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Abstract

High-speed electric trains have recently gained significant attention over
other modes of transportation due to their lower emissions, reduced initial
and maintenance costs, and high efficiency. Traction power supply systems
(TPSSs), which supply electric trains, typically include specialized traction
transformers that convert three-phase systems into single-phase ones. To
mitigate power quality issues in these systems, railway power conditioners
(RPCs) are employed alongside traction transformers. Despite extensive re-
search on power quality improvement, the challenge of energizing traction
transformers has been largely overlooked in the literature. When a trans-
former is energized, a high-magnitude asymmetrical current, known as in-
rush current, can flow into the energized winding while the other winding
is open-circuited. This can lead to the malfunction of differential protective
relays and generate axial and radial forces that deform transformer wind-
ings, potentially causing turn-to-turn faults. These issues not only shorten
the transformer’s lifespan but also create disturbances in the power grid sup-
plying the transformer. Therefore, this research project seeks to develop
methods to reduce or eliminate inrush currents during the energization of
traction transformers. It is essential to address inrush currents without de-
pending on the transformer’s design information or initial status.

New energization methods are proposed to address the challenges asso-
ciated with energizing traction transformers, specifically focusing on single-
phase and V/V traction transformers, which are the most common types in-
stalled in TPSSs. Compared to existing energization techniques, these meth-
ods offer several advantages: 1) They do not require knowledge of the initial
residual flux density, 2) They are fast, even for high-power transformers, 3)
They account for the closing operation of circuit breakers (CBs) and all re-
lated uncertainties, minimizing their impact on transformer energization, 4)
If they rely on measurement data, they are designed to be immune to er-
rors in the outputs from measurement devices, and 5) They aim to mitigate
inrush current (keeping it below the transformer’s nominal current) using ex-
isting infrastructure or by adding a small device that incurs minimal initial
and maintenance costs. To achieve these goals, three energization methods

are proposed for single-phase traction transformers, designed to effectively



address inrush current problems while being fast, immune to measurement
errors, less sensitive to CB closing operations, and requiring only a small
device for flux adjustment. Additionally, two methods are introduced for
V/V transformers: one for transformers energized with independent-pole-
operated CBs, and the other for those energized with gang-operated CBs,
both of which rely on RPCs for flux adjustment.

To assess the proposed methods’ performance and compare them with ex-
isting energization methods, they are implemented in PSCAD/EMTDC and
thoroughly tested under different conditions. Furthermore, a hardware-in-
the-loop (HIL) test system is developed, which is composed of transformers,
a Typhoon 604 HIL device, and an instantaneous turn-on solid-state relay.
This setup facilitates the practical application and validation of the methods
on real transformers. The results consistently demonstrate that the proposed
methods significantly reduce inrush currents compared to existing energiz-
ation methods. Specifically, they limit the current magnitude to 70% of
the transformer’s nominal current (equivalent to more than a 98% reduction
compared to the peak inrush current of the worst-case energization scenario),
while other methods can result in current magnitudes reaching 200%-300%

of the nominal value.
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Introduction



1.1 Background

1.1 Background

In response to the growing population and increasing demand for transportation, high-
speed electric trains have been recognized as an effective solution to enhance transport-
ation capacity due to their safe, clean, reliable, and efficient performance. To power
these trains, various types of traction transformers, including single-phase transformers,
Woodbridge transformers, Scott transformers, impedance matching (IM) transformers,
and V/V transformers are installed in traction power supply systems (TPSSs). These
transformer types are discussed in detail in Section 1.1. Typically, traction transformers
are equipped with power conditioners (described further in Section 1.1) to mitigate
the harmonic currents generated by electric trains. Additionally, power conditioners are
necessary to compensate the negative sequence currents observed in the three-phase net-
work, as electric trains, being single-phase loads, draw these negative sequence currents
from the upstream three-phase grid to which the traction transformers are connected.

Despite significant efforts to address the power quality challenges associated with
TPSSs, insufficient research has been conducted on the protection of traction trans-
formers, which play a crucial role in supplying high-speed electric trains. Similar to
typical three-phase transformers, a differential protection scheme is employed to protect
traction transformers against various types of faults. In [1], this scheme is adapted to
protect Scott transformers. However, the energization of the traction transformer is not
considered in this research. The energization of a traction power transformer, like any
other power transformer, can result in the flow of high-magnitude excitation current,
known as inrush current [2]. This is due to the ferromagnetic characteristics of the
transformer’s magnetic core [3].

In most cases, the transient currents and voltages generated by such actions are ef-
fectively damped within the power network. However, under certain conditions, inrush
current may lead to problems such as protective relay maloperation, power quality de-
gradation, and mechanical stress. In extreme scenarios, this current may lead to surge
arrester failure or transformer insulation degradation. Severe cases of energization can
even result in transformer insulation damage. In aging power networks, where some
components may be nearing the end of their operational life, a key priority is extend-
ing transformer lifespan. Effective condition monitoring and aging management require
solutions to mitigate transients, such as inrush currents, to minimize mechanical and

electrical stresses on equipment [4].



1.1 Background

In practice, to improve the performance of protection devices during transformer
energization, techniques such as gap detection and second-order harmonic criteria are
commonly used, as seen in SIPROTEC 5 protective relays from SIEMENS. A study in [5]
explores a differential protection scheme for Scott transformers that utilizes second-order
harmonic detection to block protection device operation during energization. However,
it is important to note that these criteria do not perform optimally for high-magnitude
inrush currents [6]. To address this limitation, various algorithms have been proposed,
including those based on artificial neural networks (ANN) and fuzzy logic. For example,
a signal-processing-based method is proposed for a TPSS with a V/V transformer [7].
Despite their effectiveness, these algorithms impose significant computational burdens
on differential relays and require extensive datasets for training. Furthermore, they tend
to be unpredictable in the presence of frequency noise [6].

Although various methods can be employed to prevent the maloperation of pro-
tective relays, transformers remain susceptible to mechanical forces that can reduce
their lifespan. It is clear that mitigating or eliminating inrush currents can substan-
tially extend transformer lifetime compared to scenarios where no strategies are used to
deal with inrush currents. The literature offers several solutions, including increasing
transformer stiffness against inrush currents by temporarily inserting passive resistors or
power electronics-based current limiters, and employing three-phase circuit breakers with
independently operating poles. Additionally, pre-fluxing and de-fluxing (or demagnetiz-
ation) methods have been proposed for single-phase and three-phase transformers. For
hybrid transformers (HBs), which integrate a conventional low-frequency transformer
with a power electronic converter connected to a DC source, various methods have been
suggested [8].

While effective, these methods are not universally applicable, particularly for trans-
formers without converters, and they involve additional upfront and maintenance costs.
Among these methods, the most widely used in industrial applications is the controlled
switching or point-on-wave (POW) energization method. This method mitigates in-
rush currents by controlling the circuit breaker’s closing operation during transformer
energization [9]. For example, Switchsync® PWCG600, the latest generation of point-
on-wave controllers developed by Hitachi Energy, employs this method. In this method,
high-power, high-voltage three-phase transformers are energized sequentially, requiring a

circuit breaker capable of independently controlling each pole. Additionally, the method
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relies on information about the transformer’s state following de-magnetization to ensure
proper energization. However, this information is not always readily available, which
can make the energization process more challenging.

Railway conditioners are widely used in various applications but have not yet been
applied to mitigate inrush currents or facilitate smoother energization of traction trans-
formers. Similar to harmonic filters, these conditioners have the potential to address
inrush current challenges. Since TPSSs are already equipped with such devices—or,
where they are not, small-scale power electronic devices can be used in their place—
repurposing them for this purpose incurs no or small additional costs. This makes it
a cost-effective and practical solution for managing inrush currents. When properly
controlled, power conditioners can be effectively adapted to fulfill this new role. This
PhD research focuses on employing existing power conditioners in TPSSs, or employing
small-scale power electronics (such as chip-based solutions), to mitigate inrush currents
during the energization of traction transformers, especially when different types of circuit

breakers are used.

1.2 Literature Review

1.2.1 Traction Transformers

Since electric trains are inherently single-phase heavy loads, they cannot be directly con-
nected to conventional three-phase systems. Thus, an interface is necessary to integrate
these single-phase loads into three-phase power systems. Transformers are commonly
used for this purpose. The remainder of this section will discuss the various types of

transformers employed for this integration.

Phase-Shift Configuration (Single-Phase Transformers)

The simplest configuration involves single-phase transformers, as illustrated in Fig. 1.1.
At each substation, single-phase transformers are connected to different phases. For
example, in section 1, the transformer is supplied by phases A and B, while in other
sections transformers are connected through phases A and C (section 2) and phases
C and B (section 3), respectively. In this configuration, different sections must be
isolated by neutral sections (NSs) to prevent short circuits [10]. This structure can

reduce negative sequence currents, however, it does not completely eliminate them, as
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Figure 1.2: Scott-transformer.

the power demand in different sections is not equal at any given time. Only when similar

loads are supplied by subsections can zero negative sequence currents be achieved.

Scott-Transformer

One of the most important traction transformers is Scott transformer, which is widely
used in different countries, which is shown in Fig. 1.2. This transformer consists of two
single-phase transformers. The primary difference between these transformers lies in the
number of primary windings. One transformer has two primary windings, each with %
turns, and one secondary winding with Ny turns. The second transformer, on the other
hand, has two simple windings with a turns ratio of V3N; = 2N,. Tt is important to note
that in traction substations utilizing Scott transformers, negative sequence currents are
significantly reduced compared to phase-shift configurations. Similar to the phase-shift
configuration, Scott transformers eliminate negative sequence currents when both sides

are equally loaded. However, this transformer cannot eliminate these currents when the
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two windings on the secondary side have unequal loads.

Impedance Matching Transformer (IM)

An IM transformer is demonstrated in Fig. 1.3. In this figure, a 110 kV, 50 Hz three-
phase system is converted into two 27.5 kV single-phase systems using the IM transformer
[11, 12]. This transformer comprises a single-phase multi-winding transformer with one
primary winding and three secondary windings, along with two single-phase transformers
with double windings [11, 13]. On the primary side, the three single-phase transformers
are identical, meaning each primary winding has the same number of turns for each
phase (Ny = Np = N¢ = Nj). The secondary winding turns are different, given by
N, = Ny, = N, = Ny and Ny = Ny = Ky X No, where Ky is a constant. The
impedances of the primary windings are equal (Z4 = Zp = Z¢ = Z;), while on the
secondary side, the impedance of phase A’s winding is Kz times higher than those of
phases B and C (Z, = Z. = Zy and Z, = Kz x Z3) [11, 12]. Using the superposition
theorem, the three-phase currents can be expressed as a function of the secondary side

currents as shown in equation (1.1) [14].

1 1
IA 1 —(m+KW) (m‘FKw) i
_ = 1 Kz+1
Ip| = K T Kz+2 —K§+2 i (1.1)
I Kz+1 1 B
c Kz+2 Kz+2

IM transformers are categorized as balanced traction transformers, meaning that

when supplying balanced loads through their secondary windings, the negative sequence
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currents on the primary side are eliminated. Balanced loads are those that draw currents
with identical magnitudes and a phase angle difference of 90° (with the a-side current
leading the [-side current). To ensure this balance, the values of K7 and Ky must be
set to v/3+ 1 and 0.5 x (v/3 — 1), respectively [14, 15].

Woodbridge Transformer

As mentioned earlier, Scott transformers are installed to convert three-phase systems
to single-phase ones. However, these transformers are used in substations supplied by
66-154 kV networks. For higher network voltages, i.e., 187-275 kV, another type of
transformer known as modified Woodbridge transformer is employed for the conversion
from three- to single-phase systems. This transformer is shown in Fig. 1.4. According to
this figure, two isolated single-phase systems are available for two sides of the substation
where this transformer is used. It is noteworthy pointing out that since the voltage of
(B-side is lower than a-side voltage, a single-phase step-up transformer is connected to
increase the output voltage of the -side [16]. Due to the advantages of the balanced
modified Woodbridge transformer, since 1972, it was installed at Sanyo Shinkansen
substation [17]. However, compared to other types of traction transformers, this one is

really complicated leading to an increase in the initial cost.

V/V Transformer

Among all traction transformers, V/V transformers are widely used to convert three-

phase to single-phase systems due to their simple structures, lower costs, and higher
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former.

capacity utilization ratios [18]. This type of transformer is shown in Fig. 1.5(a). Unlike
other transformers, the V/V transformer is unbalanced, meaning that even with equal
loads on both secondary sides, the three-phase currents remain unbalanced. The voltage
and current phasor diagrams, shown in Fig. 1.5(b), demonstrate that even when the
secondary sides are equally loaded, the three-phase currents are not balanced, resulting

in negative sequence currents passing through the three-phase system.

1.2.2 Traction Power Quality Compensators

Despite the effectiveness of transformers in addressing negative sequence current issues,
they are not capable of resolving harmonic current problems. Additionally, compensating
for the reactive power drawn by trains is essential for enhancing the power system’s
performance. Without effective reactive power compensation, voltage drops increase,
leading to a reduction in the length of the overhead system. This voltage drop also
limits the number of trains that can be fed simultaneously and restricts the amount
of power that the system can provide. To address these challenges, the installation of
power compensators that can both compensate reactive power and mitigate harmonic
currents is necessary. This section will discuss the performance and configuration of

compensators specifically designed for traction transformers.
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Hybrid Active Power Filter (HAPF)

Active Power Filters (APFs) are electric devices installed in power systems to compensate
for reactive power and harmonic contents. To enhance the performance and increase the
compensation capacity of an APF, a series or parallel-connected passive filter is used,
creating what is known as a Hybrid Active Power Filter (HAPF) [19]. The application
of HAPFs in single-phase railway feeding systems is explored in [20], as shown in Fig.
1.6. In this study, the HAPF is installed at the end of the feeding system. While
the APF compensates for reactive power and low-order voltage harmonics, the passive
filter mitigates harmonic overvoltages caused by the excitation of resonant frequencies
with thyristor-based trains. Although the HAPF effectively addresses these issues, it
is connected only to one end of the single-phase feeding system and, therefore, cannot

eliminate negative sequence currents.

Static Synchronous Compensators (STATCOM)

Another compensator, known as STATCOM, can be installed on the high-voltage side of
a traction transformer to address the inherent issues of traction systems. Fig. 1.7 shows
the installation of a two-level STATCOM. When there exist electric trains at both sides
of a railway substation, negative sequence currents may flow into the three-phase system.
However, if these currents are supplied by the STATCOM, the power system only supplies
positive sequence currents. This also applies to reactive power and harmonic currents.
Consequently, as long as the STATCOM is controlled appropriately, the three-phase
power system supplies only active power. Despite these benefits, installing STATCOMs
is costly because they are connected to the three-phase side, increasing the cost of

electrical insulation and other associated expenses [21].
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Active Power Quality Compensator (APQC)

As mentioned above, while STATCOMSs are efficient at addressing power quality issues
in traction systems, their high initial and maintenance costs limit their widespread use.
Consequently, compensators designed for secondary side applications are often preferred.
One such compensator is the Active Power Quality Compensator (APQC), which can be
installed on the low-voltage side of an impedance matching (IM) traction transformer,
however, it is also suitable for other types of traction transformers [11]. Similar to
a STATCOM, an APQC consists of a two-level three-phase voltage source converter
(VSC). Since the APQC is inherently a three-phase device, an interface is required to
connect it to the secondary side of an IM transformer. This interface converts two single-
phase systems into a three-phase system using a Scott transformer. The schematic of
the APQC is shown in Fig. 1.8. This configuration offers several advantages, which are

detailed below:
1. Isolate the APQC from the IM transformer.
2. Reduce the voltage applied to the converter.

Since the APQC uses a capacitor as its energy storage, it can effectively compensate for
reactive power. Additionally, its function as an APF allows it to eliminate or mitigate

harmonic currents on both sides. One of the most significant capabilities of the APQC is
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its ability to shift active power from one secondary side to the other. This ensures that
both sides of the IM transformer are equally loaded, even if the loads differ. Technically,
an APQC functions as a STATCOM but is installed on the low-voltage side.

Railway Power Conditioner (RPC) and Half-Bridge Railway Power Condi-
tioner (HBRPC)

There exist other power compensators that have been specifically proposed for secondary
side connection. To compensate for reactive power and mitigate harmonic currents, a
single-phase APF can be used. For comprehensive coverage, two APFs are required,
one for each side. To enable active power transfer between the two sides, the APFs
must be connected back-to-back [18]. This configuration is known as a Railway Power
Conditioner (RPC), which is shown in Fig.1.9(a). An RPC can perform all three main
functions of an APQC. Additionally, compared to an APQC, the RPC offers two further

advantages:

1. simpler structure due to using two step-down transformers instead of a Scott trans-

former.
2. higher reliability because the system can act as an APF when one side is damaged.

An RPC is composed of two full-bridge single-phase converters, sharing the same DC

11
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Figure 1.9: (a) RPC connected to a V/V traction transformer, (b) HBRPC connected

to a V/V traction transformer.

link. If two half-bridge converters are used instead of full-bridge ones, the system is
known as an HBRPC [12]. This compensator is shown in Fig. 1.9(b). Similar to the RPC
and APQC, an HBRPC achieves all three primary objectives when installed. However, it
requires two DC capacitors to stabilize its DC link. Since the DC voltage must be equally
divided between the two capacitors, an additional control loop is necessary compared to
an RPC. Furthermore, an HBRPC operates at a lower switching frequency than an RPC
due to higher voltage drops across each IGBT, which consequently leads to increased
current harmonic distortion.

Regarding the connection of RPC and HBRPC to traction transformers, two different
configurations can be considered. Both RPC and HBRPC can be connected to traction
transformers as shown in Figs. 1.9(a) and 1.9(b). Also, there is another configuration
known as the co-phase system [22], shown in Fig. 1.10. In co-phase systems, reactive
power compensation and harmonic current mitigation are achieved through one side of
the compensator, while both sides are involved in active power shifting. For regular
systems, active power can be shifted between the a and § sides. In contrast, in co-phase

systems, the direction of this shift is always from the three-phase system to the trains.

