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Abstract

This article presents an extensive examination and modeling of Capacitor
Coupled Substations (CCS), noting some of their inherent constraints. The
underlying implementation of a CCS is to supply electricity directly from
high-voltage (HV) transmission lines to low-voltage (LV) consumers through
coupling capacitors and is said to be cost-effective as compared to conven-
tional distribution networks. However, the functionality of such substations is
susceptible to various transient phenomena, including ferroresonance and
overvoltage occurrences. To address these challenges, the study uses simula-
tions to evaluate the effectiveness of conventional resistor-inductor-capacitor
(RLC) filter in mitigating hazardous overvoltage resulting from transients. The
proposed methodology entails using standard RLC filter to suppress transients
and its associated overvoltage risks. Through a series of MATLAB/Simulink
simulations, the research emphasizes the practical effectiveness of this tech-
nique. The study examines the impact of transients under varied operational
scenarios, including no-load switching conditions, temporary short-circuits,
and load on/off events. The primary aim of the article is to assess the viability
of using an established technology to manage system instabilities upon the
energization of a CCS under no-load circumstances or in case of a short-circuit
fault occurring on the primary side of the CCS distribution transformer. The
findings underscore the effectiveness of conventional RLC filters in sup-
pressing transients induced by the CCS no-load switching.
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1. Introduction

The foundational concepts of Capacitor Coupled Substations (CCS) have been
firmly established and extensively explored in recent years [1] [2] [3]. The core
operational principle of a CCS is based on traditional capacitor voltage trans-
formers (CVT), commonly used for measurement and protective functions
within power utility systems [4]. A CVT employs a capacitor divider to reduce
transmission HV to levels suitable for measurement [5]. Although the capacitor
divider concept has been recognized for some time, its recent application in
transforming high voltage (HV) to medium voltage (MV) for power delivery has
brought new challenges [6]. Designing a CCS requires addressing phenomena
like transients and ferroresonance, which historically posed challenges in substa-
tion design. Ferroresonance in electric circuits occurs when a nonlinear induc-
tance circuit is supplied from a source with series capacitance and the circuit
subjected to disturbances caused by the opening and closing of the system circuit
breakers [7] [8]. Ferroresonance can also be defined as a complex nonlinear
electrical phenomenon that can lead to thermal and insulation failures in trans-
mission and distribution systems [9] [10]. This phenomenon may result in
overvoltage and over current which may result in the power system network
components damage [11].

A CCS is designed to directly supply electricity from HV transmission lines to
MV systems, which is said to offer substantial cost advantages over conventional
distribution networks. However, transient issues such as ferroresonance and
overvoltage can cause damages in these substations [12]. This study focuses on
the impact of transients during the specifically selected operating conditions.

The objective of this article is to develop a capacitor coupled substation inte-
grating an efficient method to mitigate transients using conventional RLC filters.
This objective is realized through the integration of conventional ferroresonance
suppression circuit (FSC) on the secondary side of the CCS distribution trans-
former. The system is modelled and simulated on MATLAB/Simulink under
no-load switching, ON and OFF switching and short-circuit fault applied to the
primary side of the distribution transformer. The details of the model and simu-
lation are detailed in the sections that follow. This study contributes to the
knowledge body of the CCS behaviour during specific operations in order to

understand and/or determine the impact on the downstream of the CCS.

2. Background Theory

The ferroresonance phenomenon involves multiple modes with different fre-
quencies, such as the fundamental frequency, sub-harmonic, quasi-periodic, and
chaotic modes [13]. When a sudden transition between steady states occurs due
to disturbances, switching actions, or gradual shifts in parameter values, ferro-
resonance can trigger overvoltage and overcurrent in power networks, posing a
risk of damage to transformers and significant harm to network devices such as

series capacitors [14]. Unlike resonance in circuits with linear capacitances and
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inductances, ferroresonance mainly occurs in circuits with nonlinear inductance
due to the transformer core behaviour [15]. The magnetic core of the transfor-
mer is considered a nonlinear inductance, while line-to-line, line-to-earth capa-
citances, series capacitors, and grading capacitors of circuit breakers are consi-
dered linear capacitances [16].

Ferroresonance oscillations depend not only on frequency but also on factors
such as system voltage magnitude, initial magnetic flux condition of the trans-
former iron core, total core losses in the circuit, and the switching moment in-

tervals. CCS is also susceptible to ferroresonance [17].

2.1. Capacitor Coupled Substation (CCS)

Although the principle of operation of a CCS is derived from a CVT, CVTs are
commonly utilized in transmission substations for metering and protection
purposes, therefore, their load burden is low and limited [18] [19]. A simplified
representation of a 400 kV/11 kV CCS selected for this study is shown on Figure
1. A 400 kV/11 kV CCS implies that the transmission HV is at 400 kVrms level
while the tap-voltage or primary side of the distribution transformer is at 11
kVrms.

