossover 0.85 

Fitness limit 12-14 

Umber of generations 100 

The overall active and reactive power requirements of the 

system in normal case are 283.4 MW and 126.2 Mvar on 100 

MVA base and total power active and reactive power 

generation 301 MW and 134 Mvar. At normal case, the total 

real and reactive losses are (17.5 MW and 67.6Mvar) and have 

only one overload transmission line between bus 1 and bus 2 

which exceed the normal limit that 100%. While when the 

loading rate increases by 10%, can find a noticeable increase 

in the percentage of real and reactive power losses to (22.1 

MW and 85.3 Mvar) shown in Table 2. 

Table 2. PSS/E result before adding UPFC and MT-HVDC 

on IEEE-30 bus test system 

Case 
Loading Total Losses Over 

Load Line (MW) (Mvar) (MW) (Mvar) 

Normal 283.4 126.2 17.5 67.6 1-2

10% 312.4 139.1 22.1 85.3 

1-2

2-6

6-8

20% 340.1 151.4 27.3 105.8 

1-2

2-6

6-8

Table 3 shows the overload transmission line and power 

losses in each line under different load condition before adding 

UPFC and MT-HVDC on IEEE-30 bus test system. 

Table 3. PSS\E result for overload transmission line before 

adding UPFC and Multi terminal VSC-HVDC on IEEE-30 

bus 

Case 
Overload 

Line 

Active and Reactive 

Line Losses 

Overload 

Line 

Rating MW Mvar 

Normal (1-2) 5.18MW 15.52Mvar 130% 

10% 

1-2

2-6

6-8

6.59MW 

2.41MW 

0.13MW 

19.75Mvar 

7.33Mvar 

0.47Mvar 

151% 

102% 

104% 

20% 

1-2

2-6

6-8

8.20MW 

2.97MW 

0.16MW 

24.55Mvar 

9.01Mvar 

0.56Mvar 

168% 

112% 

111% 

The optimal location of UPFC and Multi terminal VSC-

HVDC and the total system losses are given in Tables 4 and 5 

respectively. Where the optimal location of UPFC which 

limited by GA is between bus 3 and 4, and multi terminal VSC 

– HVDC between bus (6-2) and (4-2) at normal case.

The percentage reduction analysis of active and reactive

power losses can be evaluated by: 

(𝐿𝑜𝑠𝑠𝑅𝑒𝑑. = (𝐿𝑜𝑠𝑠𝑤𝑜 − 𝐿𝑜𝑠𝑠𝑤) / 𝐿𝑜𝑠𝑠𝑤𝑜 ∗ 100%) 

where, the total losses without and with the addition of HVDC 

(or UPFC) are denoted by the numbers 𝐿𝑜𝑠𝑠𝑤𝑜 and 𝐿𝑜𝑠𝑠𝑤, 

respectively. It has been shown that the real power losses at 

normal load condition are decreased by 69.594% after 

introducing UPFC topology, and after adding multi-terminal 

HVDC they are decreased by 75%. Also, the reactive power 

losses are decreased by 74% after adding UPFC and after 

introducing multi-terminal HVDC topology they are reduced 

by 78% at the same load. 

Table 4. PSS/E result after adding UPFC on IEEE-30 bus 

test system with GA 

Case Position 
Total Losses 

Over Load Line 
(MW) (Mvar) 

Normal 3-4 5.4 17.8 None 

10% 5-2 5.9 20.5 None 

20% 
5-2

10-21
7.2 23.5 None 

Table 5. PSS/E result after adding multi terminal VSC-

HVDC on IEEE-30 bus test system with GA 

Case Position 
Total Losses 

Over Load Line 
(MW) (Mvar) 

Normal 
6-2

4-2
4.3 15.2 None 

10% 
6-2

4-2
4.7 18.1 None 

20% 
6-2

4-2
5.7 23.1 None 

In contrast, adding UPFC and Multi terminal VSC-HVDC 

to the network in the proposed location reduces active and 

reactive power losses in overloaded transmission lines. This is 

can show in Tables 6 and 7 were the Overload line rating with 

UPFC and with VSC-HVDC give best result compare with 

that in Table 3. For example, at normal case Overload line 

rating without UPFC and VSC-HVDC is 130%, after adding 

UPFC between bus (3-4) overload line rating decreases to 40%, 

while adding the multi terminal VSC-HVDC to network 

decrease the active power line rating to 39.8%. 