Modular Multi-Level Converter (MMC) based Conditioners

Typically, the nominal power of trains is on a megawatt scale, making the previously
mentioned conditioners inadequate for system requirements. The stress level on all

switching devices exceeds acceptable limits. To address this issue, several solutions have

12



1.2 Literature Review

Co-phase RPC
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been proposed using modular multi-level converter (MMC) technology. This techno-
logy has been employed to develop new power conditioners based on RPC, APQC, and
HBRPC, where two-level VSCs are replaced with MMCs. In [23, 24], a full-bridge in-
direct modular multi-level converter-based RPC (HB-MMC4 RPC) is introduced. This
conditioner, shown in Fig. 1.11, replaces a single switching device in an RPC with a
string of cascaded half-bridge submodules.

The HB-MMC4 RPC offers an innovative solution by significantly reducing the out-
put voltage harmonic content. For this conditioner, the effective switching frequency is
the product of the individual switching frequency of each submodule (which is the same
for all submodules) and the number of submodules in each arm (with a leg containing
two arms). Due to the division of stress among all submodules, high-power switching
devices, as required in two-level RPCs, are unnecessary. For an N;; HB-MMC4 RPC,
N-1 submodules are needed. The DC link voltage is the sum of the voltages from all
submodules, and the capacitors in each submodule collectively act as a large capacitor,
eliminating the need for a separate capacitor to control the DC link voltage. Despite
these benefits, the HB-MMC4 RPC has some disadvantages, such as circulating cur-
rents and a complex control scheme. Additionally, this configuration requires isolation
transformers with a 1:1 turns ratio to prevent short circuits between the two arms.
Comprehensive control strategies for this setup are detailed in [25].

Another topology based on MMC technology is the half-bridge three-wire indirect
modular multilevel converter RPC (HB-MMC3 RPC), as illustrated in Fig. 1.12. This

13
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Figure 1.11: HB-MMC4 RPC [25].

topology is derived from the conventional APQC and, like the HB-MMC4 RPC, utilizes
a string of cascaded submodules [23, 24]. Despite the similarities between the HB-
MMC4 RPC and the HB-MMC3 RPC, each brings its own advantages and faces specific
disadvantages. Both topologies require N—1 submodules per arm to generate an Ny, level
output voltage, and inductors are essential for filtering the circulating current between
arms. However, there are key technical differences. The HB-MMC3 RPC does not
require isolating transformers, whereas the HB-MMC4 RPC relies on them. Also, the
HB-MMC3 RPC reduces the required hardware by 25 % compared to the HB-MMC4
RPC. While the HB-MMC3 RPC requires a large capacitor to maintain the DC link
voltage, the capacity of each submodule capacitor is reduced [25].

The conditioner based on MMC technology similar to HBRPC is termed the half-
bridge indirect modular multilevel converter RPC (HB-MMC2 RPC) [26], as shown in
Fig. 1.13. Compared to the other two conditioners, the HB-MMC2 RPC features a
simpler hardware structure; however, it requires two bulk capacitors to maintain the DC
link voltage at an acceptable level. Due to its leg connections, this configuration does
not require isolating transformers. Unlike the HB-MMC3 RPC and HB-MMC4 RPC,
the stress on the switching devices in the HB-MMC2 RPC is doubled, which can lead to

14



1.2 Literature Review

A Three-phase power grid
B
C
. Traction .
Traction feeder (y) TR Traction feeder (x)

Common phase

o) [
SM

o) 4]

Converter (y) Converter (x) !

________ | S R A |

Single
Submodule

Figure 1.12: HB-MMC3 RPC [25].

a reduced switching frequency. Consequently, the size of the output inductors must be

increased to accommodate the higher ripple in the circulating current [25].

1.2.3 Inrush Current and the Reasons Why This Current Flows

As discussed in the previous section, transformers are the core components of all types
of TPSSs, facilitating the conversion from three-phase to single-phase systems. While
these electrical devices help address various issues associated with TPSSs, they exper-
ience high-magnitude excitation currents, known as inrush currents, during energiza-
tion. Under normal conditions, when a transformer is not loaded, the excitation current
flowing into the winding is a small fraction of the transformer’s nominal current and
contains harmonic components. However, during energization, several factors cause the
magnitude of the excitation current to increase significantly.

To explain this effect, let B and H denote the flux density of a ferromagnetic core and
the magnetic field strength, respectively. The relationship between B and H is nonlinear
and defined by a hysteresis loop (also referred to as the B-H curve). The instantaneous
value of B depends not only on the present value of H but also on in what direction H

has changed in the past. Let B, denote the residual flux density of the core, which is
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Figure 1.13: HB-MMC RPC [25].

the magnetic field that remains in the core of a transformer after the de-energization of
the transformer [27]. To reduce the residual flux density to zero, a coercive magnetizing
force, H. must be applied with a polarity opposite to that of the magnetic field that
initially magnetized the core. In other words, to eliminate positive residual flux density,
H_. must be negative, and vice versa. The term “steady-state flux density” is used to
denote the flux density of the core a long time after a nominal voltage is applied to the
transformer winding. Denoted by B,,, the prospective flux is defined as the instantaneous
value of the steady-state flux density, at the instant of transformer energization [28, 29].
The reason for the flow of inrush current upon transformer energization is a difference
between B, and B,.

To detail how a difference between B, and B, results in inrush current, a single-
phase transformer is considered and energized at t = ty. To this end, let us assume
that the nominal voltage v(t) = V,, cos(wt + ¢p) is applied to the primary winding of

the transformer, while its secondary winding is open-circuited. Using Faraday’s law, one
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can derive the flux density of the core as a function of time as below [30]

B(t) = ﬁ t: Vin cos(wt + ¢o)dt + B,
By (1.2)
= B™sin(wt + ¢g) — B sin(wty + ¢o) + By
Steady—state component DC' component

where N and A are the number of winding turns and the core’s cross-section area,
respectively. It can be confirmed that B™* = V,/NAw will be the maximum flux
density in normal operation, i.e., the RMS peak value of the steady-state flux density of
the core. In (1.2), the steady-state component is sinusoidal while B, and B,, are constant
terms causing a DC shift in the core’s flux density. The DC component would not exist
provided that B, = B,.

To study how the presence of a DC component in the flux density impacts the ener-
gization of a single-phase transformer, two different scenarios are defined and explored.
In Scenario 1, the residual flux density is assumed to be zero, i.e., B, = 0, and the
transformer is energized at a voltage peak. In Scenario 2, —B, is slightly greater than
— B (which is the negative maximum possible residual flux density). In this scen-
ario, the transformer is energized at the rising zero-crossing of the voltage waveform.
Fig. 1.14 (a) demonstrates that the nominal voltage v(t) = V;,, cos(wt + ¢g) is applied
to the primary winding at ¢ = 0 while the secondary winding is open-circuited. The
waveforms corresponding to Scenarios 1 and 2 are shown in blue and red, respectively.
As can be seen, ¢ is equal to -90° in Scenario 1, and equal to 0° in Scenario 2. It can
be understood from (1.2) that B, is a function of the time-integral of voltage applied to
the winding. It follows from (1.2) that the core flux contains only a sinusoidal oscillating
term in Scenario 1 as B, = B, = 0. In Scenario 2, however, equation (1.2) consists of
constant and sinusoidal oscillating components since B, # B,,.

Fig. 1.14 (b) shows the core’s flux density under Scenarios 1 and 2. The B-H curve
and excitation current corresponding to Scenarios 1 and 2 are also shown in Fig. 1.14
(c). The flux density in Scenario 1 is a sinusoidal waveform (shown in blue) that starts
from B, = 0 with no DC shift and varies within the range [—B™%*, B™%*]. These two
values refer to the knee points on the B-H curve and mark the bounds of the normal
operating region of the core [30]. When the transformer is energized as per Scenario 2,
the core’s flux density begins to increase from an initial value of —B,. In this scenario,

the difference between residual and prospective flux densities leads to a DC shift B,
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Figure 1.14: Transformer’s (a) winding voltage, (b) core’s flux density, (¢) B-H curve

and excitation current following Scenarios 1 and 2.

in the generated flux density in the core. Contrary to the blue curve of Scenario 1
where B varies between —B™* to B™  the red curve of Scenario 2 varies between
[ By, |B™* — B,|+B™**] due to the DC shift. As a result, the transformer is driven
into the deep saturation region leading to high H.

Indeed, Scenario 1 is the best energization scenario as it only draws the nominal
excitation current. In Scenario 2, the current drawn is far greater than the excitation
current due to the core saturation. The fact that B, = B, = 0 in Scenario 1 ensures that
the flux density in the core does not exceed +£B™%* thus a normal excitation current.
A non-zero B, results in a DC shift in the core’s flux density thus deriving part of the
magnetization into the saturation region. This is a region where the relationship between
B and H is nonlinear and H increases significantly with a small change in B. Therefore, a
high-magnitude asymmetric inrush current will flow, which damps out only after several

power-frequency cycles (thanks to the series resistances of the systems) [4, 31].

1.2.4 Inrush Current Effects

In power systems, voltages and currents from generators and loads are typically sinus-
oidal and free from DC offset. However, inrush currents are characterized by substantial
harmonic components and asymmetry due to their inherent DC offset. Furthermore,

the magnitude of these currents is significantly higher than the normal operating val-
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ues of transformers. These characteristics pose substantial challenges to power system

components. This section will address the key impacts of inrush currents.

Sympathetic Inrush Current

In substations, transformers are often connected in parallel, and the energization of a
new transformer commonly occurs while other transformers are already connected and
fully loaded. As previously discussed, inrush currents flow through the transformer
windings during energization. When a transformer is energized in the presence of other
loaded transformers, these inrush currents can adversely affect the performance of the
other transformers. Inrush currents cause voltage drops across the system impedance,
which is directly proportional to the magnitude of the currents and the impedance of the
system. Due to the DC offset and significant harmonic content of inrush currents, the
three-phase voltages at the transformers’ terminals become non-sinusoidal. This non-
sinusoidal voltage causes the fluxes in the loaded transformers to saturate, leading to the
generation of harmonically rich currents. This phenomenon, known as the sympathetic
inrush effect, results in what are termed sympathetic inrush currents.

Compared to the energization of a single transformer, the inrush current experienced
by a transformer in a substation initially matches the magnitude of the inrush cur-
rent in the first cycle. However, the inrush current in a substation decays more slowly
due to a lower time constant, leading to a prolonged duration of high inrush current.
Consequently, at a given time after energization, the inrush current in a substation is
significantly higher than that of a single transformer. Notably, the magnitude of sym-
pathetic inrush currents increases exponentially until reaching a peak, after which it

gradually declines.

Winding Axial and Radial Forces

During transformers’ energization, the transient currents can differ significantly from
the steady-state currents. These transient conditions generate unusual forces that can
induce mechanical stresses and potentially cause damage to the transformer. Two types
of forces, radial and axial, are particularly significant in this context. Radial forces are
generated by inrush currents flowing through the windings of the energized side of the
transformer. These forces can create mechanical stress, leading to potential issues such

as winding buckling and deformation. Radial forces exert pressure from the energized
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Figure 1.15: Principle of differential protection.

winding towards the exterior of the transformer.

In addition to radial forces, axial forces are also generated by inrush currents. These
forces result in axial compression within the windings, increasing the risk of turn-to-turn
short-circuits. Both radial and axial forces can compromise the structural integrity of
transformers, making it essential to accurately calculate these forces. Two methods are
commonly used to determine these forces. The first method involves calculations based
on the dimensions of the transformers, which, while simple, may not always offer precise
accuracy. The second method utilizes the finite element method (FEM), which provides
a detailed and accurate modeling of the transformer’s magnetic and electric circuits.

Although FEM yields precise results, it is more complex to implement [32, 33].

Protective Relay Mal-Operation

The most significant impact of inrush currents is on the efficacy of transformer protective
schemes. Differential protection is commonly employed to protect transformers from a
wide range of faults. The principle of differential protection is illustrated in Fig. 1.15.
This method involves measuring the currents on both the high- and low-voltage sides of
the transformer. Current transformers (CTs) are used for this measurement, and it is
important to note that the windings on the two sides of the transformer typically have
different numbers of turns. Additionally, CTs may have either identical or differing turns
ratios, and three-phase transformers can have various winding configurations, such as
star or delta connections.

To design an effective protective scheme, these factors must be carefully considered.
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Under normal operating conditions, with no faults, the currents measured on the sec-
ondary sides of the CTs should be identical. Consequently, as shown in Fig. 1.15, the
current passing through the relay (ig7r), indicated as 87T (representing transformer
differential protection according to ANSI/IEEE C37.2 Standard), should be zero in an
ideal scenario and close to zero in practical conditions. When a fault occurs outside the
protection zone (i.e., not between the CTs), both CT currents will increase, but g7 will
remain approximately zero, preventing false activation of the protective relay. However,
if a fault occurs within the protection zone, the current in one CT may exceed that
in the other, leading to an increase in ig7p. In such cases, the transformer differential
protection will be activated to address the fault.

During transformer energization, as previously discussed, inrush currents flow through
the windings connected to the grid, while the secondary winding’s current is zero. This
situation is analogous to an internal fault, resulting in a discrepancy between the cur-
rents measured by two CTs, which in turn causes an increase in igyp. This discrepancy
leads to incorrect operation of the relay. This issue is critical to address as it can create
significant problems not only for the single transformer being energized but also for other
transformers connected in parallel within a substation. Under these conditions, other
loaded transformers may experience sympathetic inrush currents, as discussed earlier. In
the worst-case scenario, an unplanned transformer energization could induce sympath-
etic inrush currents across all connected transformers. If protective relays misoperate in
response, such incidents could escalate to widespread power outages [34].

Another critical point to highlight is that, similar to fault currents, inrush currents
can cause CTs to become saturated. When saturation occurs, the output currents from
the CTs become distorted. For instance, Fig. 1.16 shows an example of such distortion
when fault occurs at t = 0.5 s, with the solid red trace representing the distorted current
and the blue solid trace showing a scaled-down version.Both are expressed in per-unit
values, normalized using the peak current magnitude before the fault occurred. It is
evident that inrush currents can induce significant distortion during the initial cycles.
Therefore, addressing this phenomenon is essential when developing new methods for

detecting inrush currents [35].
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Figure 1.16: Typical CT secondary saturated current (solid red trace) compared with

the scaled primary current (solid blue trace).

1.2.5 Solutions of Inrush Current Problems

To address the issues caused by inrush currents, various solutions have been proposed
for different applications. In some scenarios, distinguishing between inrush currents and
fault currents can resolve the problems, such as in transformer differential protection.
Conversely, in other cases, it is preferable to either reduce or eliminate inrush currents.

The following subsections will discuss each group of solutions separately.

Discrimination of Inrush Currents from Internal Fault Currents

Since transformer protection relays encounter challenges during energization, it is crucial
to develop solutions that help relays differentiate inrush currents from internal fault
currents. The second-order harmonic criterion is commonly employed for this purpose.
Various second-order harmonic restraint methods have been proposed to detect inrush

currents effectively [36], including:

1. Pre-phase method: This is the simplest harmonic restraint method, where the
second-order harmonic of each phase is compared to its corresponding fundamental
harmonic component. If the condition for each phase is met (i.e., the ratio exceeds
a specific threshold, such as 20%), the differential protection for that phase is
blocked.

2. Cross-blocking method: Similar to the pre-phase method, this method involves

generating a restraint signal for one phase and subsequently blocking the differen-

22



1.2 Literature Review

tial protection for all phases. However, this method has a significant drawback: if

there is a fault in one winding, it may go undetected.

3. Percent average blocking method: This method computes the average ratio of
second-order harmonics across all phases and compares it to a predetermined set-
point. If the average exceeds the setpoint, the protection for all phases is blocked.
While this method enhances security compared to the previous two methods, it

still has a potential drawback: a fault in a single phase might go undetected.

4. Harmonic sharing method: In this approach, the second-order harmonic compon-
ents of all three phases are summed to obtain Is,qsya. This combined value is
then compared to the fundamental component of each individual phase. Protection
for a phase is inhibited if the ratio of Is,qspyas to the corresponding fundamental

frequency exceeds a specified threshold.

The protection relays sometimes encounter challenges due to low second-order harmonic
levels, rendering the second-order criterion ineffective in correctly blocking differential
protection. In such cases, additional factors must be considered. With the introduction
of high-voltage (500 kV) underground lines, the second-order harmonic in fault currents
increases significantly, complicating discrimination between currents. To address this
issue, a method is proposed in [37]. Besides the second-order criterion, this method
calculates the sum of active power flowing into the transformer terminals. During inrush
current events, this power is nearly zero, whereas fault currents consume significant active
power.

The intervals within inrush currents can serve as the second factor for considera-
tion. During these intervals, the current remains small and flat for at least one-sixth
of the power system cycle. It has been demonstrated that for higher residual fluxes,
detecting inrush current intervals is more effective than using second-order harmonic
detection [38]. A method based on identifying these inrush current intervals, known as
the gap detection technique, has been proposed [38]. This technique utilizes the instant-
aneous values of three-phase currents and their derivatives to detect inrush currents. For
three-phase three-leg transformers, these intervals occur simultaneously. Thus, when all
instantaneous currents and their corresponding derivatives are small, it indicates that
the transformer is being energized, necessitating the blocking of differential protection.

One issue to highlight is the reduced effectiveness of the gap detection method due to
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CT saturation. To mitigate this, the second-order harmonic and gap detection criteria
are often used together for inrush current detection. However, even with this combined
approach, certain scenarios with high-magnitude inrush currents and CT saturation can
still prevent timely detection, resulting in the differential protection not being blocked
[6]. Extensive research has been conducted to address this challenge. A notable method
for detecting inrush currents in YNd three-phase transformers is proposed in [6]. This
method leverages the asymmetry of the inrush current peaks in YNd transformers. Based
on this asymmetry, a factor called the normalized difference function (NDF) is defined.
When the NDF exceeds a predefined threshold, it indicates that the differential protec-
tion should be inhibited.

