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ABSTRACT 

Purpose: This study investigated the behavioural change of distribution networks with increasing 

circuit length and load. 

Design/Methodology/Approach: This study employed a simulation-based experimental design 

using OpenDSS to model and analyse the behaviour of the distribution network under different 

scenarios. A combination of varying network lengths and loading levels was chosen to determine 

the behavioural changes of a network. A total of 100 simulations were conducted, representing 10 

different circuit lengths and 10 different loading conditions. Data collection on voltage levels at 

various points along the circuit, focusing on the voltage at the end of the circuit was carried out. 

Each scenario will be modelled and analysed to study the voltage drop and stability. The simulation 

results were validated by comparing them with theoretical calculations and real-world 

measurements from similar networks. 

Findings: It has been shown that, for every circuit length there is a maximum load that will result 

in a linear relationship maintaining the correct energy balance to respond to voltage regulation and 

power flow. With circuit length increase, capacitive reactance reduces while resistance and 

inductive reactance increase leading to a more inductive circuit. 

Research Limitation/Implications:  The research considered only changes in circuit length and 

loading as it was based on a simplified source-load equivalent circuit.  

Practical implication: It draws the attention of practising engineers and designers to be mindful 

of the implications of load increase and network expansions on system characteristics. It forms a 

guide to the limit a circuit could be extended or loaded if system balance is to be maintained. 

Social Implication: A stable and reliable power supply supports economic growth, public health, 

and safety, leading to improved quality of life. Ensuring all communities have reliable electricity 

fosters social equity and inclusion, promoting fairness and improving the quality of life for 

disadvantaged groups. 

Originality/Value: The novelty of this research lies in its comprehensive, realistic, and advanced 

approach to studying the behavioural changes in distribution networks with increasing circuit 

length and load. By addressing previously overlooked aspects and integrating modern 

computational and data analysis techniques, the study provides valuable new insights that can 

significantly improve the design, operation, and management of long distribution networks. 
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INTRODUCTION 

The parameters of a distribution line that determines the characteristic of the network are largely 

dependent on the construction features (Alihodzic, Mujezinovic, Turajlic, & Dautbasic, 2022; Lu, 

Lang, Yang, Li, & Geng, 2023). The spatial arrangement does have some influence on per-phase 

voltage variation between phases. This is as a result of the difference in inductance and 

capacitance-induced parameters thus, phase conductor to ground distance, spacing between 

conductors of different phases and spatial orientation of phase conductors. These parameters are 

also proportional to the length of the circuit, the inductance ‘L’ and the capacitance ‘C’.   

Considering their electrical significance which is expressed as inductive and capacitive reactance, 

it is obvious that the effect of circuit length is not the same for both parameters thus, inductive 

reactance ‘XL’ increases with an increase in circuit length while capacitive reactance ‘XC’ 

decreases.  

Recognising that inductive and capacitive reactance are responsible for the magnetic field and 

electric field respectively, it is imperative to investigate the characteristics of the network 

concerning the circuit length (Parsa Sirat & Parkhideh, 2023). 

Voltage imbalance is defined, calculated and interpreted in various ways, it is defined as the ratio 

of the negative or zero sequence component to the positive sequence (Kini et al., 2007).  

It is also defined as the ratio of the maximum deviation of the average of the three-phase voltages 

or currents to the average of the three-phase or current, expressed in percentage (Singh et al., 2007; 

Garcia et al., 2009). 

Due to the effect of imbalance, ANSI standard requires that electric supply systems should be 

designed and operated at no-load condition with a voltage imbalance of not more than 3%.  

(Ciontea & Iov, 2021) concludes that the most widely used and recommended measure of voltage 

unbalance in the network is that of the ratio of the negative and positive sequence voltages which 

is expressed as (Gul 2008). 

