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SUMMARY

Controlled switching has been applied since the 1990s for mitigating switching transients dur-
ing energization and de-energization of various power equipment such as shunt reactors, capac-
itor banks, power transformers, power cables, and transmission lines. It is also used to reduce
wear and tear of the internal components of high voltage circuit breakers (HVCBSs) as well as
generator circuit breakers (GCBs) during switching operations, thereby improving life cycle
duration of the switchgear. A circuit breaker (CB) experiences electrical and mechanical aging
during its service span based on number of off-load, on-load and fault operations. Therefore, it
is very important to continuously monitor the performance of the controlled switching system
(comprising CB and controller) to ensure its long-time performance in context to mitigation of
switching transients. This functionality is based on detection of the actual switching instants of
the CB. Consequently, the choice of adequate sensors and advanced monitoring algorithms is
of utmost importance. The latest technology trend is integrating controlled switching devices
into a digital substation control system via IEC 61850.

This paper presents experiences with application of controlled switching for various power sys-
tem equipment to mitigate switching transients. The paper further elaborates application of ad-
vanced digital monitoring techniques for accurate detection of the actual switching instants, to
assess transient mitigation performance and real-time condition monitoring of the CB as well
as the power equipment. One installation with digital switchgear is described, wherein the pri-
mary voltage and current samples are distributed over redundant process bus through IEC
61850 to maximize reliability. Various case studies are presented to demonstrate successful
application of controlled switching solutions for different power equipment with capacitive as
well as inductive behaviour in diverse design & connection configurations. In this context, the
first case study (Chapter 30 presents controlled de-energization of a 400kV solidly grounded
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shunt reactor to reduce the wear and tear of CB components and the probability of unintentional
re-ignitions. The case study is also supported by a Transient Recovery Voltage (TRV) simula-
tion for this installation, and comparison of the simulation results with the reactor switching
type testing standard IEC 62271-110. Another case study (Chapter 3b) illustrates controlled
energization of an ungrounded capacitor bank at 150kV to minimize capacitive high-frequency
inrush currents. The way to derive optimal switching targets for this case considering the load
configuration and circuit breaker characteristics is also elaborated in the paper. Comparison of
mitigation performance for non-optimum versus optimum targeting is explained. Both case
studies include the usage of advanced filtering algorithms to compensate for unwanted signal
components and, thereby, offer reliable performance monitoring. The last case study (Chapter
3c) includes performance of a controlled switching system during no-load energization of a
coupled power transformer from 400kV winding side. The performance in repeated operations
for mitigation of magnetizing inrush currents is presented in the paper with relevant field rec-
ords. In this context, tracking the variation in operating time of the CB with the usage of a
specially developed travel transducer is explained. The mechanical operating time errors and
the variations in inrush currents for individual phases during successive live switching opera-
tions are also presented.

Lastly, the cases are selected in such a way to illustrate the application of controlled switching
for different CB technologies viz. Live-tank breakers (LTB), Gas insulated switchgear (GIS),
and Mixed-technology switchgear (MTS). The reactor switching case includes application of a
GIS CB having spring operating mechanisms with hydraulic energy transfer. The transformer
case study includes a live tank breaker with spring drive. The case of ungrounded capacitor
bank includes application of controlled switching on MTS with motor drive, which is the latest
innovation in drive technology.
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1. INTRODUCTION

Since the early 1990s, controlled switching has been becoming increasingly popular for mini-
mizing switching transients related to major power system components such as transformer
energization (magnetic inrush current reduction), capacitor bank energization (capacitive inrush
current reduction), cable energization (minimization of charging currents and switching over-
voltages), and energization and re-energization of transmission lines (reduction of switching
overvoltages) [1][2][3]. For shunt reactors, controlled switching is used to minimize the prob-
ability of unwanted re-ignitions due to the steep TRV during de-energization. The high-fre-
quency currents due to capacitive load energization as well as re-ignitions during de-
energization of reactors may also lead to premature aging of arcing contacts and other internal
components in the circuit breaker. With controlled switching, this electrical wear can be re-
duced and thereby the life cycle duration of the circuit breaker can be improved [1].