In some research, wavelet transforms (WTs) have been utilized to distinguish inrush
currents from fault currents. W'T is a robust technique that decomposes a signal into
its various harmonic components. Unlike the discrete Fourier transform (DFT), which
analyzes signals in the frequency domain, WT is capable of decomposing signals with
non-stationary or transient characteristics. A method based on WT for discriminating
inrush currents has been proposed in [39]. This approach introduces a frequency level
referred to as D5. After a change in current magnitude, the values of the first two peaks
in the D5 level are measured—designated as X and Y, respectively. For inrush currents,
it is observed that X < Y, whereas for fault currents, X > Y.

A method combining WTs and median absolute deviation (MAD) is introduced in
[40]. In this method, the MAD of the 3" and 4" wavelet components is first computed,
and their ratio, denoted as M ADy/M ADs3, is determined. This ratio is then plotted
against the sample number. The resulting curve for inrush currents exhibits greater
magnitude oscillations compared to the curve for fault currents. By evaluating these
plotted curves and monitoring when differential currents surpass preset thresholds, this
method effectively distinguishes between inrush and fault currents.

Another approach for distinguishing inrush currents using WT is described in [41].
In this method, WT is employed to calculate correlation coefficients (CF), represented as
CF = [p12,p23,---,Pj—1,], where j denotes the number of samples in each window. The
number of signal dips is then determined from these coefficients. If this count exceeds
one, the currents are identified as inrush; otherwise, the signal is attributed to fault
currents, prompting the protective relays to activate.

Artificial Neural Networks (ANNs) are computational models designed to simulate
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the behavior of the human brain in processing data. These systems can be trained
on various datasets to recognize patterns and relationships, which makes them useful
for detecting inrush currents during transformer energization. One approach involves
using a feed-forward neural network (FFNN) to identify inrush current signatures [42].
This method employs the back-propagation algorithm to train the network with datasets
comprising both inrush and fault currents.

Additionally, [43] proposes a technique for reconstructing the output currents of sat-
urated CTs. Since CTs often fail to accurately measure currents immediately following
a fault due to core saturation, this study trains an ANN to reconstruct current data
and enhance transformer differential protection. To further improve ANN performance,
combined approaches have been explored. For instance, [44] integrates WTs with ANNs,
using WT to extract various frequency components and ANNs for inrush current de-
tection. Additionally, [45] introduces a method that employs S-transform to extract
harmonic components and utilizes ANNs to distinguish inrush currents from other tran-
sients.

A method utilizing fuzzy logic to improve the second-order harmonic criterion for
inrush current detection is proposed in [46]. This approach involves collecting various
data types, including internal and external fault current samples as well as energization
current samples, to establish criterion signals, their combinations, and corresponding
threshold values. These signals are then mapped into suitable fuzzy sets. To identify
inrush currents, differential currents must first surpass a predefined threshold. Sub-
sequently, all fuzzy sets are evaluated. If the fuzzy sets indicate the presence of inrush
currents, the differential protection system will be inhibited.

Although methods utilizing ANNs, fuzzy logic, and wavelet analysis are effective
in distinguishing inrush currents from fault currents, they require extensive data for
training and impose considerable computational demands. To address these challenges,
a simpler method based on the normalized grille curve has been proposed [47]. This
method plots and analyzes a grille curve. If the curve remains constant over time, it
indicates the presence of an internal fault, prompting the protective relay to activate.
Conversely, if the curve shows significant variation, it suggests that no internal fault is
present (or that inrush currents are occurring), leading to the blocking of differential
protection.

A method utilizing a non-linear state-space model of a transformer, which accounts
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for hysteresis effects, along with an extended Kalman filter (EKF), has been proposed in
[48]. This method defines a residual signal (RS) as the difference between the measured
three-phase currents and their estimated values. During energization, the RS is nearly
zero, whereas, in the presence of an internal fault, the residual signal deviates from zero.

A method that combines normalized differential current with a fitted sine wave is
presented in [49]. A sine wave is fitted to the data using the least-squares technique,
and the RSs are calculated as the difference between the normalized differential currents
and the fitted sine wave. The extent of oscillations in the RS is used to detect inrush
currents. Numerical results indicate that for inrush currents, the amplitude of these

oscillations is significantly greater compared to that observed for fault currents.

Inrush Current Elimination Techniques

While the aforementioned methods can effectively differentiate inrush currents from
internal fault currents, they do not mitigate the adverse effects of inrush currents. Con-
sequently, several approaches have been developed to either reduce or eliminate these

currents. These methods can be categorized as follows:
1. transformer configuration improvements.
2. employing additional compnents.

The first modification to transformer structures involves adding windings to the trans-
former cores. It has been shown that an air gap in a core produces demagnetizing effects,
reducing the impact of residual flux and its associated inrush currents. This concept is
utilized in a technique known as the virtual air gap [50]. This technique involves embed-
ding a winding within the core and passing a DC current through it. The demagnetizing
effect, or the thickness of the virtual air gap, depends on the current flowing through
the winding. When the current flows, the winding section becomes saturated, and its
permeability approaches that of air (ug), thereby reducing the magnitude of the inrush
current.

A novel approach for designing transformers to reduce inrush currents is detailed in
[51]. This method employs asymmetrical winding configurations, specifically S — P — S
and S— P —S— P, where P and S denote primary and secondary windings, respectively.

By altering the transformer cross-section area, this method achieves high inrush current
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inductance while maintaining appropriate leakage inductance. Thus, this significantly
reduces inrush currents.

Regarding the use of additional facilities and control circuits, the simplest method
is to insert resistors in series with the transformer [52]. While this approach partially
mitigates the issue, it does not completely eliminate inrush currents and incurs extra
costs. A DC reactor type inrush current limiter for single- and three-phase transformers
is proposed in [53]. This limiter comprises a full-bridge uncontrolled rectifier and a
DC reactor. Before transformer energization, the reactor’s stored energy is zero. Upon
connection to the grid, two diodes become forward biased, charging the reactor until
the current peaks. Subsequently, all diodes conduct as the reactor discharges, and the
reactor current surpasses the transformer current. The reduction of reactor current
continues until it matches the transformer’s nominal current peak. When the reactor size
is optimized, this limiter effectively reduces inrush currents without needing additional
control circuits, and with negligible energy loss. However, it distorts voltage and current
waveforms in steady-state conditions.

To address waveform distortion, a DC source created by a transformer and full-
bridge uncontrolled rectifier is connected in series with the reactor [54]. This approach
eliminates waveform distortion but incurs additional costs. An improved limiter for
three-phase transformers with a grounded star point, proposed in [55], reduces inrush
current magnitude and the number of diodes and reactors by approximately 50% and
33%, respectively, lowering initial and maintenance costs while reducing voltage distor-
tions and losses. Although these limiters reduce inrush current magnitude, they require
additional facilities and do not completely solve the issue.

Fault current limiters (FCLs) are also explored for integrating transformers into
power systems. A hybrid superconducting fault current limiter (SFCL) is proposed for
transformers connecting generators to the grid [56]. This hybrid SFCL includes two
SFCLs: one for fault current limitation and another for inrush current mitigation. A
control scheme is necessary to differentiate between inrush and fault currents and to de-
termine the SFCLs’ impedance. The effect of SFCLs on inrush and sympathetic inrush
currents in transformers connected in parallel in a substation is examined in [57]. Results
indicate that SFCLs effectively reduce inrush and sympathetic inrush currents, ensur-
ing protective relays operate correctly and can discriminate between inrush and fault

currents. Notably, resistive SFCLs (RSFCLs) perform better than impedance SFCLs
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(ZSFCLs). Additionally, a method using series-connected PWM converters acting as
dynamic resistors for three-phase transformers is addressed, which does not require in-
formation about switch-on angles and residual fluxes [58]. This method reduces inrush
current magnitude; however, the proportion of harmonic currents remains significant.

Another method involving resistor insertion is the sequential phase energization tech-
nique [59, 60]. Unlike the pre-insertion resistor method, this method utilizes a single
grounding resistor connected to the neutral point of the star-connected three-phase
windings. When all three phases are energized simultaneously, theoretically, no current
flows through the grounding resistor, rendering it ineffective against inrush currents. To
address this issue, each phase must be energized sequentially with a specific interval
between phases (ranging from 5 to 60 cycles). For the first phase, the magnitude of
the inrush current decreases monotonically as the grounding resistor’s value increases,
similar to the pre-insertion resistor technique. For the second phase, the inrush cur-
rent initially decreases but starts to increase after reaching a specific resistor value. For
the third phase, the inrush current magnitude increases monotonically with the resistor
value.

In addition to the methods discussed, other strategies known as controlled switching
methods have been proposed. As noted in section 1.2.3, inrush currents can be eliminated
when prospective fluxes equal residual fluxes. Based on this concept, various switching

strategies have been developed [28, 61-63]:

1. Rapid Closing Strategy: This strategy involves obtaining the prospective flux and
the residual flux for each phase. The transformer is connected by first engaging
the phase with the lowest residual flux. During this time, the fluxes of the other
two phases begin to adjust. Each subsequent phase is connected when its residual
flux equals its prospective flux, using the corresponding CBs. For phases with zero
residual flux or cases that the value of B, is unknown, phase A is connected first,
followed by the other phases when their prospective flux matches their residual
flux. Notably, a few milliseconds after energizing the first phase, the prospective
fluxes of the remaining two phases will approximately match with their residual

fluxes.

2. Delayed Closing Strategy: To implement this strategy, a phase is first energized
when its prospective flux matches its residual flux. Subsequently, the residual

fluxes of the other phases adjust. For three-phase three-limb transformers, after
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a few cycles, the flux of the energized limb is evenly distributed among the other
phases. When the flux of the energized limb reaches its positive maximum value,
the dynamic fluxes of the other phases become negative and equal to their prospect-
ive fluxes. Energizing the remaining two phases at this point effectively eliminates

inrush currents.

3. Simultaneous Closing Strategy: Unlike the previous strategies that use independent-
pole-operated CBs, this strategy is designed for non-independent-pole CBs (also
known as gang-operated CBs), requiring all poles to operate simultaneously. To
reduce inrush current magnitudes, optimal points are selected so that the residual
flux pattern follows a positive (or negative)/zero (or near zero)/negative (or pos-
itive) sequence. For example, if a three-phase three-limb transformer has residual
flux densities of 0.5 T/0.15 T/—0.65 T, and the maximum prospective flux is 1 T,
the optimal point is where the prospective flux of the second limb is at its zero
point on the rising edge. This selection significantly reduces the flux differences,

thereby decreasing the magnitude of the three-phase inrush currents.

Theoretically, these strategies can eliminate inrush currents. However, in real ap-

plications, some factors are affecting the performance of these strategies which are:
1. CB closing time delays.
2. CB prestrike (also known as the pre-arcing phenomenon).
3. errors in residual flux measurement.

In real conditions, CBs cannot operate instantaneously; their closing time delay
ranges from 0.5 to 2 milliseconds. Prestrike is a phenomenon that occurs when the
dielectric between the poles of a CB breaks down before metal-to-metal contact is made.
This happens when the dielectric strength is lower than the voltage across the CB con-
tacts, causing the insulating capability to be lost and allowing current to flow before
physical contact is made. The study in [29] examines the impact of these factors on
controlled switching strategies. It concludes that, compared to uncontrolled switching,
these strategies effectively reduce the magnitude of inrush currents. The most significant
reductions are achieved when transformer limbs are deeply saturated. Similar results are
observed when the transformer residual fluxes are zero, although the reduction is less

pronounced than in the former case.
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Residual fluxes are typically not directly measurable; instead, they are determined
by integrating the corresponding phase voltage during de-energization. Several factors
can influence this measurement process, making it necessary to account for potential
errors in residual flux measurements. The stray or shunt capacitances can discharge
through a transformer and reduce the residual flux, which is known as ringdown tran-
sient [4]. This phenomenon is a natural resonant response of the circuit formed by the
transformer’s main inductance and capacitances after transformer de-energization com-
plicating the estimation of residual flux. The impact of these errors on the efficancy
of controlled switching strategies is examined in [64]. The study finds that controlled
switching strategies remain effective in eliminating inrush currents even with measure-
ment errors of £0.22 per unit (pu).

A controlled-switching technique designed for star-connected ungrounded transformers
is introduced in [65]. This method involves precise control over both de-energization and
energization processes. Initially, to de-energize the transformer, the CB for phase B is
opened when its current crosses zero. After a few cycles, the CBs for the remain-
ing phases are opened at their respective zero-crossing points. Using records from the
de-energization process, the voltage angle at which two phases are de-energized is de-
termined. For energization, this angle is applied to switch on phases A and C, while
phase B is energized when its voltage reaches its positive maximum value. A limitation
of this approach is that it may not adequately handle scenarios such as fault occurrences,
which can affect de-energization control. To address this issue, [66] proposes an altern-
ative method. This study performs a theoretical analysis based on the transformer’s
equivalent circuit to determine optimal switching (energizing) angles. According to the

T
study, energizing phases A and C at a voltage angle of 5 radians relative to phase

A, and phase B at g radians relative to phase B, effectively eliminates inrush currents.
Although these angles do not account for residual flux effects, they can reduce the mag-
nitude of inrush currents by up to 60.4%.

The pre-fluxing method is another method, as outlined in [67, 68], is designed for
single-phase transformers and does not require knowledge of residual flux. This method
involves injecting energy from a capacitor into a single-phase transformer through one
of its windings. By energizing the transformer via the capacitor, the residual flux trans-
itions from its initial value to a maximum positive or negative flux, depending on the

polarity of the capacitor voltage. The maximum flux value is determined by the intersec-

30



1.3 Motivations and Objectives

tion of the core’s B-H curve with the H axis. During energization, the switch-on angle
is chosen to minimize the difference between the residual and prospective fluxes. This
method is also applicable to three-phase three-limb Yd transformers, as described in [69].
In this configuration, a capacitor is connected to two of the delta-connected windings
on the low-voltage side, with induced voltages on these windings being opposite. Con-
sequently, the voltage drop across the third winding is zero, leading to a modification of
the residual fluxes in a positive (or negative)/zero/negative (or positive) pattern. With
an appropriate voltage angle, significant reduction in inrush currents is achieved.

Additionally, two soft energization methods for hybrid transformers (HTSs) equipped
with converters are proposed in [8]. In the first method, the transformer is de-energized
using energy from a battery, ensuring that the residual fluxes become zero. The battery
then gradually increases the fluxes to match the prospective values by either increment-
ally increasing the converter voltages or applying specific three-phase voltages through
the converter. Once the residual fluxes reach the desired levels, the transformer is en-
ergized, thereby eliminating inrush currents due to the absence of a difference between
residual and prospective fluxes.

A method, known as de-fluxing or demagnetization is introduced in [70]. This ethod
employs an ultra-low frequency power source with a gradually decreasing voltage mag-
nitude connected the transformer. As the voltage decreases, the flux in the transformer
is shifted from its initial value towards zero, thereby diminishing the magnitude of inrush
currents. This method is not ideal for energizing a single power transformer [71], but it
can reduce the collective inrush current of parallel transformers by 60% when they are

energized simultaneously as reported in [70].

1.3 Motivations and Objectives

As discussed in Section 1.2.5, existing inrush current mitigation methods have primar-
ily been developed for conventional single- and three-phase transformers. While these
methods are effective for conventional transformers, they may not be suitable for trac-
tion transformers and often require additional facilities or components, which can be
cost-prohibitive. Therefore, the primary motivation of this research is to explore and
identify methods appropriate for traction transformers that utilize existing facilities in
TPSSs, such as power conditioners, to mitigate inrush currents and facilitate smoother

transformer energization. The key objectives to achieve this motivation are:
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. Exploration of New Methods: Investigate and propose new methods specific-
ally designed for mitigating inrush currents during the energization of traction
transformers. These methods should be distinct from those designed for conven-
tional transformers, ensuring compatibility and effectiveness for traction trans-

formers.

. Employing Existing Infrastructure or Low-Cost Solutions: The goal is to
develop methods that reduce reliance on additional infrastructure, unlike many
traditional inrush current mitigation techniques. These methods seek to maximize
the use of existing facilities, such as power conditioners and voltage and current
transducers, to their fullest potential. In cases where this is not feasible, the focus

shifts to utilizing small-scale devices that do not incur significant additional costs.

. Minimal Design Information Requirement: Ensure that the proposed meth-
ods do not require extensive design and parameter information of the transformers,
which is often unavailable (is not provided from transformers’ manufacturers) or
unreliable due to factors such as aging or internal faults. The methods should be

capable of safely and reliably acquiring all necessary information during operation.

. Robustness Against Measurement Inaccuracies: Ensure that the proposed
methods are resilient to potential threats to their performance, such as inaccuracies
and DC offsets in the outputs of measurement devices like voltage and current
sensors. The methods should be capable of compensating for these inaccuracies to

maintain high levels of performance.

. Matching Prospective and Residual Flux: As discussed in 1.2.3, inrush
current can theoretically be eliminated if the prospective and residual fluxes are
matched. Most conventional methods do not aim for this exact match but instead
focus on having fluxes with the same polarity. The primary goal of the proposed
methods should adjust the residual flux to precisely match the prospective flux,
even in worst-case scenarios with maximum uncertainties in flux adjustment and
CB closing operation. This aim will ensure that the difference between these fluxes

is minimal, thereby effectively mitigating inrush current.

. Consideration of Operational Uncertainties: Account for all uncertainties

related to the operation of employed components, such as CBs, to minimize their
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impact on the performance of the proposed methods. In certain inrush current
mitigation methods, such as the pre-fluxing method, uncertainties in the CB clos-
ing operation can render the method counterproductive, potentially increasing the
magnitude of inrush current instead of reducing it. Therefore, the proposed meth-
ods should account for all involved uncertainties and adapt their performance to

minimize the impact of these uncertainties.