%𝑉𝑈𝑅 =
𝑉2

𝑉1
∗ 100                                                                                                                      (1) 

Similarly, it can be expressed in terms of negative and positive sequence currents ratio or its 

percentage. Ideally, the ratio should be 1.3% or less, but normally 2% is acceptable (Rafi et al., 

2020). 

In developing countries, governments are busily expanding supply to the citizenry without taken 

note of the uncontrolled lengths of distribution feeders, especially the rural ones. This creates a 

serious challenge when it comes to voltage regulation and balancing. To investigate the issue, an 

equivalent 11KV rural feeder represented by a source, an overhead line and a load is modelled 

under graduated loading levels as a percentage of actual load and circuit length. Modelling is done 

in OpenDSS simulation software.  
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THEORIES UNDERPINNING THE STUDY 

Voltage Drop and Regulation Theory 

Voltage drop is considered one of the main issues relating to power quality users experience 

especially in the low voltage distribution network, (Zimann et al., 2019). Wires carrying current 

always have inherent resistance, or impedance, to current flow. Voltage drop is therefore defined 

as the amount of voltage loss that occurs through all or part of a circuit due to impedance (Zhu et 

al., 2020). 

Kirchhoff’s voltage law (KVL) is the algebraic sum of the voltage drops around a closed path that 

is zero (Sundararajan, 2020). Kirchhoff’s voltage law (KVL) follows the more general physical 

principle that potential differences along a closed path in any conservative energy field must sum 

to zero. 

Ohm’s law also states that the current flowing through a conductor is equal to the ratio of the 

voltage applied across it and the resistance of the conductor (Raczynski, 2023). 

Similar to voltage drop power losses is the difference between the input power and the power 

received at the customer end. Mathematically, it is expressed as:  

𝑃𝑜𝑤𝑒𝑟 𝐿𝑜𝑠𝑠 (𝑃) = 𝐼𝑛𝑝𝑢𝑡𝑝𝑜𝑤𝑒𝑟 − 𝑂𝑢𝑡𝑝𝑢𝑡𝑝𝑜𝑤𝑒𝑟 = 𝐼2𝑅 = 𝐼𝑉 =
𝑉2

𝑅
                            (2) 

Voltage drops and regulation theory is fundamental in electrical engineering, particularly for the 

design and analysis of power systems. Despite its robust foundation, existing models often do not 

account for all the variables affecting voltage drop over extensive circuit lengths, especially under 

dynamic loading conditions and there is a lack of effective strategies for reactive power 

compensation tailored to long distribution circuits, this requires further research or improved 

understanding. 

 

Behavioural Theories 

Behavioural theories in the context of distribution networks with increasing circuit length and load 

focus on understanding how various elements of the network interact and affect overall 

performance. These theories examine the behaviour of electrical parameters, network components, 

and their interdependencies under different conditions. Here are some key behavioural theories 

relevant to this context: 

Load Flow Theory: Shows how increased circuit length and load can lead to higher losses and 

voltage drops, requiring more robust voltage regulation strategies (Visser et al., 2022). Existing 

load flow models may not fully capture the unique challenges posed by long distribution circuits, 

such as increased line losses and voltage drops. 

Voltage Stability Theory: Highlights the risk of voltage collapse in long distribution networks, 

especially under high load conditions, necessitating effective voltage regulation mechanisms 
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(Adetokun et al., 2020). Traditional voltage stability analysis does not adequately incorporate real-

time monitoring and control capabilities. 

Power Quality Theory: Demonstrates the need for harmonic filters and other power quality 

improvement measures in long distribution networks to ensure stable voltage and reliable power 

delivery. The amount of power loss is dependent on the values of the current flowing and the 

voltage drop. Since the resistive value determines the current flow for any given voltage drop, any 

intervention to reduce R will lead to reduction in power loss (van der Horst et al., 2023). Resistance 

is a result of the characteristics of the material used, the cross-sectional area and the length. 

Because there are standard conductors, material and cross-sectional area could be considered as 

fixed hence, only length can be controlled. Ray (2023) revealed that to reduce power loss, the 

distance of the current flow could be shortened by bringing alternative sources closer to the 

customer.  

