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Abstract 
The global rise in energy demand, particularly in remote and sparsely popu-
lated regions, necessitates innovative and cost-effective electrical distribution 
solutions. Traditional Rural Electrification (RE) methods, like Conventional 
Rural Electrification (CRE), have proven economically unfeasible in such ar-
eas due to high infrastructure costs and low electricity demand. Consequently, 
Unconventional Rural Electrification (URE) technologies, such as Capacitor 
Coupled Substations (CCS), are gaining attention as viable alternatives. This 
study presents the design and simulation of an 80 kW CCS system, which taps 
power directly from a 132 kV transmission line to supply low-voltage consum-
ers. The critical components of the CCS, the capacitors are calculated, then a 
MATLAB/Simulink model with the attained results is executed. Mathematical 
representation and state-space representation for maintaining the desired 
tapped voltage area also developed. The research further explores the feasibil-
ity and operational performance of this CCS configuration, aiming to address 
the challenges of rural electrification by offering a sustainable and scalable so-
lution. The results show that the desired value of the tapped voltage can be 
achieved at any level of High Voltage (HV) with the selection of capacitors 
that are correctly rated. With an adequately designed control strategy, the re-
search also shows that tapped voltage can be attained under both steady-state 
and dynamic loads. By leveraging CCS technology, the study demonstrates the 
potential for delivering reliable electricity to underserved areas, highlighting 
the system’s practicality and effectiveness in overcoming the limitations of 
conventional distribution methods. 
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1. Introduction 

The rapid growth in global energy demand, coupled with the need for sustainable 
and economically viable power solutions, has prompted a re-evaluation of tradi-
tional electrical distribution methods, especially in remote and sparsely populated 
regions [1]. The demand for efficient and cost-effective electrical distribution has 
driven innovations in power system architectures [2]. Traditional approaches to 
Rural Electrification (RE) such as Conventional Rural Electrification (CRE) have 
been considered economically unviable in sparsely populated regions, particularly 
rural areas, as they are often associated with minimal electricity demand percep-
tion [3] [4]. As a result, Un-Conventional Rural Electrification (URE) technolo-
gies are being explored to provide a cost-effective system for supplying electrical 
power to rural areas [5] [6]. CCS represents a technology that is currently under 
continuous exploration for rural electrification purposes [7] [8]. CCS entails cou-
pling capacitors used to tap electrical power from HV lines and convert it to dis-
tribution-level voltages. However, directly tapping power from an HV transmis-
sion line using CCS can induce transient behaviours within the electrical network, 
inevitably impacting the primary components of the CCS [9]-[11].  

This article presents a comprehensive review of a model design and simulation 
of an 80 kW CCS tapped from a 132 kV transmission line. The main objective of 
this study is to assess the feasibility and performance of the proposed CCS config-
uration, designed with the aim of delivering electricity directly from the HV lines 
to the LV consumers. Microgrids, while recognized as a potential solution, have 
not yet developed a comprehensive business model that effectively balances af-
fordability with satisfactory cost recovery [12]. By using CCS, electrification to 
remote or sparsely populated areas can be cost-effective as opposed to using con-
ventional distribution network infrastructure [4]. 

1.1. Research Problem 

The increasing demand for efficient and cost-effective electrical distribution, par-
ticularly in remote and sparsely populated areas, necessitates innovative power 
system architectures. Conventional approaches to rural electrification, such as the 
use of standard distribution networks, have proven economically unviable due to 
the high infrastructure costs and low electricity demand in these regions. Conse-
quently, unconventional solutions like Capacitor Coupled Substations (CCS) are 
being explored as potential alternatives. 

This study seeks to evaluate the feasibility and performance of an 80 kW CCS 
design, which taps power directly from a 132 kV transmission line, to supply elec-
tricity to low-voltage consumers. By investigating this configuration, the research 
aims to determine whether CCS can serve as a cost-effective solution for rural 
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electrification, overcoming the limitations of traditional distribution methods and 
addressing the challenge of delivering affordable, reliable electricity to sparsely 
populated areas. 