Implementation of controlled switching is not always straightforward due to technical as well
as practical issues. The application of controlled switching to various power system equipment
(capacitor banks, reactors, transformers, power cables, transmission lines) and the electrical &
magnetic coupling along with type of connection configuration (isolated neutral, solidly
grounded, or grounded through an impedance) demands a wide range of controlled de-energiz-
ation and energization strategies which may vary from circuit breaker gap voltage zero to peak.
In certain applications, the polarity of the gap voltage also needs to be considered while decid-
ing the target points [1][2][3]. Therefore, to meet the controlled switching requirements for a
large variety of equipment with different design philosophies and connection configurations, it



shall be possible to achieve electrical breaking and making at any point on the sinusoidal gap
voltage for the individual poles of the circuit breaker. This, in turn, imposes certain require-
ments on the mechanical and dielectric properties of the CB: Most prominently, consistent me-
chanical operating times (low statistical scatter) and stable dielectric characteristics shall be
ensured during both opening & closing for a large number of operations. Also, the impact of
variations in external parameters such as temperature, auxiliary supply voltage, and others, on
CB operating times must be considered. The said effects are largely intrinsic to the CB and
drive technology. In this regard, controlled switching already has been successfully applied to
various types of CBs viz. live tank, dead tank, gas insulated, and mixed technology (hybrid).
Different drive technologies including spring operated, hydro-spring operated, and motor oper-
ated, have been widely used for the operating mechanisms of these CBs. Lastly, the long-term
performance of a controlled switching system depends on reliable monitoring of the CB oper-
ating times. This is achieved by accurate detection of switching instants through advanced mon-
itoring algorithms applied to the feedback signals from adequate current and voltage
transformers, or through precision position sensors, which shall be able to accurately replicate
the actual switching instants of the CB. Three different practical examples are presented below.
Being implemented using digital microprocessors, controlled switching in principle lends itself
to integration in a digital substation. This is explained in the last chapter.

2. CONTROLLED SWITCHING OF CBs WITH DIFFERENT TECHNOLOGIES

A controlled switching system is expected to reliably achieve the desired switching targets in
each CB pole throughout its lifetime. This demands stable mechanical and dielectric properties
of the CB for repeated operations. The stability is intrinsic to the design of the overall kinematic
chain of the circuit breaker, which includes operating mechanism, linkage, and interrupting
chamber. An international investigation showed that about 50% of all major failures in HVCBs
and GCBs originated in the operating mechanism [6][7]. Therefore, to achieve highest opera-
tional reliability, circuit breakers need to be equipped with highly reliable operating mecha-
nisms that also provide the stable mechanical properties for controlled switching [9]. Good
results have been achieved with drives having the energy stored in a spring and with mechanical
or hydraulic power transmission, and with electrical motor drives.

a) Spring operating mechanism

In a commonly used mechanism design, the closing springs generate the required driving force
to both close the breaker and charge the opening spring. The opening springs are part of the
circuit breaker’s mechanical linkage and are placed underneath the mechanism housing. This
means that a closed CB is always prepared for immediate opening. A universal motor automat-
ically winds up the closing springs immediately after CB closing operation. The springs are
held in the charged state by a latch that is released when the breaker is being closed. This ena-
bles rapid reclosing of the breaker after a dead-time interval of 0.3s. The principle of the oper-
ating mechanism can be briefly described as follows: an endless chain links a cam disc and a
set of springs. The chain, which is in two loops and runs over a motor-driven sprocket, transmits
energy when the springs are being charged and drives the cam disc around when the circuit
breaker is to be closed. During its rotation, the cam disc actuates a link that converts the rotating
motion into a linear motion. The trip and closing latches are identical, fast acting, and vibration
proof. Consistent operating times under all environmental conditions makes this type of oper-
ating mechanism suitable for controlled switching [9]. Figure 1 shows typical view of a spring
operating mechanism used for LTBs in the voltage range of 245...765kV.