In Figure 1, the schematic representation of the CCS equivalent circuit is pre-
sented. Bus A represents the upstream supply side of the HV transmission net-
work, Bus B, represents the downstream of the HV transmission network and
Bus C represents the CCS tap-voltage feeding the distribution network trans-
former. From Figure 1, a Thevenin equivalent of the voltage divider (C1 and
C2) is shown, with the Thevenin equivalent voltage represented as per (1) and its

impedance is that of capacitors C1 and C2 as shown on (2).

E,

w3 . ey

Transmission Line Section 1 | Transmission Line Section 2 -
SUPPLY VOLTAGE LINE VOLTAGE
400000V T 400000V
1pu L 1pu
Odeg. C1 Odeg.
\
i L Vtap
11000V
L 1pu

C2 Odeg.

-1
L

Figure 1. Simplified CCS.
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V_th=V_inxC_1/((C_1+C_2)) (1)
C th=C_1+C_2 (2)

The formulae, (1) and (2), serve as the basis for element calculation in a CCS.
The objective is to ensure that the Vout remains stable as it feeds into a down-
stream transformer for the distribution system. From Figure 1, there is also a
compensating reactor (L). The reactor is used for voltage regulation. The reactor
is chosen based on considerations of various factors, including feeder characte-
ristics, transformer specifications, and the reactance and resistance of both the
load and the reactor [20].

2.2. Ferroresonance Suppression Circuit (FSC)

The ferroresonance suppression circuit (FSC) is used to prevent damages due to
ferroresonance in an electrical system [21]. A simplified representation of a CCS
with FSC is shown in Figure 2.

Figure 2 shows the FSC connected to a CCS. The inductor (L), connected to
the capacitive voltage divider is used to cancel the Thevenin impedance at 50 Hz
and this is achieved by adjusting energy storage components such as they satisfy
the concept represented by (3):

LCon2=1 3)

where: @ = 2150 for a 50 Hz system.
Satisfaction of (3) results in the output voltage being in-phase with the
tap-voltage and the supply voltage. The inductor (L) is thus given by (4).

L=1/(wA2xC_TH) (4)
There are two main types of damping circuit operational modes; active ferro-

resonance suppression circuit (AFSC) and passive ferroresonance suppression
circuit (PFSC).
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Figure 2. CCS with FSC.
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2.2.1. FSC Active Operational Mode

In an actively operational mode, the FSC include capacitors (C), resistors (R),
and iron core inductors (L) that are connected and tuned to the fundamental
frequency. These elements are permanently integrated on the secondary side of a
system transformer and impact the transient response of a CCS [22]. This paral-
lel-connected filter is strategically implemented to address both ferroresonance
and harmonic transients within the system. Operating as an open-circuit at the
fundamental frequency, it transforms into a short-circuit, incorporating losses,
at frequencies other than the fundamental. The inclusion of resistive losses plays a

crucial role in effectively mitigating hazardous transients within the system [23].

2.2.2. FSC Passive Operational Mode

In a passive operational mode, the FSC consists of a power electronic control
circuit in series with a resistor. This circuit activates in response to overvoltage
events. Power electronic devices are employed to selectively switch a damping

resistor to the secondary side of the transformer as required [24].

2.3. RLC-Filter Design

Figure 3 shows the different configurations of an RLC-filter design.

Figure 3(a) shows the schematic of a serial-parallel RLC filter, where a capa-
citor is connected in parallel with an iron core inductor tuned for the funda-
mental frequency. The resistor (R) functions as a damping resistor strategically
engineered to suppress ferroresonance oscillations within a single cycle. The
circuit is tuned with a high factor to effectively suppress ferroresonance oscilla-
tions at frequencies other than the fundamental frequency.

The FSC can also be represented using two distinct models. In one model
(Figure 3(b)), the FSC is characterized with an air core inductance. Alternative-
ly, it can be portrayed as a non-saturable transformer, as shown in Figure 3(c).
In Figure 3(c) model, primary and secondary windings are connected with spe-
cified polarities. The computed value is integrated into the transformer model as
a self-inductance, ensuring parallel resonance at the fundamental frequency. At
frequencies other than the fundamental, only the leakage inductance comes into

play, with the damping resistor responsible for reducing ferroresonance oscilla-

tions.
oL
c = c L L
§ R R g‘
a - b c
Figure 3. FSC Filter Design.
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3. Methodology

A 400 kV/11 kV CCS with known parameters was developed using
MATLAB/Simulink software. The model was executed and the system behaviour

analysed. The main focus was on the primary and secondary sides of the distri-

bution transformer during disturbances which were represented by switching
the system ON and OFF at no-load. The system was then switched ON and OFF

with a three-phase fault on the primary side of the transformer. In both opera-

tions, the interference/transient phenomenon was observed.