1.2. Contribution 

The study contributes to the ongoing exploration of CCS by providing a detailed 
design and simulation of an 80 kW CCS system. It enhances understanding of 
CCS’s practical applications in rural electrification, offering insights into the sys-
tem’s operational performance, stability, and potential as a scalable solution for 
delivering electricity to underserved areas. 

1.3. Novelty Contribution 

While CCSs have been explored theoretically, their application for direct tapping 
from HV lines to supply electricity to LV consumers, particularly in sparsely pop-
ulated or rural areas, remains unexplored. The study provides a unique approach 
by proposing and simulating an 80 kW CCS system, specifically designed to de-
liver electricity from a 132 kV transmission line to LV consumers. This fills a gap 
in the existing research, where practical implementations of such systems are 
scarce. 

2. Background Theory 

One of the recent instances of practical implementation of a CCS has clearly 
demonstrated the system’s feasibility and effectiveness in supplying electrical 
power to dedicated loads [13]. Through rigorous testing and operation, practical 
studies have shown that CCS can reliably meet the energy needs of specific con-
sumers or applications, thereby, highlighting its potential as a viable solution for 
electrification in various contexts such as in sparsely populated areas or low ded-
icated loads [14]. A CCS can be integrated into an electrical transmission network 
using either a nominal-π or nominal-T configuration. The nominal-T configura-
tion is typically employed for shorter transmission lines, extending up to 80 km, 
while the nominal-π configuration is preferred for medium-length transmission 
lines exceeding 80 km [15]. In essence, current studies do not provide any limita-
tions on the type of transmission line where a CCS can be adopted. 

Figure 1 below illustrates the simplified depiction of a typical CCS. This ap-
proach is similar to that of a Capacitive Voltage Transformer (CVT), which is a 
transformer commonly used in power systems to reduce extra-high voltage signals 
to low voltage signals for tasks such as metering or operating protective relays [16] 
[17]. 

The simplified CCS, as shown in Figure 1 above, employs a capacitor-divider 
configuration where capacitors (C1 and C2) are linked across the incoming voltage 
(Vin) to generate the desired tap-voltage (VT), which is measured from the tapping 
node located between the two capacitors. The voltage output (Vout) is calculated 
by subtracting the voltage drop across the inductor (L) from VT. It is important to 
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note that C1 and C2 refer to capacitor banks rather than individual capacitors 
where C1 represents Capacitor Bank 1, while C2 represents Capacitor Bank 2. 

 

 
Figure 1. Overly simplified CCS [18]. 

 
The tap-voltage (VT) is calculated as follows: 

1

1 2
T in

CV V
C C

= ×
+

                        (1) 

The output voltage is calculated as follows: 

1out T LV V V= −                           (2) 

The output voltage can also be represented as follows: 

1

1 2
out L

CV V
C C

= ×
+

                        (3) 

The equations provided, as (1), (2), and (3), serve as the basis for determining 
the elements of a CCS. The objective is to ensure the stability of Vout as the CCS 
delivers power to a downstream transformer within the distribution network. 

In Figure 2 below, the equivalent CCS connected to a standard transmission 
line is depicted. 

 

 
Figure 2. CCS connected to a typical transmission line. 
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3. Methodology 

The methodology outlines the sequential steps undertaken in a research study 
[19]. In this study, the methodology undertaken involved the calculation of the 
required capacitors to achieve the desired tap voltage, the mathematical represen-
tation of the system and the development, modeling, and analysis of a CCS system 
using MATLAB/Simulink software. Subsequently, the results derived from the 
MATLAB/Simulink model were thoroughly analysed. Figure 3 illustrates the de-
signed block diagram model, while Figure 4 and Figure 5 depict the line model 
utilized in the analysis. These figures provide visual representations of the models 
employed in the study, facilitating a comprehensive understanding of the research 
approach and findings of the research. 