 

NETWORK MODELLING PARAMETERS 

For most of the rural feeders, circuit lengths between the source and the load located at the furthest 

distance are more than 80km therefore, a medium representation of the circuit could be used 

(García & Inga, 2023). The dependence of resistance, inductance and capacitance of circuit length 

are expressed as: 

The total circuit resistance is expressed as;  𝑅 =
𝜌𝑙

𝐴
  = 𝑟𝑙                                                                    (3) 

Where,  𝜌  is the resistivity of the material used for the conductor.  𝑙  is the length of the segment 

of the conductor,  𝐴 is the cross-sectional area of the conductor and r is the per unit length 

resistance. 

The inductance and capacitance are expressed as  

𝐿 = 2 ∗ 10−7𝐼𝑛 (
𝐺𝑀𝐷

𝐺𝑀𝑅
) 𝐻/𝑚                                                                                                            (4) 

𝐶 =
2𝜋𝜀

𝐼𝑛(
𝐺𝑀𝐷

𝑟
)

𝐹/𝑚                                                                                                                            (5) 

Where ɛ is the permittivity, GMD is the geometric mean diameter, GMR is the geometric mean 

radius and 𝑟 is the radius of the conductor. 

The effect of inductance on the performance of an electrical circuit is expressed as; 

𝑋𝐿 = 2𝜋fL𝑙  =   𝑋𝐿
′ 𝑙                                                                                                                                  (6) 

𝑋𝐶 =
1

2𝜋fC𝑙
 =   

𝑋𝐶
′

𝑙
⁄                                                                                                                                       (7) 

Where,  𝑋𝐿
′  𝑎𝑛𝑑 𝑋𝐶

′   is per unit reactance, C and L are per unit capacitance and inductance 

respectively,  𝑙 is the total circuit length and f is the system frequency.   



African Journal of Applied Research  
Vol. 10, No. 1 (2024), pp. 147-160 

http://www.ajaronline.com  

http://doi.org/10.26437/ajar.30.06.2024.10 

ISSN: 2408-7920  

Copyright ⓒ African Journal of Applied Research     

Arca Academic Publisher    151 
 

 
 

Therefore, considering a volt-drop expressed as; 

∆𝑉 =
𝑅𝑃 + 𝑋𝑄

𝑉
 

Then having  

𝑋 = 𝑋𝐿 + 𝑋𝐶 

∆𝑉 =
𝑅𝑃+𝑋𝑄

𝑉
=  

𝑟𝑙𝑃+(𝑋𝐿
′𝑙−

𝑋𝐶
′

𝑙
⁄ )𝑄

𝑉
                                                                                                (8) 

From equations (3), (6) and (7), it can be said that resistance and inductive reactance increase with 

a proportional increase in circuit length while capacitive reactance reduces with an increase in 

circuit length. The relationship is such that resistance and inductive reactance remains proportional 

to circuit length as capacitive reactance diminishes with a parabolic relation with increase in circuit 

length. The reduction in capacitive reactance could be zoned into three as represented in Figure 1 

with the following characteristics. 

Zone 1: Fast linear reduction rate 

Zone 2: Reduction with parabolic nature 

Zone 3: Slow linear reduction rate 

It is therefore evident that as the length of the circuit increases, the capacitive reactance of the line 

approaches zero which means that energy storage of the circuit will be weaker while the magnetic 

characteristics of the line strengthen that opposing current flow.  

 

Figure 1: Change of Capacitive Reactance with Increase in Circuit Length 

 

Considering that the total impedance of the line is expressed as: 
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𝑍 = √(𝑅 + 𝑗(𝑋𝐿 − 𝑋𝐶)) = √(𝑅 + 𝑗𝑋)                                                                                    (9) 

and also having  𝑅 ≪ 𝑋,    the total impedance will exhibit a three-zone characteristic.  