b) Spring operating mechanism with hydraulic power transmission

In this operating mechanism, the energy is stored in highly reliable disc springs. Operation is
controlled by hydraulic valves widely used in industrial application and airplanes. After actu-
ating the appropriate valve by an electrically driven solenoid, the energy is transmitted by hy-
draulic pistons. Damping at the end of the motion is integrated in the hydraulic system. By
means of storage pistons, the mechanical energy components of spring force and spring travel
are converted to the hydraulic energy components of pressure and volume. The fluid between
the high-pressure system and the operating cylinder serves as a flexible linkage with a fast-
acting control valve positioned in the flow path for closing and opening operations. Figure 1
shows an example of a typical hydro-mechanical spring operating mechanism applied in
1100kV GIS [9]. This type of operating mechanism offers stable operating characteristics and,
hence, is suitable for controlled switching application [8].

c) Motor operating mechanism

A motor drive is a digitally controlled motor directly moving the circuit breaker contacts. On
command, the motor is controlled to move the circuit breaker primary contacts according to the
stored contact travel program. Energy charging, buffering, release, and transmission are essen-
tially electrical and as such the mechanical system is reduced to a minimum of moving parts.
The critical parts in the electrical operational chain are multiplied so that a redundant system is
achieved. The mechanical simplicity of the motor drive provides advantages like elimination
of wearing components, reduction in operating forces, substantial reduction of the noise level
during operation, and increased reliability by elimination of multiple-interacting mechanical
components. Being digital, it provides active feedback control of contact motion and can be
directly interfaced to a digital substation control and monitoring system. Lastly, it also offers
increased operational security and improved asset management through advanced on-line mon-
itoring: During normal operation of the circuit breaker including idle state, the motor drive
continuously runs diagnostic algorithms to check both its electrical and mechanical system. In
the event of a problem, a warning or alarm signal will indicate to the substation control that
service is needed. For further analysis purposes, the motor drive can also collect and store a
wide array of data that can be retrieved either locally from the control board or remotely through
amodem [9][10]. Being motor operated, this drive offers highly consistent operating times and,
hence, is ideally suited for controlled switching applications [10].

Figure 1 shows typical views of the different types of mechanisms discussed above.

Hydro-mechanical spring drive Spring drive Motor drive

Figure 1: Typical views of different types of operating mechanism

Regardless of the CB and drive technologies, a controlled switching device (CSD) typically
evaluates the actual CB operating times from the configured feedback signals and, therefore,
provides intrinsic condition monitoring of the CB’s switching behaviour.



3. FIELD EXPERIENCE FOR VARIOUS APPLICATIONS WITH DIFFERENT CB
TECHNOLOGIES

To ensure reliable mitigation performance for repeated operations through controlled switching,
the controlled switching device (CSD) needs to evaluate the deviation from the targets in every
operation. This is achieved by monitoring suitable feedback signals based on the type of appli-
cation. For reactor and capacitor bank application, the current into the load is normally used.
For power transformers, the non-sinusoidal charging current is usually not suitable for feed-
back. Therefore, either transformer side voltage or mechanical CB position sensors need to be
used to determine the actual switching instants. For coupled transformers (3-limb core design
or having at least one delta connected winding), voltage start will be observed in all three phases
as soon as the first phase is energized. This demands special connection arrangement of load
voltages based on transformer design, connection configuration and side of charging. When
mechanical position sensors such as CB auxiliary contacts are used for feedback, their correla-
tion with main contact timing variation needs to be ensured [4]. In this section, the field expe-
rience of controlled switching for common applications, viz. reactor, capacitor bank, and
transformer, are presented, when applied using CBs with different drive technologies.