Figure 3 displays the model block diagram encompassing various components, 
including the supply block, the transmission line segment preceding the CCS tap 
node, the transmission line segment succeeding the CCS tap node, the down-
stream transmission line block, the CCS block itself, and the CCS load block. Ad-
ditionally, Figure 4 shows the physical model representation of a CCS.  
 

 
Figure 3. Model block diagram. 

 

 
Figure 4. CCS model. 
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3.1. Parameters Used 

The aim of this study is to develop and simulate an 80 kW loaded Capacitor Cou-
pled Substation (CCS) connected to a standard transmission network. The se-
lected transmission network is operated at 132 kVrms. To define the parameters 
of the CCS, predetermined values were used, and background calculations were 
conducted and the results were used for the model. The selected parameters are 
detailed in Table 1. 
 
Table 1. Model system known parameters. 

Parameter Value Description 

Vs 132 kV rms 
Supply voltage representing  

upstream of the transmission line 

VT 11 kV rms 
The desired tap voltage for  

the CCS 

CCS load 
400 V rms, 50 Hz,  

80 kW, 0.8 PF 
The CCS load voltage level 

Downstream load 
132 kV rms, 50 Hz,  

50 MW 
Load downstream of the  

CCS tap note 

 
The parameters in Table 1 are used to calculate the variables required in order 

to achieve the desired VTAP, and thus, the CCS load voltage of 400 V rms. The 
voltage selected is based on readily available and commonly used transmission 
lines and distribution transmission voltages in South Africa. 

Using (1), (2) and (3), with known supply voltage and the desired tap voltage, 
the respective capacitors C1 and C2 are calculated. 

3.2. Modeling and Simulation 

The process of modeling the system involves the utilization of MATLAB/Simulink 
software, a powerful computational tool widely employed in engineering research. 
Furthermore, to ensure a comprehensive analysis, different voltage levels were 
used to determine the impact on the capacitors to keep tapped voltage within ac-
ceptable tolerances. This approach provided a deeper understanding of the system’s 
behaviour under varying conditions. The parameters used in the simulated model, 
crucial for accurately capturing the system behaviour, are outlined in Table 1. 

The model utilized for simulating the system is depicted in Figure 4 in the pre-
ceding section. This model was streamlined by employing internal MATLAB/Sim-
ulink parameters within the subsystem. The primary parameter values were ex-
tracted mainly from six model scopes, as outlined in Table 2. 

The simulation was conducted with all circuit breakers in the system remaining 
closed for the entire duration of the 1.5-second simulation run. The findings from 
this simulation are elaborated upon in Section 4. 
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Table 2. Measured parameters by scope. 

Scope number Scop measured parameters 

Scope 1 Supply parameters 

Scope 2 Transmission network downstream parameters 

Scope 3 CCS tap parameter 

Scope 4 Distribution transformer primary voltage 

Scope 5 Distribution transformer secondary voltage 

Scope 6 CCS load parameter 

4. Results and Discussion 

The results obtained from the calculations and simulated model are presented in 
detail. The results are analysed and discussed to provide comprehensive insights 
into the performance of the system. These findings are visually represented, and 
each offers a distinct perspective on various aspects of the simulation. Through 
the interpretation of these figures, we aim to assess the behaviour and character-
istics of the simulated system under normal steady state conditions, contributing 
to a deeper understanding of its functionality. 

4.1. Calculated Results 

Using the known parameters as per Table 1, to calculate the values of the capacitor 
banks 1C  and 2C  with the given parameters, the following results were achieved.  