Subsequently, the model underwent simulation using a standard RLC filter,

and once more, the behaviour of the system was observed. The simulation pa-

rameters for the CCS model used are presented on Table 1.

sented on Figure 4.

Table 1. CCS Model Parameters.

The parameters on Table 1 were used on the MATLAB/Simulink model pre-

Parameter Description

Vi Selected Tx Line

Vr Selected Tap Voltage
CCS Load Selected load value

Downstream Load

Selected load value

CCS Transformer Selected Transformer
G Capacitor 1
G Capacitor 2
L Line Inductance
Tx Line Section #1 Selected
Tx Line Section #2 Selected
x Line Section 1 Tx Line CB 1 Tx Line CB 2 Tx Line Seation 2 Tx Line CB 3

CCS Tap Breaker

\D} Tx Line Breaker CB

‘

1 measurcment

AC Spurce

€CS Voltage (Vi)

Transformer Primary Voltage

Figure 4. Full CCS Model with FSC.

Transformer Sacondary Voltage

Downstream Load
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The MATLAB/Simulink model depicted in Figure 4 was employed to simu-
late the system, initially without the FSC incorporated into the circuit, and sub-
sequently with the FSC included in the circuit. The results are presented on the
figures in the following section. The interference was initially introduced by
switching ON and OFF the CCS circuit breaker, and by simulating a three-phase
fault within the primary side of the CCS distribution transformer. All results
were observed during system switching under no-load conditions. All simula-
tions were conducted using identical switching times. These times are presented
on Table 2.

The times presented on Table 2 are for the CCS breaker operations. In the
simulation, all line breakers closed immediately upon initiation, while the load
breaker (LB) opened simultaneously to depict a no-load system. The results and
discussions are discussed below. The simulation is based on a 400kV/11kV CCS
with parameters as presented on Table 3 and the supply or transmission line

parameters represented in Figure 5.

4. Results and Discussions

Utilizing the model depicted in Figure 4 from the previous section, the graphical
representation of the voltage response of the primary side of the distribution

transformer is presented in Figure 6 and Figure 7.

Table 2. CCS circuit breaker switching.

CCS Circuit Breaker Position Time (s)
Close 0.2
Open 0.4
Close 0.6
Open 0.8
Close 1

Table 3. Model parameters.

Parameter Value
Supply 400 kVrms, 50 Hz
o , 300 km, 0.01273 Q/km, 0.9337 mH/km, 0.01274
Transmission line section 1 and 2
uE/km
Transmission line load 50 MW @ 400 kV, 50 Hz
CCS Cy 0.09 nF
CCS G 7.5 uF
Liand L, 1 mH
o 100 kVA, 50 Hz, 11 kV/400 V, 0.002 Rpu, 0.08
Distribution Transformer
Lpu
CCS Load 80 kW @400 V, 50 Hz, 100 QI, 100 Qc
ESC L=1mH,C=1pF,R=1Q
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Figure 5. System supply parameters.
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Figure 6. Distribution transformer primary voltage without FSC.
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Figure 7. Distribution transformer primary voltage without FSC_expanded duration.
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The results shown in Figure 6 and Figure 7 are derived from executing the
model illustrated in Figure 4 from the preceding section. Figure 6 and Figure 7
provide simulation results of the primary side of the CCS distribution transfor-
mer voltage response, while Figure 8 and Figure 9 illustrate the corresponding
secondary voltage of the CCS distribution transformer.

In the South African context, this voltage is used for single-phase household
supply by utilizing one line alongside the neutral or ground point, effectively
converting 400 V three-phase voltage to 230 V single-phase voltage, where phase
voltage (V p)equals toline voltage (VLL) divided by square-root-of-3.

Distribution Transformer Seconday Voltage (V)
I I

400 [~ B

200

|

N

o

o
T

Secondary Voltage (V)

-400 -

-600 [~ *

Time (seconds)

Figure 8. Distribution transformer secondary voltage without FSC.

Distribution Transformer Seconday Voltage (V)
T T

600 [~

400 —

<200

Secondary Voltage (V
o

Time (seconds)

Figure 9. Distribution transformer secondary voltage without FSC_expanded duration.
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Figure 6, Figure 7, Figure 8 and Figure 9 present the primary and secondary
voltage representations during the switching of the system under no-load condi-
tions. It is evident that in the absence of any form of a FSC, the voltage exhibits
instability and resonance. Upon each activation or deactivation of the system, a
considerable amount of time is required for stabilization. Without the FSC, the
voltage remains in oscillation, emphasizing the crucial role of the FSC in ensur-
ing stability.