Table 6. Overload line, active and reactive line losses with 

UPFC with GA 

Case 
Overload Line 

with UPFC 

Active and Reactive 

Line Losses with UPFC 

Overload Line 

Rating with 

UPFC 

Normal (1-2) 0.52 MW 1.56Mvar 40% 

10% 

1-2

2-6

6-8

0.92 

0.3 

0.01 

2.76 

0.91 

0.03 

53% 

10% 

25% 

20% 

1-2

2-6

6-8

3.24 

1.43 

0.03 

9.7 

4.34 

0.1 

95% 

75% 

48% 

In Figure 5, can show the comparative result for active 

power generation losses for transmission system under 

different load conditions, for example at normal operation 

active power generation 301 MW. After adding UPFC active 

power generation decreases to 286.2 MW and decrease to 285 

Mvar after adding multi terminal VSC- HVDC.  

The same effect on reactive power generation will be 

decreases from 134 Mvar (without any addition) to 61.9 Mvar 

(with UPFC) to 61 Mvar (with multi terminal VSC- HVDC) 

616



this can show in Figure 6. 

Table 7. Overload line, active and reactive line losses with 

MT-HVDC with GA 

Case 

Overload 

Line with 

MT-HVDC 

Active and 

Reactive Line 

Losses with MT-

HVDC 

Overload 

Line Rating 

with VSC-

HVDC 
MW Mvar 

Normal 1-2 0.450 1.50 39.8% 

10% 

1-2

2-6

6-8

0.55 

0.23 

0.07 

1.86 

0.00 

0.26 

60.3% 

10% 

25% 

20% 

1-2

2-6

6-8

0.65 

0.23 

0.04 

2.2 

0.00 

0.16 

65.8% 

13% 

20% 

Figure 5. Comparative result for active power generation in 

transmission system 

Figure 6. Comparative result for reactive power generation 

in transmission system 

Figure 7. IEEW-30 bus voltage profile under normal loading 

conditions with and without UPFC and VSC-HVDC 

In Figures 7, 8 and 9 at normal load, 10% and 20% increase 

in the load can show the voltage profile improvement when 

adding UPFC and VSC-HVDC to the system and not 

deviations from original values. 

Figure 8. IEEE-30 bus voltage profile for a 10% increase in 

load with and without UPFC and VSC-HVDC 

Figure 9. IEEE-30 bus voltage profile for a 20% increase in 

load with and without UPFC and VSC-HVDC 

The overload on the transmission line in the IEEE-30 bus 

system is reduced. the application in PSS/E software using 

contours and can show the effect of addition UPFC and VSC-

HVDC taking at normal operation the overload when the 

transmission line exceeds more than 100%. can be seen in 

Figure 10 (a). While Figure 10 (b) and (c) shows the load of 

the same lines after adding UPFC and VSC-HVDC device. 

(A) 

(B) 
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(C) 

Figure 10. (A) The loading in IEEE 30 bus transmission line 

without and addition, (B) With multi terminal VSC-HVDC, 

(C) With UPFC

5.2 IEEE-57 bus system 

Eighty transmission lines, the generators at buses 1, 2, 3, 6, 

8, 9, 12, and fifteen transformers make up the typical IEEE 57-

bus system. At buses 18, 25, and 53, the sources of reactive 

power are taken into account. Figure 11 shows the 

configuration of the IEEE 57-bus electrical network. 

On a 100 MVA basis, the system's overall active and 

reactive power demands are 1250.8 p.u. and 336.4 p.u. All 

load bus and generator bus voltages have been limited to 

between 0.94 and 1.06 p.u. 