Using: 
• Vs = 132 kV rms 
• Vtap = 11 kV rms 
• VCCS-Load = 400 V rms 
• Frequency f = 50 Hz 
• CCS Load = 80 kW at 0.8 Power Factor 
• Downstrean Load = 132 kV rms, 50 MW 
• Line Length = 300 km 

From Equation (1), 1C  and 2C  are calculated as:  

1

1 2

tap

s

VC
C C V

=
+

 

With the known supply voltage and the desired tapV , the ratio is: 

1

1 2

11 kV 11 1
132 kV 132 12

C
C C

= = =
+

 

Therefore, the relationship between 1C  and 2C  is: 

2 111C C=  
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The individual capacitor banks capacitance is calculated using the system fre-
quency of 50 Hzf =  and the relationship between the reactance CX  and ca-
pacitance C  as: 

1
2CX

f C
=

π
 

Ignoring the load impedance gives the ratio of the capacitors as 1:11 (from 

2 111C C= ). Therefore: 

1 12
totalCC =  and 2

11
12

totalCC =  

The actual values of 1C  and 2C , with the CCS power of 80 kW at 0.8PF is 
calculated from: 

80 kWApparent Power 100 kV A
0.8

PS
PF

= = = ⋅  

Assuming nominal total reactive power is balanced: 

( )
3

2 23

100 10 2.63 F
2 2 3.14146 11 10

total
tap

SC
f V

×
≈ ≈ ≈ µ

π × × ×
 

Therefore: 

1
2.63 0.22 F

12
FC µ

≈ ≈ µ  and 2
11 2.63 2.41 F

12
FC × µ

≈ ≈ µ . 

From the calculated value of 1C  and 2C , the simulation values used are pre-
sented in Table 3. 

 
Table 3. Simulation parameters based on calculated C1 and C2. 

Parameter Value Source 

Vs 132 kV rms Selected transmission line 

VT 11 kV rms Selected tap voltage 

CCS load 400 V rms, 50 Hz, 80 kW, 0.8 PF Selected load value 

Downstream load 132 kV rms, 50 Hz, 50 MW Selected load value 

CCS transformer 11 kV/400 V Selected transformer 

C1 0.22 µF Calculated capacitor 1 

C2 2.41 µF Calculated capacitor 2 

L 1 mH Line inductance 

Tx line section #1 300 km Selected 

Tx line section #2 300 km Selected 
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4.2. Single Line Representation  

The calculated values of 1C  and 2C  are then used to simulate the system and 
observe its behaviour. The results obtained from the simulation are shown in Fig-
ures 4-8 and Figure 9. 

Figure 5 presents the supply voltage parameters with 132 kV rms as the supply and 
the resulting current, active power and reactive power based on the given CCS and 
downstream load. The downstream load parameters are also presented in Figure 6. 

Figure 7 presents the CCS tap node with the tapV  being approximately 15.6 
kV peak ≈ 11 kV rms, with Figure 8 representing the resulting CCS transformer 
secondary voltage of approximately 565 V peak ≈ 400 V rms, while Figure 9 rep-
resents the CCS load parameters with the selected 80 kW load. 

The study primarily focused on three key voltage levels: the supply voltage (Vin), 
the tap voltage (VT), and the load voltage (VL). These voltage levels play a critical 
role in the operation and performance of the system under investigation. 

Simulation Results Interpretation 
From the simulation results, the summarised results based on the main variable 
of focus, tapV , are expressed in Figure 10, Figure 11 and Figure 12, where Figure 
10 and Figure 11 present the supply, tapV  and transformer secondary voltages, 
while Figure 12 presents the numerical representation of the peak values for the 
supple and tapV , respectively. 

 

 
Figure 5. Supply parameters. 
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Figure 6. Downstream parameters. 

 

 
Figure 7. CCS Vtap node. 
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Figure 8. Distribution secondary voltage. 

 

 
Figure 9. CCS load parameters. 
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Figure 10. Supply, tapped and transformer secondary voltage. 

 

 
Figure 11. Supply, tapped voltage and transformer secondary voltage. 
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Figure 12. MATLAB measured voltage. 