                                                                                                  

NETWORK REDUCTION 

A typical rural feeder is made up of a main branch and some first-level, second-level, third- level 

and so on sub-branches. This type of network could be equivalent to a source-load type of network 

where the connected load at the end of the line will be the equivalent lump load LL of the original 

network. The length of line is also the equivalent circuit length leq with correspondent Req, XL, and 

BL, as shown in Figure 2. 

 

 

 

 

 

 

 

 

Figure 2: Equivalent of a Rural Distribution Feeder 

To arrive at the equivalent circuit of Figure 2, several circuit reduction methods are given in the 

literature of which some are used (Shimada et al., 2000; Thant, 2008; Rodrigues et al., 2020).  

The philosophy behind each method is dependent of the purpose for which circuit reduction is 

required. For a circuit to be a true equivalent of an existing one, flows to and through the retained 

buses and their voltages should be equal to those of the existing network associated with the same 

buses. 

 

METHODOLOGY 

This study employs a simulation-based experimental design using OpenDSS to model and analyse 

the behaviour of the distribution network under different scenarios. A combination of varying 

network lengths and loading levels was chosen to determine the behavioural changes of a network. 

The network is made up of an 11KV source, an overhead line of 120sqmm bare aluminium 

conductor of length ranging between 10km to 100km. A total of 100 simulations were conducted, 

S 𝑍𝑒𝑞 = 𝑅𝑒𝑞 + (𝑋𝐿−𝑒𝑞 − 𝑋𝐶−𝑒𝑞) 

 

Leq 
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representing 10 different circuit lengths and 10 different loading conditions. Whiles the ten 

modules stand for different loading starting from 480KVA to 4800KVA at steps of 480KVA. Data 

collection on voltage levels at various points along the circuit, focusing on the voltage at the end 

of the circuit was carried out. Each scenario will be modelled and analysed to study the voltage 

drop and stability. The module is modelled using OpenDSS software for different scenarios. 

Voltages, currents and losses were extracted from the simulation results and analysed. The 

simulation results were validated by comparing them with theoretical calculations and real-world 

measurements from similar networks. 

 

RESULTS AND DISCUSSION 

For a system to maintain some level of consistency concerning characteristics, there should be 

some degree of linearity in the relationship of its parameters. Whenever there is a deviation in 

linearity it signifies a change in system characteristics. 

Voltage Profile 

 

Figure 3:  Load Bus Voltage Profile at  Various Loading levels and Circuit lengths 

 

From Figure 3, it can be seen that at low loading voltage drop seems to have some level of 

proportionality with circuit length, the finding is in agreement with Lai, et al. (2021) who disclosed 

that the change in linearity confirms the nature of the linearity of capacitive reactance concerning 

circuit length. Also as load increases and circuit length also increases there appear to be three zones 

of linearity that are the characteristics of the network changes with a combination of load and 

circuit length. The load leads to a reduction in voltage.  
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Line KW Losses 

Active power losses associated with each circuit length and loading are shown in Figure 4. From 

this graph of Figure 4, it is evident that a similar characteristic change is exhibited by the network 

with the point of change of circuit behaviour being at the same circuit length and loading, this is 

also corroborated by Hua et al. (2021) noted that the power loss is proportional to both voltage and 

current, therefore as voltage decrease is less than the current increase, the resultant will be an 

increase in power loss with increase in both voltage drop and current flow. Also, the behavioural 

effect of the changes in capacitive reactance will feature in the behaviour of the power loss 

variation as evident in Figure 4. 

 

 

       Figure 4:  Total KW losses @ Various Loading levels and Circuit lengths 

 

Served load 

From Figure 5, it is shown that at a lower loading level, there seems to be higher circuit 

performance in that all the loads connected are served. On the other hand, if loading increases, 

there is a sharp decline in circuit performance. This is in alignment with Vliex (2021) revealed that 

as load increases, voltage drops and power loss increases hence, resulting in less power served and 

low voltage at the customers’ end.  It should be also noticed that the same three segmented 

characteristic zones are exhibited and the changing points are the same as mentioned earlier.  
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Figure 5: Total Served Load vs Circuit Length for Varying Loading Levels 

 

System Imbalance 

Although the circuit is made up of the same conductor in terms of material and size and also having 

a three-phase balanced load connected, there is still some level of imbalance in the results. 