Upon connecting the FSC to the secondary side of the CCS distribution
transformer and repeating the same switching operation, the resulting wave-
forms are illustrated in Figure 10 and Figure 11, representing the primary and
secondary sides, respectively.

x10% Distribution Transformer Primary Voltage (V)
T T
15 -

0.5

Transformer Primary Voltage (V)
o

Time (seconds)

Figure 10. Distribution transformer primary voltage with FSC.

Distribution Transformer Seconday Voltage (V)
600 [ ‘ ‘

400 -

200 -

Secondary Voltage (V)
o

-200 -

Time (seconds)

Figure 11. Distribution transformer secondary voltage with FSC.
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x10%

The identical operation, with and without the FSC, was repeated while a
three-phase short-circuit fault was applied on the primary side of the CCS dis-
tribution transformer. The results are presented in Figure 12, Figure 13, Figure
14 and Figure 15 for the system with the FSC connected.

As evident from Figure 10 and Figure 11, the addition of a FSC stabilizes
both the primary and the secondary voltages immediately after the switching
operation.

When the fault is applied, the results are as shown in Figure 12, Figure 13,
Figure 14 and Figure 15.

Distribution Transformer Primary Voltage (V)

e
o 13
l |

Transformer Primary Voltage (V)
&
(4]
T

0.5 1 1.5
Time (seconds)

Figure 12. Transformer primary voltage with fault without FSC.

%104

2+

Transformer Primary Voltage (V)
o

Distribution Transformer Primary Voltage (V)
T I

0.5

Time (seconds)

Figure 13. Transformer primary voltage with fault without FSC_Expanded.
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Distribution Transformer Seconday Voltage (V)
T T

200 M

Secondary Voltage (V)

-200 T

-400 — 1

-600 — —

Time (seconds)

Figure 14. Transformer secondary voltage with fault, without FSC.

Distribution Transformer Seconday Voltage (V)
T I

1000 — ~1

Secondary Voltage (V)

T
|

-1000

Time (seconds)

Figure 15. Transformer secondary voltage with fault, without FSC (extended simulation time).

With the same switching durations, the FSC significantly contributes to ra-
pidly stabilizing the system once the fault has been cleared during switching op-
erations. This phenomenon is depicted in Figure 16 and Figure 17, showing the
system’s rapid stabilization after clearing the fault condition. The incorporation
of the FSC ensures a seamless transition to standard operating parameters, effec-
tively alleviating any potential instabilities that could otherwise emerge for the

transients results.
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Figure 16. Transformer voltage with fault with FSC.
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Figure 17. Transformer voltage with fault with FSC_Expanded.

Despite Figure 15 and Figure 17 depicting distinct switching operations, the
results achieved consistently demonstrate that the FSC effectively stabilizes any
oscillations when integrated into the circuit.

Hence, it is reasonable to affirm that a conventional FSC can be incorporated
in the design of a CCS. This FSC serves to mitigate voltage oscillations during
both switching operations and after the clearance of a fault. The outcomes indi-
cate that the FSC facilitates the system in sustaining the desired primary and
secondary voltages at 11 kV and 400 V, respectively, following both the switch-
ing operation and fault clearance.
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5. Conclusions

The Capacitor Coupled Substation (CCS) offers an alternative approach to deli-
vering electrical power directly from HV transmission lines to MV systems. This
method circumvents the requirement for conventional distribution infrastruc-
ture. While the study examines distinct limitations inherent to the CCS system, a
particular emphasis on voltage stability and its implications on the main trans-
mission network were the main points of interest. The results of this study reveal
two significant observations: firstly, the integration of a CCS does not exert any
negative influence on the voltage of the upstream system of the transmission
network; secondly, conventional technologies demonstrate proficiency in pre-
serving the stability of the voltage on the CCS load side, notwithstanding poten-
tial disturbances such as ferroresonance resulting from switching operations,
no-load switching, and system fault.

Therefore, it is reasonable to conclude that a simple RLC-based FSC can effec-
tively ensure voltage system stability, negating the need for overly sophisticated
electronic components.

As this study forms part of the proposed novel concept of Capacitor Coupled
Substation with Controllable Network Transformer (CCS-CNT), the results
achieved in this article add to the knowledge of voltage stability within CCS vol-
tages under conditions of no-load switching or faults. The findings show that the
conventional method of RLC filters can efficiently mitigate transients, with par-
ticular emphasis on the fact that this study used a more simplified distribution

transformer.

6. Recommendations

The following is the recommendation for future research:
System analysis on the ferroresonance behavior on a CCS using a non-linear

distribution transformer needs to be conducted and mitigating factors studied.
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