 
The measured voltages, extrapolated from Figure 11 and Figure 12 are: 

05 51.866 1.866 10 186.6 kVs inV V e+= = = × =  

05 4
, 1.540 1.540 10 15.4 kVt trf primaryV V e+= = = × =  

Since the MATLAB results waveform represents the peak value, the root mean 
square (RMS) is calculated as: 

,
186.6 kV 131.9 kV

2 2
peak

s rms

V
V = = =  

,
15.4 kV 10.89 kV

2 2
peak

t rms

V
V = = =  

These results show that the selected C1 and C2 gives the desired tapV . 
In Figure 12, Vline represents the incoming voltage from the voltage source sup-

ply, serving as the primary source of electrical energy. Vt, or tap voltage, denotes 
the voltage level obtained after tapping from the transmission line, which is essen-
tial for regulating and delivering electrical power to the subsequent components 
of the CCS system. Figure 12 is simplified as: 

51.866 10 186 kVpeak 132 kVrmsLineV e= × = =  

41.540 10 15.4 kVpeak 11 kVrmstapV e= × = =  

4.3. Results Repetition 

The calculated results can also be used as the basis for any CCS design. The tapV  
can be achieved by adjusting 1C  and 2C  from any HV supply. A basic 
MATLAB Code that can be used is presented in Table 4.  
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Table 4. MATLAB code. 

 
 
The results of the code in Table 4 are presented in Table 5. 
The same code can be used when the supply voltage changes, as shown in the 

example result presented in Table 6, when the supply voltage is changed to 400 kV. 
Testing the code on the nominal HV levels used in South Africa [20], the code 

can adjust 1C  and 2C  to achieve the desired tapped voltage as shown in Table 7. 
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Table 5. Table 4 MATLAB code run results. 

Final C1: 0.218903 µF 
Final C2: 2.397979 µF 
Final tap voltage: 10841.13 V 
Iterations: 100 

 
Table 6. Table 4 MATLAB code run results when Vs is 400 kV rms. 

Final C1: 0.122561 µF 
Final C2: 4.282966 µF 
Final tap voltage: 10913.58 V 
Iterations: 100 

 
Table 7. Achieved tapV  from different sV . 

HV Level 88 kV 132 kV 275 kV 400 kV 765 kV 

1C  0.273 µF 0.219 µF 0.147 µF 0.123 µF 0.087 µF 

2C  1.924 µF 2.398 µF 3.577 µF 4.283 µF 6.017 µF 

tapV  11.1 kV 10.8 kV 11.0 kV 10.9 kV 11.2 kV 

 
Table 7 presents the resulting tapV  tapped from different values of sV  with 

1C  and 2C  that gives that resulting tapV . 

4.3.1. Maintaining the Tapped Voltage Under Load  
The tapped voltage ( tapV ) can be influenced by the load [21]. tapV  on a steady-
state circuit is derived by Equation (1). However, when the load connected 
changes, it affects the impedance seen by the capacitors, thus altering the tapV . 
The load introduces an additional impedance parallel with 2C  and can be rep-
resented by 2CZ . If LZ  is the impedance of the load, then the effective imped-
ance across 2C  and the load is given by: 

1

2

1 1
eff

C L

Z
Z Z

−
 

= + 
 

 

where: 2
2 2

1 1
2CZ

j C j f Cω
= =

π
 

The tapV  under varying load is thus derived from: 

2

1

2 1

1

1 1

L
eff

tap S tap S
eff C

L

ZZ j CV V V V
Z Z Z

j C j C

ω

ω ω

×
= × → = ×

+ + +
 

In order to maintain the desired value of tapV : 
• If tapV  is lower than desired, increase 1C  or decrease 2C  
• If tapV  is higher than desired, decrease 1C  or increase 2C  
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4.3.2. Computing Vtap Under Dynamic Load Conditions Using State-Space 
Representation 

Using the data from Table 4, a state-space representation for maintaining the de-
sired tapped voltage ( tapV ) on a CCS under dynamic loads can be modelled as 
follows, using state variables: 
• ( ) ( )1 1Cx t V t= : Voltage across capacitor 1C  
• ( ) ( )2 Lx t I t= : Current through the inductor L 
• ( ) ( )3 2Cx t V t= : Voltage across capacitor 2C  

The state-space equations is therefore defined using Kirchhoff’s Current Law 
(KCL) at the 1C , with ( )sI t , being the current from the source, as: 