1.4 Publications and Thesis Structure

1.4.1 Publications

The research and findings presented in this thesis are supported by the following pub-

lications:

1. A. Aghazadeh, K. Li, V. Terzija, and S. Azizi, “Modified Pre-Fluxing Method for
Energization of Single-Phase Transformers,” in 2023 IEEE International Confer-
ence on Energy Technologies for Future Grids (ETFG), Wollongong, Australia,
2023, pp. 1-6.

2. A. Aghazadeh, E. Hajipour, K. Li, and S. Azizi, “Mitigating the Inrush Current of
V/V Transformers using Railway Conditioners,”[EEE Access, vol. 12, pp. 50885-
50897, 2024.

3. A. Aghazadeh, E. Hajipour, V. Terzija, and S. Azizi, “A Flux Matching Method for
Mitigating the Inrush Current of Single-Phase Transformers,” published in IFFE

Transaction on Power Delivery.

4. A. Aghazadeh, K. Li, M. Popov, V. Terzija, and S. Azizi, “A Modified Pre-Fluxing
Method for the Energization of Single-Phase Transformers,” submitted to IEEFE

Transaction on Industrial Applications.

5. A. Aghazadeh, E. Hajipour, K. Li, V. Terzija, and S. Azizi, “V/V Traction Trans-
formers’ Inrush Current Mitigation using Gang-Operated Circuit Breakers ,” will

be submitted to IEEE Transactions on Transportation Electrification.

1.4.2 Thesis Structure

The rest of this thesis is structured as below:
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Chapter 2 details the modeling of traction transformers using the terminal duality
model (TDM) in PSCAD/EMTDC. Additionally, it introduces the inverse Jiles-Atherton
method for modeling the nonlinearity of transformer cores. This chapter uses a single-
phase traction transformer as an example to demonstrate the combined application of
the TDM and the inverse JA method for transformer modeling.

Chapter 3 introduces an effective and rapid flux matching energization method
for mitigating inrush current in single-phase power transformers, which can be used in
phase-shift configuration as detailed in section 1.2.1. This method provides exceptional
flexibility in adjusting the transformer’s residual flux density to any desired value within
a B-H curve of the transformer’s core (known as feasible range). The only required
information is the magnitude of the transformer’s excitation current, with all other es-
sential data acquired during the flux adjustment process. By not requiring transformer
parameters and design information, this method eliminates significant source of com-
plexities and uncertainties. A key concept introduced is the “compatibility flux density
range,” within which the reference residual flux density is determined, reducing the im-
pact of CB closing operation limitations. The method adjusts the residual flux density
to the reference value by injecting controlled current into the transformer’s winding.
Finally, it identifies an optimal instant for transformer energization, ensuring the in-
stantaneous value of the steady-state flux density matches the adjusted residual flux
density.

Chapter 4 presents a method to effectively mitigate inrush current in single-phase
transformers. This method, referred to as the modified pre-fluxing method, overcomes
the limitations of the traditional pre-fluxing method. One key advantage of this method
is that it does not require detailed information about transformer design, relying solely
on measurements for flux adjustment. The proposed method is extremely fast, regardless
of transformer size, and can adjust residual flux to any desired value within the feasible
range. It accounts for uncertainties in CB closing operations by modifying the core’s
residual flux to an appropriate reference value, thereby minimizing adverse impacts. Flux
adjustment is achieved through power electronic circuitry that applies a suitable voltage
across the transformer’s low-voltage winding. Rigorous flux estimation and adjustment
are enabled by compensating for the DC offset typically present in voltage and current
measurements from commercial transducers. The energization process is then initiated

at an optimal instant, ensuring that the core’s steady-state flux matches the adjusted
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residual flux.

Chapter 5 proposes a flux matching method for mitigating inrush current in V/V
transformers, commonly used in traction systems. This method requires only nominal
voltage and excitation current, eliminating the need for detailed transformer parameters
or design information. Unlike existing methods, it can adjust the transformer’s residual
flux density to any value within the feasible range. Inrush current mitigation is achieved
by adjusting the core’s residual flux to an appropriate reference value and then identifying
the optimal energization instant to energize the transformer by independent-pole circuit
breakers. The reference residual flux is chosen to ensure that it can be adjusted to
this value and also considere the CB’s operating characteristics. The railway power
conditioner, typically located on the low-voltage side of the V/V transformer, serves
as a current source to inject sinusoidal current into the transformer windings prior to
energization. The energization instant is then determined to ensure that the adjusted
flux density matches with the steady-state flux corresponding to the applied voltage.

Chapter 6 introduces a flux matching method designed to mitigate inrush current
in V/V transformers energized by gang-operated CBs. This method eliminates the need
for detailed transformer information and parameters, instead calculating the peak value
of the transformer’s excitation current through a step-by-step current injection process.
Unlike existing methods, it allows adjustment of the transformer’s residual flux density to
any value within the feasible range. Inrush current mitigation is achieved by adjusting
the core’s residual flux to an appropriate reference value and identifying the optimal
energization instant. The reference residual flux is selected between two optimal points to
ensure it can be adjusted to this value, regardless of the transformer’s core material, while
minimizing the impact of uncertainties involved in the CB closing operation. A technique
is proposed to compensate for the DC offset typically exist in voltage measurements from
transducers, enabling accurate flux estimation and adjustment. For flux adjustment,
sinusoidal current is injected into the the transformer windings through the railway
power conditioner installed at the secondary side of the transformer. The energization
instant is then determined to ensure the adjusted flux density matches the steady-state
flux corresponding to the applied voltage.

Chapter 7 offers a critical discussion and conclusion, along with suggestions for

future research directions related to the author’s work.
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Traction Transformer Modelling for Inrush

Current Mitigation Studies
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2.1 Overview

2.1 Overview

To study various inrush current mitigation methods, it is essential to implement these
methods in computer software or real hardware. Conducting experiments on a wide
range of actual transformers may be infeasible due to technical challenges and budget
constraints. Therefore, having an accurate computer-based model is crucial for con-
ducting different studies. This chapter introduces an effective approach for simulating a
traction transformer in PSCAD/EMTDC. For this purpose, the terminal duality model
(TDM) is employed, which integrates terminal models with those derived from the prin-
ciple of duality between electric and magnetic equivalent circuits. TDM can be used with
various Electromagnetic Transient Programs, as it relies on a set of mutually coupled
inductors available in any circuit simulation software. To account for the non-linearity of
the transformer’s core, the inverse Jiles-Atherton (JA) method is used to represent mag-
netizing inductance. The chapter begins with a comprehensive explanation of the TDM
and inverse Jiles-Atherton method, followed by the modeling of traction transformers

using these methods.

2.2 Terminal-Duality Model

In this section, the TDM proposed by [72] is explained. This novel method for modeling
transformers with windings in any configuration is derived through the duality prin-
ciple between electric and magnetic equivalent circuits, supported by terminal-leakage
and short-circuit admittance measurements. To illustrate the TDM methodology, one
window of a three-leg three-phase transformer, as shown in Fig. 2.1(a), is employed.
The flux path is estimated based on the geometric arrangement of the core and wind-
ings relative to each other. Using the estimated flux paths and core dimensions, the
transformer’s equivalent reluctance circuit is determined, as shown in Fig. 2.1. By ap-
plying the duality principle and converting the leakage and core reluctances to linear
and nonlinear inductors, respectively, the transformer’s dual circuit is obtained (see Fig.
2.1(b)).

Assume that the number of windings visible in the window of the three-phase trans-
former is five, i.e., n = 5. Accordingly, the leakage electric circuit (the portion of the
circuit in Fig. 2.1(b) consisting only of leakage inductors) can be derived by considering

the mutual inductances between different inductors (e.g., M2, M; 3, etc.), as shown in
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2.2 Terminal-Duality Model

Fig. 2.2. In this circuit, U; to Us represent the nodal voltages, I to I5 denote the nodal
currents, and Uy, to Ur, indicate the voltage drops across the leakage inductors. This
circuit enables an accurate determination of the transformer’s branch inductance matrix

L, which can be written as:

L= " : : (2.1)
M 3 My 3 L3 M3 4
Myy  May M3y Ly

: R Ruo R Run- Rumn \

: —AAT—AAT—AAT— * - AAT—AA—

B B B R Bl

Rs

R

' AT A — A
' R R, R, Romn-1 R /
(a)
Lml Lm?_
Y YN
Lmn+1 1 Ll
Lml Lm2

Figure 2.1: (a) A window of three-leg three-phase transformer and corresponding reluct-
ance circuit, and (b) inductance circuit with the magnetizing (black) and leakage (blue)
inductors.

To calculate the matrix L, the incidence matrix A must first be derived. In this
matrix, the number of rows corresponds to the number of inductors (four in Fig. 2.2),
while the number of columns corresponds to the number of nodes, which in this case is

five. Each row of A is associated with a specific inductor. For the first inductor, Lq, it
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Figure 2.2: Leakage electric circuit of the TDM for five concentric windings.

is connected between nodes 1 and 2, with its positive terminal (indicated by the black
circle) connected to node 1. Thus, the first row of A will have a value of 1 in the first
column (representing node 1), -1 in the second column (representing node 2), and zeros
in all other columns. Similarly, for the second inductor, Lo, connected between nodes 2
and 3, the first column of the second row is zero, the second column is 1 (representing
node 2), the third column is -1 (representing node 3), and the remaining columns are
zero. Following this pattern for the remaining inductors, the complete incidence matrix

A can be expressed as:

1 -1 0 0 0
0 -1 0 0

A= (2.2)
0 1 -1 0
0 0 0 1 —1

The matrix A facilitates the transformation of the branch current vector Iy (contain-
ing the currents passing through the leakage inductors L; to L4) and the branch voltage
vector V4 (representing the voltage drops across the leakage inductors, i.e., U, to Ur,)
into the nodal current vector (composed of I; to I5) flowing through the windings and
the nodal voltage vector V,, at the terminals (composed of U; to Us), as expressed below:

W =AV, (2.3a)
I,=A"r1, (2.3b)

On the other hand, in this model, it is also necessary to determine the nodal admit-
tance matrix Y,, and the transformer’s leakage inductance matrix Lg. These matrices
can be derived through direct measurements, established formulas, or finite element sim-

ulations. The nodal admittance matrix Y, defines the relationship between the voltage
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and current phasors at the transformer’s terminals in the steady state, as shown in

equation (2.4):
YnVn = In (2'4)

To analyze the dynamic behavior of a transformer during energization, it is essential
to determine the transformer’s branch inductance matrix L. This matrix accurately
represents the dynamic behavior of the transformer’s windings. To derive L, we consider

the relationship between the voltage and current of each branch, expressed as follows:
Zi'WVy =1y = Vi, = Zp1, (2.5)

In this equation, Zp denotes the branch impedance matrix. By substituting equations

(2.3) into this relationship, we obtain:
I,=ATZz; AV, (2.6)

Assuming the resistive component of the branch impedance is negligible, such that

Zy = jwL, one can obtain nodal admittance matrix from:
Y, = AT(juL)™'A (2.7)

Consequently, the transformer’s branch inductance matrix L can be computed using
the nodal admittance matrix Y,, and matrix A as specified by equation (2.7). However,
this method has a limitation: matrix A is not necessarily a square, invertible matrix, and
the resulting products in the relationship may not always be invertible. Therefore, an
objective function must be defined, as outlined in equation (2.8). Numerical techniques
are then employed to minimize this objective function, facilitating the determination of

matrix L.

F=AT(juL)'A-Y, (2.8)

To resolve this nonlinear equation, the least squares method in MATLAB can be
employed. The initial estimate for this solution is derived from the transformer’s leakage
inductance matrix Lg. The solution is refined iteratively until the value of the objective

function falls below a specified small error threshold.
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The standard impedance voltage test and the nonstandard short-circuit admittance
test can be used to obtain the elements of the matrices Lg and Yy, respectively. The
standard impedance voltage test [73] is performed between pairs of windings. Assuming
there are n windings, to calculate the leakage inductance between the ¢-th and j-th
windings, the i-th winding is energized while the j-th winding is short-circuited and
the other windings remain open-circuited. This test determines the leakage impedance

between these windings as follows:

U.

VA Sij ==
Ii lu;=0,1,=0 (2.9)
The voltage applied to the i-th winding is U;, and the current flowing through it is

I;. The current flowing through the other windings is denoted as I;, and w represents

the angular frequency. Using 2.9, one can obtain the matrix Lg as:

L812 0 0 0
0 L 0 0
Lg= 523 (2.10)
0 0 L834 0
0 0 0 L845

where the leakage inductance between nodes 1 and 2 is Lsj9, which equals L; in Fig.
2.2. Similary, Lsog = Lo, Lsgq4 = L3, and Lsys = L.

To determine the nodal admittance matrix, non-standard tests should be employed.
In these tests, to determine the elements of a row (for example, i) the i-th winding should
be connected to a variable voltage source while the other windings are short-circuited.
In this case, the voltage of the i-th winding is gradually increased from zero volts until

the nominal current flows through the i-th winding. Under these conditions, we have:

I.
V=2 k#i4,5,k=1,2,...,n. (2.11)

Vilu,=o
The voltage applied to the i-th winding is denoted as V;, the current flowing through
the j-th winding is denoted as I}, and n represents the number of coils per phase. Using

2.11, one can obtain the matrix Y, as:
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[—Y1, Yio Yi3 Yia Vis |
You —Yao Ya3 Yo4 Yas
Y,=| Yy Y32 —Y33 Y34 Y35 (2.12)
Y Yio Yis —Yu Yis
| Y51 Y52 Y53 Y54 —Y55 ]

where Y11 = (Y12 + Y13 + Y14 + Y15), Yoo = (Yo1 + Ya3 + Yau + Yas), Va3 = (Y1 + Yo +
Y34+ Y3s), Yag = (Yar + Yao + Yaz + Yis), and Y5 = (Y51 + Y2 + Va3 + Yas).

Using the matrices Y,,, A, and Lg along with a numerical solution approach, matrix
L can be determined. Subsequently, with the duality-based transformer model estab-
lished, the nonlinear inductors (modeled with the inverse Jiles-Atherton Model as ex-
plained in section 2.3) must be accurately connected to their specific locations at the
transformer’s terminals to obtain the equivalent electrical circuit of the transformer. This
model is thus based on the configuration of the core and windings, with the transformer
model representing this equivalent electrical circuit. Detailed explanations of these re-
lationships and the procedure for computing matrix L will be provided in section 2.4,

complete with diagrams and examples.

2.3 Inverse Jiles-Atherton (JA) Method

As mentioned in section 1.2.3, the nonlinear relationship between B and H is depicted
by hysteresis loops, as shown in Fig. 2.3. This nonlinear behavior of ferromagnetic
materials affects the reluctance of transformer cores, causing it to vary when transformers
are connected to power networks. To account for the hysteresis effect in simulations,
the Jiles-Atherton method is commonly employed, which determines the value of B
for a given input of H [74]. The Simulink implementation of this method is detailed
in Appendix A. However, the JA method is not ideal for transformer modeling, as it
requires the magnetic field strength H, whereas in transformer simulations, the flux
density B can be easily derived from the integral of the applied voltage. Consequently,
the inverse Jiles-Atherton method is preferred, as it computes H based on a given value
of B [75-77]. When modeling a power transformer, it is beneficial to express H as a
function of B, since the flux density value can be readily calculated from the transformer

winding voltages in time-domain simulations. The inverse JA method decomposes the
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Figure 2.3: B-H curve with 0.5 T residual flux density.

magnetization into reversible (M, .,) and irreversible (M;,,) components as follows:

M = Myey + My (213)

These two components of magnetization are related to e anhysteretic magnetisation

(Mgy,) as follows:

Myey = C(Man - Mirr) (214)

The anhysteretic magnetization M., is characterized by the Langevin function, which

illustrates the saturation behavior of the magnetic core

May = M, {mh(%) - (;6)] (2.15)

where H, = H + aM, referred to as the effective magnetic field. By considering B

as the input variable, the inverse JA method is simplified as follows:

dM (1= e)(SE=) + (5) (S 2.16)
B T+ polt = (1= o) (Tfe) + el — o) () |
where
dMirr Man - Mirr
= (2.17)

dB.  pokd
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2.4 Model of a Single-Phase Traction Transformer

In equation (2.16), the effective magnetic induction is B, = pugH.. The directional
parameter d, which indicates whether the magnetic fields are increasing or decreasing,
is determined by:

1, if %—If > 0 (increasing field)

5= (2.18)

-1, if % < 0 (decreasing field)

The derivative of anhysteretic magnetisation can be calculated by using (2.15) as:

diuan lws 2 He a 2
— — 1
~ = [1 coth ( ) + ( e) ] (2.19)

where ¢, «, 0, M, and k are various coefficients of the inverse JA method.

By selecting suitable values for these coefficients, the B-H curves of transformers
can be accurately modeled. The input for the inverse JA method is the flux density,
which can be derived from the integral of the voltage across the transformer winding, as
shown in equation (1.2). The excitation current of the transformer is directly related to

the magnetic field strength H, and can be obtained from:

it) = %H(t) (2.20)

In this context, l,, represents the length of the magnetic path. Fig. 2.4 shows the
numerical procedure for calculating the excitation current as a function of flux density
[75]. In this figure, vs(t) denotes the voltage applied to the transformer’s winding, Ry
is the winding resistance, and Ly represents the transformer leakage inductance. The

Simulink implementation of inverse JA method is detailed in Appendix A.

2.4 Model of a Single-Phase Traction Transformer

In this section, a 25-MVA, 220 kV/27.5 kV core-type single-phase traction transformer
is modeled using the TDM for implementation in PSCAD/EMTDC software. Fig. 2.5
shows this single-phase traction transformer. The low-voltage windings, connected in
series, are first wound on both limbs of the transformer. After applying a layer of
insulation, the high-voltage windings are then wound over them. In Fig. 2.6, the core
and winding dimensions are reported in meters. To demonstrate the application of TDM
in modeling this traction transformer, two different cases are considered: one where the
transformer is in a healthy condition, and another where a turn-to-turn fault occurs in

one of the high-voltage windings (which is explained in Appendix B).
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Figure 2.4: Flowchart of numerical procedure to implement the inverse JA.
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2.4 Model of a Single-Phase Traction Transformer

Figure 2.5: A 25-MVA, 220 kV/27.5 kV core-type single-phase traction transformer.