a) Controlled switching of grounded reactor with GIS having hydro-mechanical spring drive
De-energization of a shunt reactor leads to voltage transients with very short rise time and fre-
guency in the range of several kHz. Consequently, the TRV across the contact gap will vary in
magnitude but it will have very short rise time, in the range of fractions of a millisecond. The
fast-rising transients can lead to a breakdown of the contact gap and, hence, re-appearance of
the current through arcing almost immediately post current zero, which is known as re-ignition.
An unintentional re-ignition will lead to a steep voltage transient with high magnitude and fre-
quency in the range of kilohertz, known as re-ignition overvoltage, which may affect the die-
lectric integrity and electrical lifetime of the circuit-breaker and/or the reactor [1]. Using
controlled de-energization, the probability of unintentional re-ignitions, and thereby damage to
the CB, can be minimized. The CSD aims at ensuring sufficient gap between CB contacts at
the expected current zero on the sine wave, where the TRV is expected to appear. This is done
by initiating contact separation several milliseconds before the expected current zero, depend-
ing on properties of the CB, the reactor, and the power system [1]. This time gap from arcing
contacts’ separation till current interruption is known as arcing time.

In this section, controlled de-energization of a 400kV, 80MVAR grounded reactor (no magnetic
coupling between phases) by a GIS CB having hydro-mechanical spring operating mechanism
is presented. The target arcing time for this reactor is set to 7.35ms based on results of reactor
type testing as per IEC 62271-110 [5][12], on arcing time calculations as per IEEE Std C37.015,
and on CB mechanical scatter of 1ms. Having a non-magnetically coupled core with star
grounded connection configuration, the expected TRV and, hence, target arcing times for all
three phases are the same. The simulation model together with interrupted current and TRV
waveform for each phase is presented in Figure 2. For a non-coupled grounded reactor, the
expected TRV for all three phases have the same peak of 646kV and rise time (t3) of 431ps.
They are found within the IEC limit of 652kV peak with rate of rise less severe than the limit
of 388us [5]. Bushing capacitance, winding resistance, and winding capacitance were taken
from the reactor routine test report. In this installation, the CSD uses reactor current as feedback
signal for detecting the actual switching instants. As shown in Figure 2, high-frequency low-
amplitude oscillatory current is observed from the reactor bushing CT post interruption. This is
due to L-C oscillation of the reactor inductance with the capacitance of the bushing and the
reactor windings. These oscillation signals need to be eliminated by advanced digital filtering
as part of the monitoring algorithms to avoid false re-ignition detection, which otherwise may
lead to unnecessary arcing time extension by the CSD.
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Figure 2: Simulation model and TRV waveform for 400kV, 80MVAR reactor

Table 1 shows the performance of controlled switching during de-energization of the said reac-
tor with current feedback for repeated operations. It demonstrates that the target arcing times
are well achieved for repeated operations, with very low monitoring errors as well.

0.205 0.21 0.215 0.22 0225

Table 1:Accuracy of controlled de-energization of shunt reactor with current feedback

Operation JActual arcing time (ms) | Electrical target error (ms) relative to
No. target arcing time of 7.35ms
L1 L2 L3 L1 L2 L3

11 7.32 7.27 7.10 -0.03 -0.08 -0.25
13 7.29 7.25 7.12 -0.06 -0.10 -0.23
15 7.30 7.34 7.15 -0.05 -0.01 -0.20
Contact separation L3 phase * Arcing time L3 phase

* CB Opening time L3 phase e ————

Contact separation L1 phase _,w
«+——— CB Opening time L1 phase >

Noise due to L-C oscillation of the reactor inductance and
capacitance of the bushing and the reactor windings