Figure 11. The configuration IEEE 57 buses electrical 

network 

The overall active and reactive power requirements of the 

system in normal case are 1250.8 MW and 336.4 Mvar on 100 

MVA base and total power active and reactive power 

generation 1279 MW and 326.3 Mvar. The overall active and 

reactive losses under typical circumstances are 28.2 MW and 

126.2 Mvar, respectively. and have two overload transmission 

line between bus (1- 2) and bus (8-9) which exceed the normal 

limit that 100%. While when the loading rate increases by 10%, 

can find a noticeable increase in the percentage of real and 

reactive power losses to (41.9 MW and 182.7 Mvar) shown in 

Table 8.  

In Table 9 can show the overload transmission line and 

power losses in each line under different load condition before 

adding UPFC and MT-HVDC on IEEE-57 bus test system. 

In Tables 10 and 11 can show the optimal location of UPFC 

and Multi terminal VSC-HVDC and the total system losses. 

Where the optimal location of UPFC which limited by GA is 

between bus 8 and 9, and multi terminal VSC – HVDC 

between bus (8-6) and (8-9) at normal case. 

Table 8. PSS/E result before adding UPFC and MT-HVDC 

on IEEE-57 bus test system 

Case 
Loading Total Losses Over Load 

Line (MW) (Mvar) (MW) (Mvar) 

Normal  1250.8 336.4 28.2 126.2 
1-2

8-9

10% 1375.9 370 41.9 182.7 

1-2

1-15

1-16

8-9

20% 1513.5 407 63.8 272.6 

1-2

2-3

3-4

8-9

1-15

1-16

14-15

Table 9. PSS/E result for overload transmission line before 

adding UPFC and MT-HVDC on IEEE-57 bus 

Case 
Overload 

Line 

Active and Reactive 

Line Losses 
Overload 

Line Rating 
MW Mvar 

Normal 
1-2

8-9

1.31 

3.19 

4.41 

16.28 

101% 

104% 

10% 

1-2

1-15

1-16

8-9

1.83 

6.67 

4.58 

3 

6.19 

34.08 

20.80 

15.29 

119% 

129% 

100% 

101% 

20% 

1-2

2-3

3-4

8-9

1-15

1-16

14-15

2.74 

8.71 

1.41 

3 

10.91 

7.45 

2.33 

9.25 

24.84 

4.61 

15.29 

55.77 

33.78 

7.46 

145% 

116% 

128% 

101% 

166% 

128% 

116% 

Table 10. PSS/E result after adding UPFC on IEEE-57 bus 

test system with GA 

Case Position 
Total Losses 

Over Load Line 
(MW) (Mvar) 

Normal 8-9 14.5 64.4 None 

10% 8-9 22.9 99.0 None 

20% 
8-9

12-17
34.6 146.9 None 

Table 11. PSS/E result After adding Multi terminal VSC-

HVDC on IEEE-57 bus test system with GA 

Case Position 
Loading Total Losses 

Over Load Line 
(MW) (Mvar) (MW) (Mvar) 

Normal  
8-6

8-9
1250.8 336.4 12.7 56.6 None 

10% 
8-6

8-9
1375.9 370 18.9 83.2 None 

20% 
8-6

8-9
1513.5 407 29.3 124.8 None 

Adding UPFC and Multi terminal VSC-HVDC to the 

network in the proposed location reduces active and reactive 

power losses in overloaded transmission lines. This is can 

show in Tables 12 and 13 were the Overload line rating with 

UPFC and with VSC-HVDC give best result compare with 

that in Table 9. For example, at normal case Overload line 
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rating without UPFC and VSC-HVDC is 101%, after adding 

UPFC between bus (8-9) overload line rating decreases to 73%, 

while adding the multi terminal VSC-HVDC to network 

decrease the active power line rating to 72%. 