2.4.1 Healthy Transformer

Fig. 2.7 illustrates the winding arrangement and core of the single-phase traction trans-
former in a healthy operating condition. This figure also shows the voltages across each
winding and the associated terminals, labeled as Vg and V. Here, 2V represents the
voltage applied to the high-voltage winding (since the high-voltage windings are con-
nected in series), while 2V, represents the voltage induced on the low-voltage winding
under normal operation. Additionally, the dual equivalent circuit is depicted. In this
figure, the nonlinear inductors L,, correspond to the reluctances of the transformer’s
limbs and yokes. For simplicity, the reluctance of the upper yoke sections is not shown,
but their effect is accounted for by doubling the reluctance values of the lower yokes due
to symmetry. These nonlinear reluctances are determined based on the core dimensions
along the estimated flux path and the nonlinear permeability coefficient of the core,
effectively modeling the core, which will be further elaborated upon later.

The linear inductors Ls between the windings are calculated based on the fluxes
and leakage inductances between each pair of windings. The winding model involves
determining these linear inductors. On each leg, there are only two windings, resulting in
one leakage inductance between the windings, with no mutual inductance. If there were
additional windings, mutual inductance would also exist between the leakage inductors,

in addition to the leakage inductance.
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Figure 2.7: The core and winding arrangement of the single-phase traction transformer,

along with its corresponding inductance circuit in a healthy operating condition.
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2.4 Model of a Single-Phase Traction Transformer

The value of the leakage inductance, i.e., Lg, should be determined through con-
ducting the standard impedance voltage test. In this thesis, finite element simulation
is used to measure the leakage inductances Lg. For this purpose, the Maxwell ANSYS
software, a powerful tool for finite element simulation, is utilized. The mesh used in the
simulation must be fine enough that further refinement does not alter the results. To
ensure the simulation conditions match standard test procedures, windings that need to
be open-circuited are connected to a zero-current source in the finite element simula-
tion. Windings that need to be short-circuited are connected to a zero-voltage source
with a very small resistance. Instead of using a variable voltage source that causes the
rated current to flow through the winding, the winding is directly connected to a current
source with a current equal to the rated current.

For example, to measure the leakage inductance between two windings using Maxwell
ANSYS software, the second winding should be connected to a zero-voltage source,
simulating a short circuit. The first winding is connected to a current source with
a current equal to the rated current. All other windings should be completely open-
circuited, meaning they are connected to a zero-current source. In this scenario, using
equation (2.9), the ratio of the voltage of the first winding to the current passing through
it will equal the leakage inductance. All these measurements must be reported relative
to a reference number of turns of winding (V). This means during the finite element
simulation to model the test transformer, the number of turns for all windings is the
same. In this thesis, the reference number of turns is considered to be N, = 100.
However, the actual turn ratios will be incorporated into the final model.

In the Maxwell software, when 5-A current passes through the high-voltage winding
while the low-voltage winding is short-circuited, the voltage across the high-voltage
winding is 4.62 V. Using equation (2.9), the value of the leakage inductance is determined

as follows:

4.62

— % _994mH 2.21
5x2m x50 24w (2:21)

s

Since the leakage inductance between two windings is modeled with two inductors,
the inductance of each inductor is set to 1.47 mH. For a healthy transformer, there are
only two windings with a single leakage inductance between them, making it impossible

to compute mutual inductances between different inductors. To demonstrate how the
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2.4 Model of a Single-Phase Traction Transformer

TDM can be applied to model a transformer, the single-phase transformer with a turn-
to-turn fault is considered and modeled, as detailed in Appendix B.

The inverse JA method is employed to model the nonlinear inductors L, shown in
Fig. 2.7, accounting for the nonlinearity of the transformer’s core. The maximum flux
density is set to 1.5 T. Three different core types are examined: Type 1, with a maximum
feasible residual flux density of 0.6 B™**, Type 2, with B]"** of 0.75 B™%* and Type 3,
with B"%* of 0.853 B™®*. Table 2.1 lists the parameters used in the inverse JA method
for these core types, and the corresponding B-H curves are shown in Fig. 2.8. The peak
amplitude of the excitation currents for Type 1, Type 2, and Type 3 transformers are 0.4
A, 0.3 A, and 0.32 A respectively.

Table 2.1: The B-H curve parameters

M o a k c

Type 1 || 1.41 x 10% | 2.5 x 107> | 13.55 | 10 | 0.08
Type 2 || 1.41 x 10° | 2.5 x 107> | 11.55 | 10 | 0.08
Type 3 || 1.41 x 10% | 2.5 x 107° | 10 | 20 | 0.08

Fig. 2.9 presents the final model of the single-phase traction transformer. In addi-
tion to the inductance circuit depicted in Fig. 2.6, the model incorporates four ideal
transformers without losses and magnetizing branches (denoted as HV01, HV02, LV01,
and LV02), and series-connected resistors, i.e., Roy and Rep. The ideal transformers
are used to account for the nominal turn ratio of the single-phase traction transformer.
As mentioned earlier, the number of turns considered during measurements in Maxwell
ANSYS software is N, = 100, which differs from the actual number of turns in the
winding. To accurately represent the turn ratio of the single-phase transformer, which
is Ng/Np, these ideal transformers are employed with a turn ratio of Ny /N for the
HVO01 and HV02 transformers and Ny, /N, for the LV01 and LV 02 transformers. The
series connected resistors are used to model the copper losses of the transformer. In this
model, Roy = 1.71Q2 and Rgor, = 0.03312, leading to 97.4 KW copper losses.
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Figure 2.8: B-H curve of (a) Type 1, (b) Type 2, and (c) Type 3 transformers.

2.5 Summary

This chapter detailed the application of TDM to simulate a single-phase traction trans-
former in PSCAD/EMTDC software. Beyond TDM, the chapter also explored the in-
verse JA method to model the nonlinearity of transformer cores. By combining TDM
with the inverse JA method, the chapter demonstrates how high-power transformers can
be accurately modeled and implemented in PSCAD/EMTDC software. To illustrate the
use of TDM and the inverse JA method, a single-phase traction transformer was used as

an example, modeling both its healthy condition and its state with a turn-to-turn fault.
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CHAPTER 3

Flux Matching Method for Single-Phase Traction

Transformers
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3.1 Overview

3.1 Overview

This chapter introduces an effective and rapid flux matching energization method for
mitigating inrush current in single-phase power transformers, which are widely used in
TPSSs. The proposed method provides exceptional speed and flexibility in adjusting the
transformer’s residual flux density to any appropriate value within the feasible range,
regardless of the transformer’s capacity. This adjustment minimizes the impact of uncer-
tainties associated with CB closing operations on transformer energization. The chapter
details how these uncertainties and limitations can affect transformer energization and
introduces the concept of a “compatibility flux density range.” Values within this range
possess two important characteristics: they fall within the feasible range for the trans-
former’s residual flux density, and the corresponding making voltage (which leads to the
same prospective flux) can be achieved by the CB even under extreme uncertainties.
The method adjusts the residual flux density to the reference value by injecting
controlled current into the transformer’s winding. A novel technique is introduced to es-
timate flux density during current injection, which operates independently of transformer
design parameters and requires only compensated voltage transducers with no DC off-
set. This current injection is carefully regulated to prevent damage to the transformer.
The peak value of the injected current is limited to the peak value of the excitation
current, ensuring the transformer is not driven into saturation. Additionally, the rate
of change of current during injection is controlled to ensure that the voltage induced
on the open-circuit winding does not exceed the transformer’s nominal voltage, thereby
avoiding damage. After adjusting the flux, an optimal energization instant is determ-
ined, considering all uncertainties, to minimize the difference between the instantaneous

value of the steady-state flux density and the adjusted flux density.

3.2 Flux Matching: Fundamental Principles and Potential
Obstacles

Flux matching methods are designed to minimize discrepancies between the residual
and prospective flux densities, significantly reducing or even entirely eliminating inrush
currents—particularly in an ideal scenario free from uncertainties. The process begins
with accurately estimating the core’s residual flux density or adjusting it to a predeter-

mined value. Then, the transformer is energized at the optimal instant to ensure smooth
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3.2 Flux Matching: Fundamental Principles and Potential Obstacles

operation.

Adjusting the flux density to a specific value is generally preferred over simply es-
timating the residual flux density for two main reasons. First, accurately monitoring
transformer flux density just before disconnection is challenging, as disconnection is often
preceded by disturbances and sudden waveform distortions that can make measurements
unreliable [78]. Second, the residual flux density is not stable after the transformer is
switched off; it diminishes gradually due to the formation of a resonant circuit between
the transformer’s inductance and stray or shunt capacitances. This phenomenon, known
as ringdown transient, is a natural resonant response of the circuit after de-energization,
complicating the estimation of residual flux [4].

The pre-fluxing method [67, 69] is an effective method for adjusting flux prior to the
controlled switching of CBs. For this method, let B2 represent the adjusted residual flux
density of the core, where the superscript “ad” distinguishes it from the core’s initial flux
density, B,. During the flux adjustment phase, B, is modified to =B]"** by discharging
a capacitor into the transformer’s winding. Following this, a controlled switching stage
is employed to minimize the difference between B2 and By. To successfully match
the prospective fluxes corresponding to =B["**  the transformer must be energized at
specific instants, which may or may not be feasible given the constraints and operating
characteristics of the CB. In fact, the limitations of CBs prevent a range of making
instants—and therefore a range of prospective fluxes—from being achievable. As a result,
using pre-fluxing method may result in a significant discrepancy between B¢ and By,
as will be demonstrated in the simulation section.

Due to the B-H curve of the transformers’ cores, in principle, the adjusted residual
flux can only be adjusted to values within the feasible range [—B}"**, B/"**]. To effect-
ively mitigate inrush currents, it is necessary to avoid prospective fluxes that fall within
the ranges (B]"**, B™*] and [-B™* —B/"**). It is also important to recognize that
the inherent uncertainty in the closing operation of CBs makes it impossible to detect
the exact instant the transformer will be energized. Therefore, an effective flux matching

method aimed at reducing inrush current in transformers must:

1. enable precise adjustment of residual flux density.
2. consider the CB’s dynamics and uncertainties.

3. minimize dependence on transformer specific design information.
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3.3 Safe and Compatibility Flux Density Ranges Associated with CB
Closing Operation

o ¢ ------- CBDS curve with slope -s™* (maximum RDDS)
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Figure 3.1: Effect of mechanical and RDDS uncertainties on the making instant.

3.3 Safe and Compatibility Flux Density Ranges Associ-
ated with CB Closing Operation

To understand how the closing operation of a CB impacts the energization of trans-
formers, it is essential to analyze the details of this operation and the associated un-
certainties. Fig. 3.1 shows the closing operation of a CB while the nominal voltage
v(t) =V, cos(wt) is applied to the transformer. This process begins at t;, and extends
until the contact touch instant, t.;, which marks the instant when the fixed and mov-
ing contacts of the CB make metal-to-metal contact. The duration from t;, to t. is
referred to as the closing time, Txg. This interval is influenced by the velocity of the
CB’s moving contact as it approaches the fixed contact following the closing signal. Dur-
ing this interval, the dielectric strength of the CB (CBDS) progressively reduces as the
gap between the fixed and moving contacts decreases. The rate at which this dielectric
strength decreases is referred to as the rate of decrease of dielectric strength (RDDS).
After receiving the closing signal, the CBDS is represented by a descending line, where
the slope of the line is the negative of the RDDS [79].

As the CB approaches the end of its closing operation, current begins to flow through
it due to the establishment of an electric arc, which creates an electrical connection. This
conduction process starts at a specific instant known as the making instant (¢,,), which

occurs when the CBDS curve of the CB first intersects the absolute gap voltage—the

95



3.3 Safe and Compatibility Flux Density Ranges Associated with CB
Closing Operation

voltage across the CB poles. For a given contact touch instant (), the making instant

is defined as the earliest time t that satisfies the following equation:
[(t)|+s(t —ter) =0 (3.1)

where |v(t)| represents the instantaneous gap voltage of the circuit breaker, and s is
RDDS. To determine the solution to this equation, iterative numerical methods such as
the fzero function in MATLAB can be employed. The MATLAB code used for solving
this equation is provided in Appendix D.

In practice, RDDS is not fixed but is instead expected to vary within a known range,
min

mar] - with an anticipated mean value Sp,eqn. This uncertainty in RDDS is often

[s™™) s
referred to as RDDS scatter. Similarly, the closing time of a CB is not precise and
is generally assumed to fall within a range of length AT¢p, with an average of Ty p,
which is termed mechanical scatter. Due to these uncertainties, both RDDS and closing
time exhibit probabilistic characteristics across different closing attempts. While the CB
initiates its closing operation at a specified instant, mechanical scatter means that the
actual contact touch occurs within a time window spanning [t — ATop, ter + AToB].

Due to the mechanical and RDDS scatter, the actual making point of the CB may
not match precisely with the target making point but instead occur within a range
surrounding it on the absolute gap voltage. In Fig. 3.1, the target making point is
indicated by ¢, and the feasible making range is highlighted in red, spaning from ¢; to
q2- Consequently, the actual making instant could deviate slightly from the ideal target
making instant t,,. The true CBDS curve for any given closing attempt appears as an
oblique line within the shaded area depicted in Fig. 3.1. The maximum deviations from
the target making instant are represented by s, and t.; — AT p for negative deviations,
and Sy, and t+ATep for positive deviations, as shown in Fig. 3.1. This study assumes
that RDDS and T g follow normal distributions around their mean values. The standard
deviations of these variables are calculated based on their respective variation ranges and
the 3-0 criterion [79].

The deviation from the ideal target making instant is minimized when the trans-
former is energized within the range from A; to As, rather than from As to As. There-
fore, it is recommended to energize the transformer during the rising half of an absolute

gap voltage hump [80]. Following this approach reduces the impact of RDDS and mech-

anical scatter, thereby narrowing the making interval. Moreover, initiating the energiz-
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Flux Density

Blﬂ(l,\‘ T~

- B],] S

Figure 3.2: Extreme expansion of the quadrilateral region to the previous hump.

ation process closer to the lower end of the A; to A, range is advisable, as points nearer
to A; exhibit even less sensitivity to scatter [80].

Makings that occur too close to Ay can cause the shaded quadrilateral region in Fig.
3.1 to cover the previous hump, as shown in Fig. 3.2. In such cases, the lower boundary
of this region may intersect with the previous voltage hump, leading to a broader feasible
making range and a considerable difference between B and B,. For example, if the
residual flux density is adjusted based on the prospective flux density corresponding to
the point ¢, near B™ but the actual prospective flux density is negative and falls
below zero (e.g., near By in Fig. 3.2), this mismatch can occur. To prevent this, the
closing operation must begin after a specific instant referred to as the “critical initiation
instant.” This instant is the earliest point at which the risk of making on the previous
hump is eliminated, even under extreme conditions.

To determine the critical initiation instant, the quadrilateral region in Fig. 3.1 must
be shifted to the left until its lower side becomes tangent to the previous hump at g,
as illustrated in Fig. 3.3. In Fig. 3.3, time instants are denoted by the Greek letter 7 to
differentiate them from those in Fig. 3.1. The lower side of the quadrilateral region in
Fig. 3.3 corresponds to 7. — ATop and s™™. Therefore, the derivative of the absolute
min

gap voltage at 744, equals —s"™", as shown below:
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Closing Operation
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Figure 3.3: Safe making range on the absolute gap voltage and safe flux density range

with reference to the CB operating characteristics.

— WV sin(wTign) = —s™" (3.2)

min
S
m

As a result, Tiqp is given by Tyq, = sin™! (wv ) Jw, and the critical contact touch

instant 7.; satisfies the following condition:
[Vin c08(wWTtan)|= s™"((Tet — ATEB) — Ttan) (3.3)

Solving (3.3) for 7. gives

|Vin cos(wTian )| (3.4)

szn

Tet = Ttan + AT’CB +

To ensure that making does not occur on the previous hump, the closing operation
should be initiated after 7;, = 7.+ —Tcp. The process of determining the safe flux density
range begins by calculating the making instant (7,,,) associated with 7 and s™¢*". This
instant, corresponding to the making point at Ay4, is found by substituting 7., and s™¢*"
into equation (3.1). The critical prospective flux density is then defined as the minimum
value between the prospective flux density at the argument wr,, + ¢g and the maximum

feasible residual flux density, as shown below:

Berit = min[B™ sin(wTyy, + ¢o), B (3.5)
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3.4 Residual Flux Adjustment

Indeed, Bg;; defines the upper boundary of the compatibility flux density range.
When the rising half of the positive gap voltage is chosen, the lower boundary of this
range is set at — Be,;+. Combining these two limits, the compatibility flux density range is
identified as a subset of the entire feasible flux density range, specifically [—Berit, Berit] C
[—B** B"*]. As mentioned, any point within the compatibility flux density range has
two important characteristics: it can be achieved by the residual flux density, and with
proper switching, the transformer can be energized at a voltage corresponding to this

prospective flux.

3.4 Residual Flux Adjustment

This section presents the proposed method for adjusting the residual flux of single-
phase transformers. Consider the single-phase transformer depicted in Fig. 1.1 that
supplies Section 2. In this scenario, the transformer is disconnected from the upstream
three-phase power network and is about to be energized, with its residual flux dens-
ity potentially lying anywhere within the feasible range [—BJ"**, B"**]. Section 2 is
isolated from the other two sections, and no load is being supplied in this section, as
the transformer’s secondary winding is open-circuited. Once energized, this transformer
will supply electric trains operating in Section 2 as they move to or from adjacent sec-
tions. Consequently, the transformer is energized to ensure the availability of power for
these trains. Depending on the number of trains present in Section 2, the transformer
may intermittently supply power or remain idle. However, its primary side will remain
energized following the energization process.