\ Current L3 phase/Current L1 phase
Current interruption L3 phase

“ -
Current interruption L1 phase

Output command L1 phase
Output command L3 phase

Figure 3: Waveform record of controlled de-energization operation no. 11

The waveform record for one of the controlled de-energization operations is shown in Figure
3. As usual, no voltage measurement was available on the reactor side of the CB, hence, the
real TRV cannot be directly compared to the simulated one. Nevertheless, the fact that no re-
ignitions were observed in any operation confirms the correct settings for target arcing time.



b) Controlled energization of ungrounded capacitor bank by MTS CB with motor drive

In this section, controlled energization of a 150kV, 26MVAR ungrounded capacitor bank
through MTS CB having motor drive, to mitigate high-frequency inrush currents, is presented.
Again, capacitor current is used as feedback signal to the CSD. The ideal energization targets
for a capacitive load are in the vicinity of gap voltage zero across each CB pole. For an un-
grounded load, current starts only when at least two poles are closed. Therefore, the first two
poles need to be energized together in vicinity of line-to-line voltage zero, following a peak of
1.732pu. This will cause a neutral point potential shift by 0.5pu. Therefore, the third pole shall
be energized in the vicinity of the respective pole gap voltage zero, following a peak of 1.5pu.
As the first pole closing will not cause any current to flow, its target error shall be ignored, and
any corrections need to be applied only to the second and third poles to close [1]. Figure 4
presents a comparison of controlled energization of an ungrounded capacitor bank with high
target error, which led to high inrush currents, versus accurate targets leading to low inrush
currents and target errors.
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Figure 4: Controlled energization of an ungrounded capacitor bank

c) Controlled energization of coupled transformer by LTB with spring drive

During no-load energization of power transformers, controlled switching is used to mitigate
magnetizing currents, which in turn may also lead to voltage instability on the grid. The optimal
energization point is where the prospective dynamic flux matches the residual flux for each
limb. In context to tracking the target errors, current feedback cannot be used due to the non-
sinusoidal nature of the magnetizing currents. Furthermore, in transformers having a 3-limb
core or at least one delta connected winding, energization of first phase will create fluxes in the
other two phases even if they are not energized, which is known as inter-phase coupling effect
[1]. This will cause voltage to appear in all three phases when being measured from star
grounded side PTs. Hence, the said measured voltages need to be further processed to make
them suitable as feedback signal for switching instant detection [13].

Application of this method to a 150/23kV YNd11 transformer with load PT connected on the
23kV side is shown in Figure 5. Controlled switching has been applied on the 150kV side by
an LTB having spring operating mechanism. Without residual fluxes in the core, the “ideal”
controlled making targets for an electrically coupled transformer would be energizing the first
pole (L1) at its gap voltage peak, followed by the third pole (L3) a quarter cycle later, and the
middle pole (L2) yet a little later (~1ms), to ensure L1-L3-L2 switching sequence. However, as
the residual fluxes can generally not be neglected, controlled energization is preceded by con-
trolled de-energization to establish a repeatable pattern of fairly low residual fluxes in the core
(“flux locking method”). Consequently, controlled energization is performed at manually opti-
mized making targets with reference to aforesaid “ideal” targets, based on the specific residual
flux pattern obtained by controlled de-energization. The CSD disregards the non-zero load volt-
age signal seen in the later closing phases (L2 and L3) prior to actual energization through an



advanced detection algorithm. Table 2 shows the performance of this method for repeated op-
erations. Low target errors together with inrush current values less than 0.3pu of full load cur-
rent peak, in successive operations, confirm the reliability of the approach.
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Figure 5: Special arrangement of transformer side PT for switching instant detection

Table 2: Results of controlled energization of YNd11 transformer with load PT feedback

DR No | Inrush current peak (A) | Electrical target error (ms)
L1 L2 L3 L1 L2 L3
8 -9.1 2.7 10.4 0.2 N/A 0.9
10 -8.9 -12.0 | -8.6 -0.7 N/A 0.2
12 -10.0 -7.2 3.0 -0.6 N/A 0.3