( ) ( ) ( )1
1

d
d
C

s L
V t

C I t I t
t

= −  

Using Kirchhoff’s Voltage Law (KVL) across L, gives: 

( ) ( ) ( )1 2
d

d
L

C C
I t

L V t V t
t

= −  

While using KCL at 2C , where ( )loadI t  is the current drawn by the dynamic 
load connected to the system, gives: 

( ) ( ) ( )2
2

d
d
C

L load
V t

C I t I t
t

= −  

The state-space equations are thus given as: 

( ) ( ) ( )( )1 2
1

1
sx t I t x t

C
= −  

( ) ( ) ( )( )2 1 3
1x t x t x t
L

= −  

( ) ( ) ( )( )3 2
2

1
loadx t x t I t

C
= −  

The matrix representation is thus: 

( )
( )
( )

( )
( )
( )

( ) ( )
1

1 1
1

2 2

3 3
2

2

10 0
1 0

01 10
0 1

1 00 0

s load

Cx t x t
C

x t x t I t I t
L L

x t x t
C

C

 −                     = − + +             −           
 
 







 

The output equation, which relates the state variables to ( )3tapV x t= , is: 

( ) ( )
( )
( )
( )

1

2

3

0 0 1
x t

y t x t
x t

 
 =  
 
 

 

In order to maintain the desired tapV , control input ( )u t  is introduced as 
part of ( )sI t , making ( )sI t  a function of ( )u t . The input vector B and control 
law can be modified accordingly to achieve the desired tapV . The state-space 
model to use when designing control strategies to maintain the desired tapV  

https://doi.org/10.4236/ojmsi.2025.131001


S. W. Nene et al. 
 

 

DOI: 10.4236/ojmsi.2025.131001 17 Open Journal of Modelling and Simulation 
 

under varying load conditions is given by: 

( ) ( ) ( ) ( )1 x u load loadx t A t B t B I t= + +  

( ) ( )xy t C t=  

where: 

1

2

10 0

1 10

10 0

C

A
L L

C

 − 
 
 

= − 
 
 
 
 

, 2

1

0
0

C
B

 
 
 =
 
 
 

, 

2

0
0
1loadB

C

 
 
 =
 
− 
 

, ( )0 0 1C =  

The control law may include load compensation to counteract the effects of 
( )load loadB I t . Under varying loadI , in order to achieve and maintain the desired 

tapV , a gain matrix K can be designed to fulfil the control law with feedback con-
troller ( ) ( )u t Kx t= . 

5. Conclusions 

This study explored the feasibility and performance of an 80 kW Capacitor Cou-
pled Substation (CCS) system tapped from a 132 kV transmission line, with the 
goal of providing an alternative solution for rural electrification. By integrating 
the CCS directly into the high-voltage network and tapping power for low-voltage 
consumers, the model successfully demonstrated that stable tap voltages could be 
achieved under varying supply conditions. The research highlights the potential 
of CCS technology to serve as a scalable alternative to traditional distribution net-
works, especially in sparsely populated regions where conventional electrification 
methods are economically unviable.  

The simulation results revealed that the proposed CCS system could maintain 
the desired tap voltage even under different load conditions, provided appropriate 
adjustments were made to the capacitor banks. The MATLAB/Simulink model, 
validated through extensive calculations, confirmed that the CCS design could re-
liably deliver electricity to low-voltage consumers. This approach not only fills a 
critical gap in rural electrification research but also opens avenues for further de-
velopment and practical implementation of CCS systems in remote areas. 

The study contributes valuable insights into the practical application of CCS 
technology for rural electrification, offering a promising solution to address the 
challenges of delivering reliable electricity to underserved communities. Future 
research could build upon these findings by exploring the long-term stability, eco-
nomic viability, and potential integration of renewable energy sources within the 
CCS framework. 

Recommendations 

The following is the recommendation for future research: 
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Further analysis of a CCS in a dynamic state is to be conducted in order to 
identify operability of a CCS in a real-world environment. 
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