This scenario is typical in practice, representing a situation where the section is not
connected to auxiliary power circuits but is about to be reconnected to the transformer
after being disconnected from the upstream power network (e.g., for maintenance or
due to a fault). Once re-energized, the transformer will supply power to electric trains
operating in this section. In this case, the circuit can be simplified to the one shown
in Fig. 3.4. It is assumed that a current source is available to inject current into the
transformer’s secondary winding, as shown in Fig. 3.4. This compact, low-power source
can be integrated into existing transformer testing equipment and is used to adjust the
residual flux density to a reference value within the feasible range of [— B B"%*].

Accurate flux adjustment requires real-time estimation of flux density during current

injection. This is achieved using a novel technique developed in this research, which es-
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Figure 3.4: Single-phase transformer with a current source on its secondary side, and a

voltage transducer on its primary winding.

timates flux density based on the voltage induced on the open-circuited primary winding.
This voltage is measured by a transducer installed across the primary winding, as shown
in Fig. 3.4. Once the flux adjustment is complete, the current source is disconnected by
opening C'Bs. The transformer is then energized by closing C'B; at a precise instant,
ensuring the difference between B%¢ and By, is minimized, ideally to zero.

The flexibility and ease of use in transformer operations can be significantly en-
hanced by the ability to adjust flux density without relying on the initial residual flux
or specific transformer design details. This subsection introduces an innovative method
for adjusting residual flux density through controlled current injection, which eliminates
the need for prior knowledge of the initial value of B,. This achievement is particularly
noteworthy, as it has been made possible by emphasizing the per-unit value of the flux
density.

Let us begin by assuming B, = 0. Fig. 3.5 shows the B-H curve generated by
injecting a biphasic half-hexagonal current with a peak amplitude equal to the peak
value of the transformer’s excitation current (I.,). When this current, depicted in Fig.
3.5(a), is injected into the secondary winding of the single-phase transformer, it adjusts
the residual flux density to B]***. In this scenario, the magnetic field strength within
the core decreases from zero to —H,, as the current drops from zero to —I,, causing
the flux density to shift from zero to —B™" as shown in Fig. 3.5(b).

The transition from the initial residual flux density to —B™%" is the only phase of flux
adjustment that is affected by the initial residual flux density. Once —B™%”* is reached

2T
at 9 the subsequent magnetization path becomes independent of the initial residual
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Figure 3.5: Transformer (a) current waveform, and (b) B-H curve during current injec-

tion.

flux density. The flux density remains stable at —B™%* until ¢ = g Afterward, the
current begins to rise towards zero and then continues to I, before eventually dropping
back to zero. These current transitions correspond to flux densities of —B*** at t = 9
B™ at t = %, and B"** at T. Injecting the biphasic half-hexagonal current into the
transformer as outlined adjusts the residual flux density to B;***. The red path on the
B-H curve in Fig. 3.5(b) would not be followed by the flux density unless the initial
residual flux density was B"**. Reversing the polarity of the current shown in blue in
Fig. 3.5(a) results in an adjusted residual flux density of —B)"%*.

In this research, per-unit flux density, denoted by B (t), is utilized as a method for
enabling flux adjustment with minimal input data. To implement this approach, B™%*
is determined and used as the reference (or base) flux density. Calculating B(t) requires
measuring the voltage induced on the open-circuited primary winding during current
injection, represented by wv,(t). This voltage is captured using the voltage transducer
depicted in Fig. 3.4, with the assumption that any DC offset in its output is compensated
before initiating the flux adjustment. The flux density at any given time ¢ can then be

calculated using the following expression:

B(t) = ﬁ /O "ot + B, (3.6)

As previously noted, the flux density attains the values of —B™* and B™" at 3

T
and 9 respectively. To determine B, and B™% equation (3.6) can be employed as
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3.4 Residual Flux Adjustment

follows:
7T T

B, = gl vp(®)dt + f57 vp(t)dd (37)
pmar — ﬁ“‘o? Up(t)dt — fo§ Up(t)dt]

Using equations (3.6) and (3.7), B(t) can be determined from:

By = B0 _ 2Bt = ¥ vy (0t = [ vy
B Jo¥ up(£)dt — fyF vp(t)dt

Starting at t = T, the per-unit flux density can be obtained using Equation (9).

(3.8)

Injecting current for the duration T adjusts the flux density to its maximum feasible
residual value, i.e., B(T) = B7%. If B(T) = Beyy, the current injected by ¢t = T
ensures that the residual flux density can be matched through proper switching, with
no risk of making on the previous hump. If not, the controlled current injection must
continue until the adjusted residual flux density falls within the compatibility flux density
range.

For adjusting the flux density to values below B** this research proposes the
injection of a negative triangular current, as shown in Fig. 3.6(a). In this figure, corres-
ponding points on current and flux density curves are marked by symbols of matching
shapes and colors. The rate of change of injected current is reversed when B (t) reaches
a value sufficiently below ch‘t- In other words, once E(t) = OzBmt where « is a real
number such that 0 < o < 1. The reversal of the rate of change of injected current
would make the magnetic field strength ascend from a negative value to zero again. By
doing so, first, the adjusted residual flux density moves from its starting point towards
aBrir. Then, as demonstrated in Fig. 3.6(b), the adjusted residual flux density takes
a value slightly higher than aBgir. If needed, this process can be repeated until the
residual flux density falls within the compatibility range, i.e., éﬁd < Beris.

Fig. 3.7 illustrates the flux adjustment procedure through two iterations, with red
arrows indicating the direction of flux density changes. In the first iteration, the flux
density rises to By, which is greater than B..;; however, in the second iteration, the
residual flux is adjusted to a value below B..;;, denoted as By. In all simulations and
experiments presented in this research, the desired flux density was achieved in a single
iteration with a = 0.9. For « values below 0.9, the adjusted residual flux density would

be lower, shifting the ideal target point on the absolute voltage curve closer to the
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Figure 3.6: Transformer (a) current waveform, and (b) B-H curve during current injec-
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Figure 3.7: B-H curve during current injection to adjust the residual flux density below

0.9B.,;+ with two repetitions.

waveform’s peak. This increases the negative impact of RDDS and mechanical scatter

on the making instant [80].

3.5 Minimum Time Period for Flux Adjustment

The biphasic half-hexagonal current shown in Fig. 3.6 is defined by its peak value I,
time period T, and slope m. Let At represent the time interval during which the injected

current increases from 0 to I.,. This interval is given by At = 9 Therefore,

At

I or (3.9)
r-o(le) - Yo ~

m m

The voltage across the open-circuited primary winding when the current (¢) is in-
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jected into the secondary winding can be expressed as [81, 82]:

_ N,N,AdB di

%(?) [ dHdt (3.10)

In this equation, N, and N, are the number of turns in primary and secondary
windings, and the length of the magnetic path is denoted by I. Assuming a linear trans-
former model, the derivative of flux density with respect to field strength is considered
constant and equal to the permeability (u) of the core’s material. As a result, the mutual

magnetizing inductance between the primary and secondary windings is given by:

_ N,N,AdB

L 3.11
m T (3.11)
: : Vin
By neglecting transformer losses and leakage flux, one can arrive at I, = 7
w

where V,,, is the transformer’s nominal peak voltage of the primary side [83]. In real-
. dB . . . . .

ity, Ty vevies along the hysteresis loop and its maximum occurs at the points where
the magnetic field H is changing rapidly around the coercive field values, i.e., the slope
of the B-H curve is normally steepest at the coercive points where the magnetization
is switching direction [84]. Transformer cores are typically made from materials with
high magnetic permeability and low coercivity (i.e., Silicon Steel, Amorphous Steel, and
Ferrites), as these characteristics minimize energy losses and improve efficiency. The

maximum 1 can be several times higher than what the transformer’s linear induct-

ance model assumes. This can be represented as ((ﬂi)mm, with the scaling factor K
generally much lower than 30 for most core materials [84-87].

To determine an upper bound for the rate of change of the injected current, it is
assumed that the current source is sufficiently robust, with no limitations on its rate of
change of current. Injecting current at a slower rate through any source that injects the
biphasic half-hexagonal current to the transformer’s winding will not compromise the
insulation of the transformer. The injected current into the secondary winding can be
modeled as i(t) = mt + b, which will induce a voltage on the primary winding. Over the
course of flux adjustment, the maximum voltage induced on the primary winding can

be obtained from

KmV,,
wley

('Up(t))mam = KmLy, = (3.12)
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To prevent damage to the transformer’s insulation during flux adjustment, it is essen-
tial to ensure that the induced voltage does not exceed the transformer’s nominal peak
voltage. Consequently, the maximum allowable slope of the injected current can be de-
termined using the formula my,q; = LK” as given in (3.12). Ensuring that the biphasic
half-hexagonal current injection remains within this limit will protect the transformer
from damage. By substituting m,q; with m in (3.9), the minimum time period can be

calculated as follows:

L. 9K

(3.13)

Adjusting the flux by injecting a biphasic half-hexagonal current with a period ex-
ceeding Ty, ensures that the transformer insulation remains protected from damage

caused by overvoltage.

3.6 Single-Phase Transformer Controlled Switching

The transformer energization is the next stage after the flux density is adjusted to an
appropriate value. At this stage, the current source shown in Fig. 3.4 is disconnected
from the transformer via C'Bs, and the transformer is then energized using C'B; at
the appropriate instant. To find this instant, let v(t) = V;,, cos(wt + ¢p) represent the
voltage applied to the primary winding to energize an unloaded single-phase transformer.
Without loss of generality, the time reference can be chosen such that ¢y = 0. To match
the residual flux density with the prospective flux density, the phase angle of the rising
half of the gap voltage that ensures this is obtained from

6 =m —sin~'(B) (3.14)

This phase angle corresponds to making at t,, = where f is the power system

o
2w f
frequency. The corresponding contact touch and closing operation instants can then be

obtained from

V., cos(wt
tet =t + "”SmM (3.15)
tin - tct - TCB (316)

Fig. 3.8 presents the flowchart of the flux matching method proposed. The flow-

chart shows two main stages: Flux adjustment and controlled switching stages. The
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3.6 Single-Phase Transformer Controlled Switching

flux adjustment is accomplished by controlled current injection using a current source
connected to the secondary side of the transformer when the primary side is left open-
circuited. The safe flux density range is obtained with reference to the CB operating
characteristics. The compatibility flux density range is determined, and the flux density
is adjusted within this range using the flux adjustment procedure described. This is
followed by disconnecting the current source and administering the controlled switch-
ing stage. To this end, the secondary side of the transformer is open-circuited and the
closing command is issued at t;,. Minimizing the difference between the residual and
prospective flux densities can ideally eliminate inrush current completely, or significantly

reduce it considering uncertainties introduced by the CB operating characteristics.

Biphasic halt-hexagonal
Current injection -/
N2

Calculate B.,,, using (3.4) and (3.5),
and obtain B,"“" using (3.8)
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i
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Reverse the rate of change
of current once B()=abB.,..

No
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CO”.UAOI,Ied C Determine 4, using (3.14) )
switching

( Start closing CB; at t,, )

Figure 3.8: Flowchart of the proposed flux matching method.
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3.7 Performance Evaluation

To demonstrate the effectiveness of the proposed method, a 25-MVA, 220 kV/27.5 kV
core-type single-phase transformer is simulated in PSCAD/EMTDC based on the ter-
minal duality method (TDM) [72]. The inverse Jiles-Atherton model is used to account
for the nonlinearity of the core [75-77]. The Type 1 and Type 2 different cores, which are
explained in section 2.3, are studied. To model mechanical and RDDS scatter, RDDS
and closing operation time are modeled as random variables with normal distributions.
The standard deviation of each random variable is set based on the associated scatter
and the 3-0 criterion [79]. A full-bridge single-phase inverter is used as a current source
for flux adjustment. The DC-link voltage of the inverter is 1.5 kV, and hysteresis cur-
rent control is employed to regulate the inverter’s output. Finally, a test rig containing
a 400-VA, 260 V/120 V shell-type single-phase transformer is used to experimentally
evaluate the performance of the proposed method.

In what follows, first, inrush current drawn by randomly energizing the transformers
is scrutinized. Next, a general performance evaluation is conducted considering the
uncertainties of the CB operation. Section 3.7.2 focuses on the flux adjustment proced-
ure for a single-phase transformer. In Section 3.7.3, a comparison study is conducted
between the proposed, pre-fluxing [67], de-fluxing [68], and random energization meth-

ods. Finally, the experimental validation results are presented and discussed.

3.7.1 Problems of Random Energization

Random energization, also known as casual energization, refers to energizing the trans-
former without specific measures to mitigate inrush current. To simulate random en-
ergization, the closing command is assumed to be received with a random uniform dis-
tribution over an interval of 20 ms. For this evaluation, RDDS = 50 kV/ms with
+30% scatter, and Top = 40 ms with +1.5 ms mechanical scatter. In evaluating the
severity and distribution of inrush current following random energization, the worst-case
energization scenario is taken as the reference to compare the results. To this end, the
transformer is energized at the rising zero-crossing of the voltage (the prospective flux
density is equal to (—B™%), when B, = B]"**. This results in the maximum difference
between the two. Fig. 3.9 shows the resulting inrush currents for Type 1 and Type 2

single-phase transformers. In the worst-case scenario, the inrush current drawn by the
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Figure 3.9: Inrush currents during the worst-case energization.

transformers reaches 1.37 kA and 1.5 kA in terms of magnitude, respectively.

In random energization, the residual flux density may take any random value within
the feasible range [—B;"**, BJ***]. To account for the randomness of variables, the
simulations are repeated 1000 times. For the Type 1 transformer, the highest current
magnitude lies within the range [0.463,1370] Amps with mean 739 A. For the Type 2
transformer, this lies between 0.32 A to 1500 A with mean 788 A. As expected, inrush
current could become several times larger than the peak amplitude of the nominal current
(which is 160 A). In addition to troubling protective relays, the recurrence of high-

magnitude inrush current would reduce the transformer’s lifespan.

3.7.2 General Evaluation of the Proposed Method

In this subsection, first, the impact of CB’s RDDS on the critical prospective flux density
is demonstrated. To this end, it is assumed that ATop = 1.5 ms and RDDS scatter is
+30%. Figs. 3.10(a) and 3.10(b) demonstrate critical prospective flux density as a func-
tion of RDDS and the maximum feasible residual flux density for both transformers. In
these figures, the maximum feasible residual flux density is shown as a straight line in red.
The CB cannot ensure a per-unit prospective flux density greater than sin(wt,, + ¢o),
which is marked in blue. The minimum of these two curves is actually the critical
prospective flux density, as per equation (3.5). As shown in Fig. 3.10(a), the Type 1
transformer cannot be energized with B, = B]*** if the CB’s RDDS < 32 kV/ms be-
cause, under this condition, By is less than 0.6. If the CB’s RDDS > 32 kV/ms, the
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Figure 3.10: Critical prospective flux density for (a) Type 1, and (b) Type 2.

transformer can be safely fluxed such that B, = B*** with no risk of making on the
previous hump. For the Type 2 transformer, the same arguments can be respectively
established for CB’s RDDS of smaller and greater than 45 kV /ms.

For general performance evaluation, a CB with RDDS = 50 kV/ms and Top = 40
ms is used. To account for the uncertainties involved in the CB closing operation,
ATep = 1.5 ms and 0.7s™°" < RDDS < 1.3s™¢" are considered. The upper limit of
the compatibility flux density range equals B)*** for the two transformers. This implies
that the CB can safely energize both types of transformers when the residual flux density
is adjusted to B]"**, with no risk of making occurrence on the previous hump.

To stochastically assess the influence of scatter on the proposed method, a sensitivity
analysis is conducted by running 10,000 simulations on each transformer. Table 3.1
summarizes the impact of scatter on the transformer energization. Making instants
for the Type 1 and Type 2 transformers fall within the ranges [6.76 ms,9.67 ms| and
[6.3 ms, 8.59 ms], respectively. These correspond to the prospective flux densities within
the ranges [0.1pu, 0.85pu] and [0.43 pu, 0.91 pu].

Fig. 3.11 shows the distributions of making instants for both transformers. The
ideal target making instants at 7.9 ms and 7.3 ms (denoted by the dashed and solid red
lines) show the highest probability of occurrence, as expected. In most cases, a small
difference exists between the real and ideal target making instants. The probability

of making occurrence decreases as farther we go from the ideal target making instant.
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Table 3.1: Scatter’s Effect on the Proposed Method’s Performance

RDDS smin smean smas
Closing Time Top — ATep | Tep | Top + ATcop

ter (ms) 11.43 12.93 14.43

Type 1 | t,, (ms) 6.76 7.9 9.67
B, (pu) 0.85 0.6 0.1

ter (ms) 9.91 11.41 12.91

Type 2 | t,, (ms) 6.3 7.3 8.59
3, (pu) 0.91 0.75 0.43

This probability becomes eventually zero at the lower and upper bounds of the making

interval, which are indicated by the dashed and solid black and purple lines. Fig. 3.11

also demonstrates the impact of larger B/"** (as is the case for the Type 2 transformer).

Higher values of B]"** are associated with narrower making intervals, thereby better

matching between the residual and prospective flux densities.
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Figure 3.11: Making instant distributions for Type 1 and Type 2 transformers.

3.7.3 Flux Adjustment by the Proposed Method

To determine the minimum time period required for flux adjustment, we suppose there is

no accurate knowledge of the transformer core materials or the parameter K. Therefore,

K is conservatively assumed to be 30, leading to a maximum allowable rate of change
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Table 3.2: Estimation of Maximum Feasible Residual Flux Density

Type || B.(T) | -0.9 | -0.6 | 03| 0 | 03 | 0.6 | 0.9

1 B(T) | 061 | 0.6 | 0.6 | 059|061 0.6 | 0.6
2 || B 0.75 | 0.74 | 0.75 | 0.76 | 0.76 | 0.75 | 0.74

of current my,q, of 33.5 A/s for the Type 1 transformer, and 25.13 A/s for the Type 2
transformer. According to equation (3.13), this results in a minimum time 7},;, of 0.87
seconds for both transformers.