Table 12. Overload line, active and reactive line losses with 

UPFC with GA 

Case 
Overload 

Line 

Active and Reactive 

Line Losses 
Overload 

Line Rating 
MW Mvar 

Normal 
1-2

8-9

0.94 

0.11 

3.17 

0.47 

73% 

17% 

10% 

1-2

1-15

1-16

8-9

0.91 

2.19 

1.69 

0.14 

3.24 

11.20 

7.65 

0.72 

70% 

44% 

37% 

17% 

20% 

1-2

2-3

3-4

8-9

1-15

1-16

14-15

1.08 

1.65 

2.02 

0.22 

3.96 

2.87 

1.37 

3.65 

4.70 

6.60 

1.14 

20.24 

13.01 

4.37 

88% 

29% 

59% 

17% 

89% 

50% 

58% 

Table 13. Overload line, active and reactive line losses with 

MT-HVDC with GA 

Case 
Overload 

Line 

Active and Reactive 

Line Losses 
Overload 

Line Rating 
MW Mvar 

Normal 
1-2

8-9

0.92 

0.03 

3.09 

0.00 

72% 

10% 

10% 

1-2

1-15

1-16

8-9

0.88 

1.83 

1.39 

0.03 

2.97 

9.37 

6.32 

0.00 

65% 

39% 

32% 

10% 

20% 

1-2

2-3

3-4

8-9

1-15

1-16

14-15

1.01 

1.25 

1.62 

0.03 

3.47 

2.42 

1.30 

3.40 

3.56 

5.29 

0.00 

17.75 

10.98 

4.17 

75% 

25% 

50% 

17% 

75% 

42% 

53% 

Figure 12 gives the comparative result for active power 

generation losses for transmission system under different load 

conditions, for example at normal operation active power 

generation 1279 MW. After adding UPFC active power 

generation decreases to 1265.3 MW and decrease to 1263.5 

after adding multi terminal VSC- HVDC.  

Figure 12. Comparative result for active power generation in 

transmission system in IEEE-57 bus 

The same effect on reactive power generation will be 

decreases from 326.3 Mvar (without any addition) to 243.9 

Mvar (with UPFC) to Mvar (with multi terminal VSC- HVDC) 

this can show in Figure 13. 

Figure 13. Comparative result for reactive power generation 

in transmission system in IEEE-57 bus 

Figure 14. IEEE-57 bus comparison of the voltage profiles 

under normal loading conditions with and without UPFC and 

VSC-HVDC 

Figure 15. IEEE-57 bus comparison of the voltage profile for 

a 10% increase in load with and without UPFC and VSC-

HVDC 

Figure 16. IEEE-57 bus voltage profile comparison with and 

without UPFC and VSC-HVDC with a 20% increase 

In Figures 14, 15 and 16 at normal load, 10% and 20% 

increase in the load can show the voltage profile improvement 
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when adding UPFC and VSC-HVDC to the system and not 

deviations from original values. 

6. CONCLUSIONS

The results presented in this paper demonstrate that the 

combined integration of UPFC and Multi-Terminal HVDC 

significantly enhances the performance of the transmission 

system. Specifically, these additions reduce total active and 

reactive power losses, minimize generation losses, maintain 

system voltage within normal operating limits, and improve 

transmission line loadability. Both HVDC and UPFC devices 

are strategically introduced and optimally placed in the system 

based on the selection criteria provided by a genetic algorithm 

(GA). A powerful solution for updating electricity networks is 

the combination of UPFC and HVDC. Effective long-distance 

transmission is made possible by HVDC, while real-time AC 

network optimization is offered by UPFC. When combined, 

they can improve grid dependability, flexibility, and use of 

renewable energy. Building robust, effective, and sustainable 

electricity systems will depend heavily on the integration of 

grid modernization initiatives as they advance.the simulations, 

conducted in PSS/E, verify a significant decrease in both 

overall power generation and power losses. Furthermore, 

under normal load conditions, the VSC-HVDC system 

outperforms UPFC in terms of voltage profile enhancement 

and active power loss reduction. 
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