In absence of transformer side voltage measurement, an auxiliary contact of the CB can be used
for switching instant detection. However, this auxiliary contact shall have accurate correlation
with variations in operating time of the main contact. Otherwise, a special precision position
sensor needs to be employed.

switch

\ "

Figure 6: Special position sensor as feedback to CSD for switching instant detection

Figure 6 shows a specially designed operating-shaft mounted precision position sensor for such
application on a live tank circuit breaker applied for a 400/220/11kV YNa0Od11, 500MVA au-
totransformer, where controlled switching is applied to the grounded 400kV side [13]. Table 3
demonstrates successful implementation of the proposed method, wherein the target errors and
inrush currents are found to be low for successive operations [13].



Table 3: Results during controlled energization of transformer with position sensor feedback

DR No [Inrush current peak (A) | Electrical target error (ms)

L1 L2 L3 L1 L2 L3
14 -9.1 2.7 104 0.2 N/A 0.9
16 -8.9 -12.0 | -8.6 -0.7 N/A 0.2
18 -10.0 -7.2 3.0 -0.6 N/A 0.3

4. CONTROLLED SWITCHING IN DIGITAL SUBSTATION

Traditionally, a CSD is a stand-alone device. After commissioning, it is expected to perform its
duty reliably without the need for user interaction. If any unexpected or unwanted condition
should occur, it actively alerts the user through visual and/or electrical means such as LEDs or
alarm contacts. This philosophy is still valid in a substation of conventional design, where every
signal is transmitted via a dedicated pair of wires. Conversely, in a digital substation, each piece
of primary equipment has its own little sensing or actuating module. These modules communi-
cate with each other, with the control and protection devices, and with the SCADA — usually
via optical fibres forming a redundant bus according to IEC 61850. In such a system, it makes
sense to integrate the CSD in the digital communication scheme as well. As modern CSDs often
include some CB monitoring functions based on the signals that are anyway needed for con-
trolled switching, the user gets as additional benefits:

e Continuous monitoring information on the CSD and (to some degree) of the CB.

e Option to download stored records of switching operations and other data from remote.

e Trending of the operation data, which may help identify developing problems before

they would cause a failure. These data may also be of interest for asset management.

IEC 61850 defines controlled switching as a logical node (LN) named CPOW [14] but does not
specify where that functionality should physically reside. As controlled switching uses much
of the same information as a bay controller or protection relay, it is expected that future CSDs
will come as just a configurable software module in a control & protection device. Without
losing functionality, this approach reduces the physical complexity of the installation, increas-
ing reliability and saving costs.
The (presumably) first installation of a CSD in an IEC 61850 based digital substation is located
in Eastern Australia [15]. The entire substation has only electronic instrument transformers
(EITs), which transmit digital sampled voltage and current values to the receivers including
CSDs. The trial installation, shown in Figure 7, was successfully completed in 2015 and has
been in service without major problems since then.
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Figure 7: Outdoor hybrid switchgear (MTS having spring-hydraulic drives) with redundant EITs and
IEC 61850-9-2(LE) process bus for sampled values (blue). SC = Secondary Converter (on CB pole),
MU = Merging Unit (in control house, same as CSD).
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5. CONCLUSION

This paper presents application of controlled switching for various applications through differ-
ent CB technologies, including LTB, DTB, GIS, and MTS. It also covers application using
different types of operating mechanism including spring drive, hydro-mechanical spring drive,
and motor drive. Field results of various applications such as grounded reactor de-energization,
ungrounded capacitor energization, and coupled transformer energization have been presented
with field DRs as well as results from repeated operations. Also, suitable feedback to evaluate
target variations during successive operations for each application is explained in the paper. For
reactor application, results of a simulation study show good agreement with field results. Fi-
nally, modern controlled switching devices are well suitable for integration in a digital substa-
tion, as demonstrated by a field installation that has been operating well for almost seven years.
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