Flux adjustment for Type 1 and Type 2 transformers is achieved by connecting a
single-phase inverter to the secondary winding, where I., would be equal to 3.2 A and
2.4 A, respectively. The period of the injected current waveform is T' = 4.5 s, which is
greater than the minimum time needed for flux adjustment. Fig. 3.12 shows the flux
adjustment procedure for the Type 1 transformer with three different initial residual
flux densities. Fig. 3.12(a) shows the reference and real currents, which demonstrate
the injected current is independent of the initial residual flux density and follows the
reference current. In Fig. 3.12(b), it is shown that the residual flux density is adjusted to
B after 4.5 s regardless of the initial value of B,. Using equation (3.7), the maximum
feasible residual flux density is estimated at ¢t = 4.5 s. Table 3.2 presents results obtained
on both transformers with different residual flux densities. As can be seen, the proposed
method’s ability to estimate B]'** is not affected by the transformer type or initial
residual flux density.

Fig. 3.13 shows how the proposed method can adjust the residual flux density to
a value below B"**  using the Type 1 transformer with B, = 0 and Beir = 0.51 pu.
As per Fig. 3.13(a), the injected current into the secondary winding is a biphasic half-
hexagonal with an amplitude of 3.2 A and time period of T' = 4.5 s. The injection of the
biphasic half-hexagonal current enables the adjustment of the flux density at B*** and
also enables the estimation of the core’s flux density in pu starting from ¢ = 4.5 s, as
shown in Fig. 3.13(b). Since Bt < Bﬁ”ax, a negative triangular current injection will
be needed after t = 4.5 s to reduce the residual flux density. The positive and negative
slopes of the negative triangular injection are respectively set first to -1.3 mA /s and then

to 1.3 mA/s (i.e., 20% of the maximum slope of the biphasic half-hexagonal current in
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Figure 3.12: (a) Secondary winding current, and (b) true flux density.

terms of size). The current reduction after ¢ = 5 s makes the flux density reduce from
the starting point of 0.6 pu. Once the current reaches -0.22 A at ¢ = 5.186 s, the flux
density becomes 0.46 pu corresponding to 0.9B¢ri. The current then starts returning to
0 A at t = 5.186 s, and again reaches 0 A at t = 5.395 s. The flux density, responding to
the current increase after ¢ = 5.186 s, rises from 0.46 pu. The flux density reaches 0.47

pu with current becoming 0 A, which is within the compatibility flux density range.

3.7.4 Comparison with Other Methods

This subsection demonstrates the superiority of the proposed method over the pre-fluxing
[67], de-fluxing [68], and random energization methods. A total of 2,000 simulations are
conducted for each method, with 1,000 simulations on the Type 1 transformer and 1,000
simulations on the Type 2 transformer. The CB remains the same as the one used in

Section 3.7.2. A uniformly distributed random error with upper and lower bounds of
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Figure 3.13: (a) Secondary winding current, and (b) true and estimated flux density.

+5% is introduced to account for potential fluctuations in flux adjustment using both the
proposed method and the de-fluxing method. The pre-fluxing method can energize the
transformer on both the rising and falling halves of the absolute gap voltage. Between
the two, the energization on the rising half, which is studied in this article, outperforms
the energization on the falling half. The corresponding prospective flux density is set at
0.87B™* for the pre-fluxing method.

Figs. 3.14(a) and 3.14(b) show the inrush current distribution for Type 1 and Type
2 transformers using different energization methods. The random energization results
are not presented, as they exhibit a nearly even distribution spanning from zero to the
highest possible inrush current. The proposed method demonstrates the best perform-
ance in reducing the magnitude of inrush current. In an ideal scenario without any
uncertainties in the operation of the CB, this method would eliminate inrush current.

Even with the CB uncertainties, the proposed method successfully maintains the current

73



3.7 Performance Evaluation

amplitude around the transformer’s excitation current in over 50% of cases. In extreme
cases, the method can still limit the amplitude of current drawn to 75% (120 A) and 50%
(80 A) of the peak amplitude of the nominal current for Type 1 and Type 2 transformers.
The larger the current, the less the likelihood of occurrence, with seldom instances where

the current amplitude reaches 120 A and 80 A.
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Figure 3.14: Inrush current distributions for (a) Type 1, and (b) Type 2 transformers.

The de-fluxing method operates independently of the transformer types. This method
can be ranked as the second-best method, as it constrains the inrush current magnitude
to below 187%(300 A) of the peak amplitude of the nominal current. This method can
potentially eliminate inrush current, but less frequently compared to the energization
by the proposed method. The performance of the pre-fluxing method improves on cores
with higher B/***. As B]™ increases, the maximum possible size of inrush current
decreases (reducing from 250 A to 160 A between the two cores tested). However, even
with a high B]"**, this method does not remove inrush current completely. On average,
the use of this method reduces the current amplitude to 200 A and 80 A for Type 1 and

Type 2 transformers, respectively.

3.7.5 Experimental Validation

A test rig containing a 400-VA, 260 V/120 V shell-type single-phase transformer is
used to experimentally evaluate the performance of the proposed method as shown in
Fig. 3.15. The peak amplitudes of excitation current at the primary and secondary

sides are 0.22 A and 0.5 A, respectively. The maximum feasible residual flux density is
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Figure 3.15: Experimental setup.

78% of B™*,  Current at the primary side might be as high as 50 A in the worst-case
energization. The flux density is adjusted via an Omicron CMC 356 relay tester employed
as a current source. After flux adjustment, the relay tester is disconnected, and the
secondary winding is left open-circuited. The modeling of the CB, with corresponding
mechanical and RDDS scatter is accomplished using an HD6025-10 solid-state relay,
controlled by a Typhoon HIL 604 device.

For the tested transformer, K is conservatively assumed to be 30, resulting in a
minimum time T,;, of 0.87 seconds. Fig. 3.16 shows the proposed method’s performance
in regulating the residual flux density from -0.078 pu to a value below ch = 0.7 pu.
As shown in Fig. 3.16(a), the current contains one complete cycle with an amplitude of
0.5 A and time period T' = 4.5 s. Fig. 3.16(b) demonstrates how the current injection
induces voltage on on the primary winding, the amplitude of which is lower than 15 V.
In Figs. 3.16(c) and 3.16(d), the red dotted curve shows that the current injection up to
t = 4.5 s adjusts the residual flux density from -0.078 pu to 0.78 pu, matching the B***
value. The comparison between the true and estimated flux densities (red dotted and
blue solid curves) demonstrates that the flux density can be estimated accurately after
t = 4.5 s. The current gradually descends below zero at t = 5 s with a slope equivalent to
20% of the maximum slope observed before t = T', leading to a consequent reduction in
the flux density. By t = 5.51 s, the flux density reaches 0.637 pu, which is equivalent to
O.QBcrit. Then, the current is reduced back to zero, ultimately reaching zero at t = 6.02
s. As a result, the flux density experiences an increase from 0.637 pu, and becomes 0.665
pu when the current reaches zero at ¢t = 6.02 s.

To confirm the result of the flux adjustment procedure, the transformer is energized

such that Bp = Eﬁd = 0.665 pu. The current drawn by the transformer is shown in Fig.
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Figure 3.16: (a) Injected current, (b) voltage induced on the primary winding, (c) true
and estimated flux densities, (d) B-H curve during current injection, and (d) transformer

primary side current.

3.16(e). As can be seen, the current matches the transformer’s excitation current. This
shows the effectiveness of the proposed method in adjusting the residual flux density.
When energized with an ideal CB, the peak amplitude of the current drawn by the
transformer is 0.22 A using both the proposed method and the de-fluxing method. The
current reaches 0.7 A when using the pre-fluxing method. Considering the uncertainties
involved in the operation of the CB, the peak current amplitude can vary.

Figs. 3.17(a) and 3.17(b) show the current magnitude at different instants within

the making interval and corresponding making instant distributions. It is assumed that
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Figure 3.17: (a) Peak current magnitude for energization at different points within the
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Table 3.3: Comparing Different Methods with Respect to the Worst-Case Scenario

Methods Lower bound (%) | No sccater (%) | Upper bound (%)
Proposed Method 99.2 99.56 98.6
Pre-fluxing Method 90.4 98.6 99
De-fluxing Method 97.2 99.56 95

ATep is 3.5% of Top with 0.7s™€" < s < 1.3s™¢%". As can be seen from Fig. 3.17(a),
the peak amplitude of the current drawn by the transformer is confined to 0.4 A and
0.7 A for energization at the lower and upper bounds. In contrast, these by the pre-
fluxing method are 0.5 A and 4.8 A. The de-fluxing method results in 2.5 A and 1.4 A,
respectively.

Figs. 3.17(c) and 3.17(d) show the inrush current drawn following the energization
at the upper and lower bounds of the making interval, respectively, corresponding to
the open and filled circles in Fig. 3.17(a). As shown in Fig. 3.17(b), however, the
chances of making occurring at the lower and upper bounds of the making interval are
practically zero for all methods. The probability of making increases as the making
instant approaches the ideal target making instant. Using the proposed method, the
current magnitude lies within the range [0.22 A,0.6 A] with expected value 0.22 A.
For the pre-fluxing and de-fluxing methods, these ranges are [0.6 A, 1 A] with expected
value 0.7 A, and [0.22 A, 2.15 A] with expected value 0.22 A, respectively. The proposed
method exhibits the least sensitivity to CB uncertainties compared to the other two
methods.

Table 3.3 presents the results of various methods and the corresponding reduction
in current magnitude compared to the worst-case energization scenario, which produces
a peak current of 50 A. As illustrated, the best performance under ideal conditions is
achieved by the proposed method and the de-fluxing method, both yielding the highest
reduction in current magnitude. These are followed by the performance of the pre-
fluxing method under ideal conditions. However, the proposed method demonstrates
lower sensitivity to scatter, as its performance is less affected by the lower and upper
bounds of the making interval. Notably, the proposed method achieves an improvement

range of 98.6% to 99.56%, which is significantly better than the corresponding ranges of
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90.4% to 99% for the pre-fluxing method and 95% to 99.56% for the de-fluxing method.

In this chapter, the Typhoon HIL604 device and the Omicron CMC 356 relay tester
are used to validate the proposed method for controlled switching and flux adjustment.
These devices are chosen because they are already available in the laboratory, meaning
their use does not incur additional costs for the project. The HIL604 device provides a
high-fidelity simulation environment, enabling rigorous testing and validation of control
strategies without requiring physical hardware. The Omicron CMC 356 relay tester
also facilitates the creation of an open-loop system for injecting current during flux
adjustment, simplifying the process.

However, for real-world implementation, the HIL604 and the Omicron CMC 356 relay
tester should be replaced with a digital signal processor, such as the TMS320F2812
DSP, and a real single-phase inverter, such as the PEB4050 IGBT power module, as
these alternatives are more practical and cost-effective. The TMS320F2812 DSP is
specifically designed for real-time control applications, with built-in peripherals such as
PWM modules and analog-to-digital converters (ADCs), making it highly suitable for
current regulation in inverters. Additionally, the PEB4050 IGBT power module can be
used to implement a current source and is significantly cheaper, costing approximately
1,000 £, compared to the Omicron CMC 356 relay tester, which costs around 30,000 £.

As shown in [88, 89], the TMS320F2812 DSP is capable of implementing controllers
for systems that are even more complex than the proposed method in this chapter. This
confirms the feasibility of using the TMS320F2812 DSP for implementing the proposed
method. The DSP, with its 150 MHz fixed-point processor, executes the primary control
algorithms (e.g., flux-matching and current regulation) within a cycle time of 5 us,
utilizing approximately 40% of the processor’s capacity. The memory requirements for
the implementation include 10 KB of RAM for intermediate calculations and 50 KB
of Flash memory for program storage, both of which are well within the hardware’s
available 18 KB of RAM and 128 KB of flash [90]. These metrics demonstrate that the
proposed methods can be efficiently implemented within the computational limits of the
TMS320F2812 DSP.

In terms of cost, the TMS320F2812 DSP offers a significant advantage. The DSP
itself is available for approximately 15 $ to 25 $ depending on the supplier, while de-
velopment kits such as the Texas Instruments F2812 eZdsp Starter Kit are available for

around 300 $ to 500 $. These costs are substantially lower than the Typhoon HIL604
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device, which typically requires an investment exceeding 15,000 $. Additionally, the
TMS320F2812 can be directly embedded into the inverter hardware, avoiding the need
for external simulation tools during deployment and further reducing overall expenses.
While the HIL604 is indispensable for validating the methods in a simulated environ-
ment, the TMS320F2812 DSP is recommended for practical implementation. It offers a
cost-efficient, computationally capable, and easily implementable solution for the meth-

ods proposed in this work, making it a more suitable choice for real-world applications.

3.8 Summary

This chapter proposed a flux matching energization method to mitigate inrush currents
in single-phase transformers, which are crucial components in many TPSSs. To address
the challenges posed by CB operation during transformer energization, the concept of
a “compatibility flux density range” is introduced. This range not only falls within the
feasible range of the transformer core but also minimizes the impact of CB operation
and related uncertainties on transformer energization.

A novel method for adjusting residual flux density is proposed, where controlled
current is injected into the transformer winding, rather than applying voltage. Specific-
ally, a biphasic half-hexagonal current with a peak amplitude equal to the transformer’s
excitation current is used to adjsut the residual flux density within the feasible range.
To facilitate this adjustment, a technique for estimating flux density during current in-
jection is introduced, which does not require transformer design information. Accurate
flux estimation relies on voltage transducers with compensated DC offset (i.e., no DC
offset). Together, the current injection and flux density estimation effectively minimize
the difference between prospective and residual flux densities, even in the presence of
significant uncertainties.

The effectiveness of the proposed method has been validated through analytical,
simulation, and experimental studies, all of which demonstrate its superiority over tra-
ditional pre-fluxing, de-fluxing, and random energization methods for single-phase trans-
former energization. The method shows remarkable resilience to uncertainties related
to CB operating characteristics, such as RDDS and mechanical scatter. Despite these
uncertainties, the inrush current remains close to the transformer’s excitation current

and rarely approaches its nominal current.
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CHAPTER 4

A Modified Pre-Fluxing Method for the

Energization of Single-Phase Transformers
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4.1 Overview

As discussed in section 1.2.5, the pre-fluxing method is one of the techniques available
for energizing single- and three-phase transformers. However, this method has several
limitations that make it ineffective for many transformer energization scenarios. One
significant drawback is that it does not account for the closing operation of CBs, which
can sometimes render the method counterproductive rather than beneficial. Addition-
ally, the pre-fluxing method is limited in its ability to adjust the residual flux density,
offering only a few predetermined values, which reduces its flexibility in matching the re-
sidual and prospective fluxes. Furthermore, the method’s efficiency decreases with larger
transformer capacities, requiring time on the scale of minutes for power transformers.
These limitations highlight the need for a modified pre-fluxing method, particularly for
high-power single-phase traction transformers in TPSSs.

This chapter introduces modified pre-fluxing methods for the energization of single-
phase transformers. These modifications are implemented progressively, starting with
the integration of the CB closing operation, resulting in the first modification, followed
by enhancements that increase the speed of the final pre-fluxing method. As a result,
the final method offers exceptional speed and flexibility in adjusting the transformer’s
residual flux density to any suitable reference value within the feasible range, ensur-
ing compatibility with the prospective flux as determined by the CB, regardless of the
transformer’s capacity.

The method adjusts the residual flux density to the reference value by applying a con-
trolled voltage to the transformer winding. A novel technique is presented for estimating
flux density during this adjustment, which operates independently of transformer design
parameters and relies solely on voltage transducers. This approach also includes the
capability to calculate and compensate the DC offset in the voltage transducer output,
enabling accurate flux density estimation throughout the adjustment process. Unlike the
method discussed in the previous chapter, these modified pre-fluxing methods do not
require knowledge of the transformer’s peak excitation current, which may not always
be readily available. Additionally, the method only utilizes DC voltage that is a fraction
of the transformer’s nominal voltage, ensuring that the transformer’s insulation remains

protected from damaging high-voltage surges.
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4.2 Conventional Pre-Fluxing Method

The conventional pre-fluxing method (CPFM) [67, 69] is designed to reduce, but not com-
pletely eliminate, the difference between residual and prospective flux densities, which
is crucial for mitigating inrush currents [28, 29]. To achieve this reduction, a pre-fluxing
device, illustrated in Fig. 4.1, is employed. This device works by charging a capacitor,
which is then connected to the transformer’s secondary winding, thereby adjusting the
residual flux density from its initial, unknown value. A diode is included to bypass the
capacitor once its voltage reaches zero. Depending on the polarity of the capacitor, the

residual flux density is adjusted to either +B"** as shown in Fig. 4.2.
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Figure 4.1: Pre-fluxing device used by the CPFM.

Assuming an initial residual flux density B, # 0 (point 1 in Fig. 4.2), the transformer
undergoes flux adjustment via the pre-fluxing device. If the capacitor’s voltage is negat-
ive, connecting it to the transformer shifts B, from point 1 to point 2. As the capacitor
discharges, the current flowing into the transformer decreases exponentially, causing a
further transition from point 2 to point 3, ultimately resulting in a residual flux density
of —B™** at point 3. Conversely, a positively charged capacitor would shift B, to B"***,
changing the flux density from point 1 to point 4, and finally from point 4 to point 5.
Once the residual flux density is adjusted to £B["**  the pre-fluxing device is discon-
nected by C'Bi, and the transformer is energized by C'Bs at one of two specific angles
based on the polarity of B3*. Considering the rising zero-crossing of the voltage wave-
form as time reference, the single-phase transformer is energized at 210°(corresponding
to B, = 0.87B™%") for B]"** and at 330°(corresponding to B, = —0.87B"™*) for —B"**
[67].