This could be associated with the geometry of the line concerning phase conductor location and 

its relation with other phase conductors and the earth. From Figure 6, it could be stated that with 

short circuit length, the percentage imbalance is small and also changes gradually with increase in 

circuit length. The finding agrees with Das et al. (2021) that noted that a suitable logic control is 

essential for this equalizer, especially to avoid short circuits. This could be attributed to the 

increase in capacitive area hence greater capacitive reactance which is not shared equally among 

the phases. 

On the other hand, with an increase in load and for the same circuit length percentage imbalance 

sharply increases. Again, it is obvious that the points of change in characteristics of the circuit at 

different loading and circuit lengths are also the same as in other relationships. This can also be 

attributed to the fact that due to imbalance voltage as a result of unequal capacitive reactance, the 

current drawn per phase will not be equal and leads to further distortion of the three-phase system. 
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Figure 6: % Negative to Positive Sequence Current Ratio 

Looking at the graph of Figure 7, it is clear that the relationship or ratio between the zero and 

positive sequence currents becomes larger as the load and current increase and follow the same 

characteristic change.  

This means that for long lines, as the load increases there is associated deformation of the sine 

wave and also a zero-point displacement. 

 

 

     Figure 7: % Zero to Positive Sequence Current Ratio 

Load Currents 

From figure 8, it could be seen that the average phase load current of the connected three phase 

balanced load gradually increases with load increase but peaks at a point depending on the circuit 

length and the capacity of the load connected. It is also evident that the higher the load the shorter 
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the circuit length that will result in peaking. Similarly to all the discussion made, there exist three 

characteristic zones which coincide with that of the others.  

 

 

        Figure 8: Load Current at Various Loading and Circuit Lengths 

 

CONCLUSION 

In this work the behaviour of network to changes in circuit lengths and load has been investigated. 

A conceptual equivalent circuit was used as the investigating network, and the network was 

modelled in OpenDSS for various scenarios. Circuit length ranging between 10km to 100 km was 

used and for each length load ranging from 480KVA to 4800KVA at intervals of 480KVA. The 

results obtained for voltage profile, load currents, system imbalance, line KW losses and served 

load indicate that for each loading, there is a maximum circuit length that will ensure the effective 

performance of the network.  

The behaviour of the change in all the measured parameters follows the three zonal behavioural 

change in inductive reactance with a change in circuit length. 

Going beyond the required loading level or over-extending the network too far, the electro-

magnetic and electrostatic structure of the network deviates from the norm where the magnetic 

field increases while the electrostatic field far depreciates resulting in uncontrollable voltage 

collapse. 

Practical implication 

It draws the attention of practising engineers and designers to be mindful of the implications of 

load increase and network expansions on system characteristics. It forms a guide to the limit a 

circuit could be extended or loaded if system balance is to be maintained. 
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Social Implication  

A stable and reliable power supply supports economic growth, public health, and safety, leading 

to improved quality of life. Ensuring all communities have reliable electricity fosters social equity 

and inclusion, promoting fairness and improving the quality of life for disadvantaged groups. 

The novelty of this research lies in its comprehensive, realistic, and advanced approach to studying 

the behavioural changes in distribution networks with increasing circuit length and load. By 

addressing previously overlooked aspects and integrating modern computational and data analysis 

techniques, the study provides valuable new insights that can significantly improve the design, 

operation, and management of long distribution networks. 

It is recommended that further investigation is made to ascertain the relationship between circuit 

length and its loading level that will respond linearly to reactive current compensation for voltage 

improvement and reduction in technical losses. 
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