To guarantee a successful pre-fluxing, the capacitor should be sized carefully. By
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Figure 4.2: B-H curve during flux density adjustment using the CPFM.

using the volt-second method, one can calculate the size of C as [67]:

1 (v2 U\’
=i, <2w fVc> *1)

where f, L., U, and V. are the rated frequency of the transformer, magnetizing induct-

ance of the transformer, transformer nominal voltage, and capacitor voltage, respectively.

One can approximate L, from

2
Ly, = v
2 fkS

(4.2)

where S and k are the transformer’s nominal power and the transformer’s per-unit
magnetizing current.

Theoretically, this method has the potential to mitigate inrush currents effectively.
However, in practice, it falls short in sufficiently reducing the difference between B¢
and B,, resulting in only partial mitigation of inrush currents. One key reason for this
limitation is the use of fixed angles— 210°(corresponding to B, = 0.87B™%") and at
330°(corresponding to B, = —0.87B™*")— for transformer energization [67], regardless
of the transformer’s core type and the corresponding B-H curve. With this method,

B is set to B or —B™* which, depending on the core material, ranges from
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approximately 50 — 90% of B™%* for grain-oriented electrical steel, and even lower for
transformers made of amorphous metal [36]. As a result, the difference between B2 and
B, is not always significantly reduced by using this method.

Moreover, the CB closing operation can negatively impact the performance of the
CPFM. As discussed in Section 3.3, the making instant should be considered the precise
energization instant. To ensure proper timing, the closing command must be issued so
that the making occurs at either 210° or 330°. However, it may be difficult to energize
the transforer such that B, — B3 is minimized due to the the operating characterist-
ics/limitations of CBs. In practice, these limitations often make it challenging, if not
impossible, to energize the transformer at the required instant. Therefore, the pre-fluxing
method proposed in [67] struggles to achieve its full potential in realistic conditions. Fig.
4.3(a) illustrates how the operational constraints of CBs can render the CPFM counter-
productive. As shown, the quadrilateral region associated with making at 210° covers
the previous voltage hump, potentially resulting in making on the previous hump, and
leading to a significant discrepancy between the residual and prospective flux densities.
This happens since the CPFM does not consider the CB closing operation.

It is important to note that 330° falls on the descending slope of the absolute voltage
curve, which requires a CB with a large RDDS to energize the transformer at this angle.
As illustrated in Fig. 4.3(b), targeting 330° demands a CB with a higher RDDS (i.e.,
RDDS; < RDDS5) to avoid making on the previous hump or precisely hitting 330°
which is more challenging compared to 210°. This necessity increases the cost of the CB,
both in terms of initial investment and maintenance. Therefore, energization at 210°
should be prioritized as the preferred method for transformer energization.

Another major challenge the conventional pre-fluxing method faces is the method’s
speed especially when the transformer’s capacity increases. Let us consider a scenario
where C' has just been bypassed by D, and the current of D is at its peak value. In
this condition, the transformer can be represented by an equivalent inductor (Le,) and

a resistor (Req), forming an RL circuit without a voltage source. The time constant of

Leg
Req

57 for the current to descends to zero. Since L., > R, for high-power transformers,

the zero response of this first-order circuit is 7 = [91]. Practically speaking, it takes

a substantial amount of time is required for the current to decay. This means with an

increase in the power rating of the transformer, the time needed for flux adjustment by

the pre-fluxing method significantly increases. It follows that the pre-fluxing method is
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Figure 4.3: (a) The quadrilateral region of making at 210°, and (b) the minimum RDDS
for targeting 210° and 330°.

quite slow for high-power transformers.

As discussed, the CPFM is not well-suited for energizing single-phase traction trans-
formers due to its potential counterproductive effects and slow performance, particularly
for high-power transformers. To address these limitations, two modifications are pro-
posed in this research, leading to the development of two modified pre-fluxing methods:
MPFM 1 and MPFM 2. The first modification, resulting in MPFM 1, eliminates the
reliance on fixed angles for transformer energization by enabling the calculation of B]***
relative to B™**. In contrast, MPFM 2 focuses on providing a faster energization method
that is effective regardless of transformer capacity and less sensitive to CB closing oper-

ations and related uncertainties.
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4.3 Modified Pre-Fluxing Method 1 (MPFM 1)

In this section, we introduce MPFM 1, a method designed to determine the optimal
energization instant based on the transformer’s core material. Unlike CPFM, MPFM
1 does not rely on fixed angles for energizing a single-phase transformer, which helps
to minimize the impact of CB closing operations on the performance of MPFM 1. The
method begins by fluxing the transformer and measuring the voltage induced on the
open-circuited winding. This voltage is measured using a transducer that compensates
for any DC offset, ensuring the output is free from DC offset. MPFM 1 then calculates the
ideal time to issue the CB closing command, taking into account the measured voltage,
CB closing time, and RDDS. The following subsections provide a detailed explanation

of these stages.

4.3.1 Fluxing and Measurement

Fig. 4.4 illustrates the pre-fluxing device connected to the secondary winding, as utilized
in MPFM 1. Unlike CPFM, the proposed method employs two charged capacitors with
opposite voltage polarities to flux the transformer. Similar to CPFM, the capacity of
these capacitors is determined using equation (4.1). The pre-fluxing process is detailed
in Fig. 4.5. Initially, C is connected to the transformer, which starts with an initial flux
density, B, at point 1. As C] discharges its stored energy into the transformer, the flux
density shifts from point 1 to point 2 due to the polarity of C7’s voltage. At point 2, the
current from C7 to the transformer reaches its peak before decreasing to zero at point
3, adjusting the flux density to —B"**. Once C is fully discharged, it is disconnected,
and (5 is connected. Given that Cy has a voltage polarity opposite to that of Cy, the
flux density moves from —B"** to B™* at point 4. As with C}, the current from Cs
begins to decrease, reaching zero at point 5. At this stage, B3 is adjusted to B™%*, and
C5 is disconnected from the transformer. As demonstrated in the simulation section,
the initial value of B, does not influence this process, allowing B2 to be consistently
adjusted to B;"** regardless of the starting value of B,. Additionally, since the adjusted
flux density B2? is positive, the corresponding making occurs on the rising edge of the
absolute voltage (similar to the 210° used in CPFM), eliminating the need for a CB with
a high RDDS.

Over the course of fluxing, the induced voltage across the primary winding is meas-
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Figure 4.4: Pre-fluxing device used by the MPFM 1.
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Figure 4.5: B-H curve during flux density adjustment using the MPFM 1 method.

ured. The integration of this voltage is known as relative flux density (By.) and is used
to estimate the ratio between B"** and B™. Fig. 4.6 shows B, for a single-phase
transformer with different values of B,. According to this figure, positive or negative
B, leads to a downward or upward shift in B,.. However, this shift does not affect the
difference between the maximum and minimum values on these curves, which will be
shown in the simulation section. In other words, Ag = Ap = Ay, and By = Bp = By.
As a result, irrespective of the value of B,, one obtains the ratio between B*** and

Bmax by

Bree _ |Bf; — BJ2|

Bmaz |B77];1 _ Brrg2 (43)

where B!, and B™? the minimum and maximum values of B,.. In addition, Bf!, and
B/? are the value of B,. when the current of the pre-fluxing device becomes zero before

and after the connection of C5.
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Time (s)

Relative flux density (V.s)

Figure 4.6: Relative flux density for B, =0, B, < 0, and B, > 0.

4.3.2 Closing Operation Instant Determination

As mentioned earlier, B4 should match B, to eliminate inrush current. After adjusting
the residual flux, the CB is controlled such that B,‘"}d = B,. To achieve this, the closing

operation initiation instant, i.e., t;,, which is shown in Fig. 3.1 can be obtained from

- 2km+9 n U sin(¢)
o onf RDDS

—TcB (4.4)

To determine the value of k, the CB’s closing time, T¢p, is considered. For instance,
if the CB operates within Tcp = 50 ms and the frequency is f = 50 Hz, the closing
operation will span 2.5 cycles. To ensure equation (4.4) does not produce a negative
value, this 2.5 is rounded up to the nearest integer, which is 3. Additionally, ¢ represents
the angle at which the making occurs and can be calculated from

T o pBmawx
¢ = 5 tsin ! (B:nax> (4.5)

By using t;,, the contact touch istant can be optained by:

tet = tin + TCB (46)

Now, the making instant can be calculated by equation (3.1).
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4.3.3 Performance Evaluation

To evaluate the performance of the MPFM 1, a 120 V/120 V single-phase transformer is
used. A high-power transformer is not used since it needs more time for flux adjustment.
The 120 V /120 single-phase transformer is modeled by the 7 equivalent circuit [92]
in PSCAD/EMTDC, as shown in Fig. 4.7. Two identical non-linear inductors are
modeled by the inverse JA method to take the non-linearity of the core into account
[74]. By employing this method, different B-H curves can be considered to evaluate the
performance of the proposed method under different conditions.

nm

0.592 mH

O—AAN
0.251Q

ANN—O
0.251Q

120 V
1439Q
(]334
120 V

Primary winding Secondary winding

o

O
Figure 4.7: Single-phase transformer modeled based on 7 equivalent circuit.

Fig. 4.8 shows the inrush current that flows into the single-phase transformer (as the
worst-case scenario) following the transformer’s energization by the CPFM and MPFM
1. For this transformer, B)*** = 0.58™%*. In the worst-case scenario, the transformer is
energized at t = 0.18 s (at voltage zero-point rising edge) while B = B™%* which leads
to an inrush current that reaches 185 A at the first peak (the highest value). Compared
to the transformer excitation current, which is 10 A, the worst-case scenario increases
the current significantly. For both the CPFM and MPFM 1, a CB with RDDS = 70
kV/ms and Tep = 50 ms is selected. For CPFM, it is assumed that the rising zero-point
voltage is detected at ¢ = 0.1 s, the closing command is generated at t = 0.11833 s, and
the making occurs at ¢ = 0.16833 s. The effectiveness of the CPFM is shown in Fig. 4.8.
According to this figure, the CPFM reduces the inrush current to 95 A, which shows
48.64% reduction in inrush current compared to the worst-case scenario.

Over the course of flux adjustment, MPFM 1 measures B]"**. Based on this meas-
urement, the closing command is generated at 0.1166 s, and making happens at 0.1666
s after a voltage zero-point rising edge is detected at 0.1 s. It can be seen from Fig.
4.8 that the inrush current is limited to 30 A when MPFM 1 is used. In comparison
with the worst-case scenario and the CPFM, MPFM 1 reduces the magnitude of inrush
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Figure 4.8: Inrush current in the worst-case scenario, energization with the CPFM, and

energization with the MPFM 1.

current 83.7% and 68.4%, respectively.

Fig. 4.9 demonstrates the highest magnitude of inrush current when the CPFM
and MPFM 1 are implemented. For the CPFM, the highest magnitude of the current
is reduced with an increase in B]"** /B  The reason for this reduction is that the
difference between B*** and B, is reduced due to the change in the B-H curve. As
can be seen, the lowest magnitude is achieved when B["**/B™% = (.8. On the other
hand, MPFM 1 shows a consistent performance because a change in B)"**/B™% does
not change the current magnitude significantly. By implementing MPFM 1, the current
varies around 30 A. Contrary to the CPFM, the accuracy of the MPFM 1 is dependent

on the measurement during flux adjustment.
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Figure 4.9: Inrush current versus B)"** /B™% for CPFM and MPFM 1.

To obtain satisfactory results, the MPFM 1 should be able to flux a single-phase
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transformer properly and measure the ratio between B"** and B™%*. Different condi-
tions of B, = —0.5 T, B, =0T, and B, = 0.5 T are taken into account to evaluate
the performance of the MPFM 1. For this, the pre-fluxing device shown in Fig. 4.4 is
employed, which is made using two 1-mF capacitors. The capacitor’s initial voltage is
46 V. The results of transformer fluxing are shown in Fig. 4.10. As can be seen, B, does
not affect the performance of the MPFM 1 since B¢ is successfully adjusted to B,
which is 0.65 T. The important point that should be mentioned here is that the only
impact of B, is on H. According to Fig. 11, when B, < 0, H increases more than in
other cases. Based on Fig. 4.10(a), H reaches -5000 A /m while this number for the case
with B, = 0 and B, > 0 is -2900 A/m and -2000 A/m, respectively. This phenomenon
happens because the polarity of the voltage of C is the same as B, in Fig. 4.10(a) and
opposite to B, in Fig. 4.10(c).

For the B-H curve shown in Fig. 4.9, B"** = 0.65 T, and B"** = 1.55 T in nor-
mal operation. It means that B]"**/B™ = (.42. To determine the closing operation
initiation instant at which the inrush current is minimized, B)"** / B™%" should be calcu-
lated through equations (4.3)-(4.6) during flux adjustment. Fig. 4.11 shows the relative
flux density for cases with B, = —0.5 T, B, =0, and B, = 0.5 T. For B, = —0.5 T
(blue trace), B!, B2, BI! and BJ? are —382 x 1072, 670 x 1073, —50.7 x 1073, and
369.8 x 103, respectively. By employing (4.3), B4 /B™% = (.4 which shows accept-
able accuracy compared to 0.42. In addition, for cases with B, = 0, and B, = 0.5 T,
BT /B™a* ig equal to 0.402 and 0.406, respectively.

In Fig. 4.12, the current that flows from the pre-fluxing device to the single-phase
transformer is shown. According to this figure, for B, = 0 T, the current reaches -
10 A when C] is connected. This current is the same as the excitation current of the
transformer. For other cases, the current magnitude varies when C is connected. While
current decreases for B, = 0.5 T (-7.28 A), a negative B, results in a higher current that
is -16.92 A. This result is compatible with the B-H curves in Fig. 4.9 where a negative
B, leads to higher magnetic field strength compared to zero or positive B,. Unlike the
time when Cy is connected, the currents are similar when C; is disconnected and Cs is
connected to the transformer. In this situation, the currents reach 5 A. Again, this result
is compatible with Fig. 4.9. When Cj is connected, magnetic field strength is similar
for all cases. It turns out that B, only affects current and magnetic field strength when

(' is connected and does have no impacts after the connection of Cs.

92



4.3 Modified Pre-Fluxing Method 1 (MPFM 1)

Z ot
[aa]
A /
72 1 L 1 L 1 L 1
5000 4000 3000 -2000  -1000 0 1000
H (A/m)
(a)

l |-
2ot
o

-1 F

> . ‘ ‘ . .

23000 2000 -1000 0 1000
H (A/m)
(b)

l L -
Z o ]
@

aF B

2500 2000 -1500  -1000  -500 0 500 1000 1500

H (A/m)
(c)

Figure 4.10: Flux adjustment with (a) B, = —0.5 T, (b) B, =0, and (c) B, =0.5 T.

Table 4.1 shows the performance of the MPFM 1 in estimating B)"**/B™% with

cores of different B-H characteristics. As can be seen, for a vast range of B,s and B-H
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Figure 4.11: The integration of the voltage induced on primary winding.
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Figure 4.12: Current flow from the pre-fluxing device to the transformer.

curves, the proposed method can obtain B;"**/B™% with high accuracy. This means
that the value of B, and the transformer core materials do not affect the ability of the
proposed method in estimating B)"** /B™%*  This feature helps to determine an accurate

switching instant, thereby mitigating inrush current.

4.4 Modified Pre-Fluxing Method 2 (MPFM 2)

Although MPFM 1 improves upon CPFM by calculating the ratio of B)*** to B™%* and
determining the optimal instant for transformer energization, leading to a reduction in
inrush current, it still suffers from several limitations. The method is slow when adjusting
flux in high-power transformers. Additionally, achieving a DC offset-free output from
the voltage transducer is not always feasible, making flux estimation impossible. These

challenges justify further modifications to the pre-fluxing method to enhance its speed,
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Table 4.1: MPFM 1’s Estimation for Different B-H Curves
B, -05T 0.0 05T

Bmaz/gmaz | 05 | 06 | 0.7 || 05 | 06 | 0.7 || 05 | 06 | 0.7
B! (mV.s) || -391 | -402 | -723 || -514 | -528 | -467 || -710 | -715 | -409
B™ (mV.s) | 697 | 683 | -103 || 553 | 558 | 564 || 367 | 366 | 209
Bf! (mV.s) || -110 | -177 | -651 || -250 | -299 | -341 || -432 | -495 | -334
B2 (mV.s) || 428 | 474 | -217 || 291 | 359 | 492 | 103 | 157 | 95.6
Eq. (4.3) || 0.497 | 0.600 | 0.702 || 0.507 | 0.605 | 0.702 || 0.496 | 0.603 | 0.696

mV.s

mV.s

account for CB limitations and uncertainties, and ensure reliable operation even when
the voltage measurement contains a DC offset. These considerations have led to the
development of the Modified Pre-Fluxing Method 2 (MPFM 2). The MPFM 2 is designed
such that it can adjust the residual flux to any value within the feasible range. This
adjustment aims to strike a balance between two conflicting factors: Minimizing the
impact of CB scatter while ensuring no risk of making on the previous hump. After
flux adjustment, the transformer is energized at an instant that minimizes the difference

between the residual and prospective flux densities.

4.4.1 Safe Flux Range Associated with CB Closing Operation

As discussed in Section 3.3, to determine the critical making instant, the quadrilateral
region in Fig. 3.1 must be shifted left until its lower side becomes tangent to the previous
voltage hump at giqn, as illustrated in Fig. 3.3. For convenience, Fig. 3.3 is shown again
here as Fig. 4.13. The critical making instant, denoted as 7,,,, corresponds to the making
occurrence at point A4. This point marks the lower limit of the safe making range, which
extends from A4 to Az. On the next hump, this range shifts from Az to Ag on the rising
half of the positive gap voltage. The flux linkage associated with to A4, referred to as

Asafe, is derived from
Asafe = A" sin(wTp,) (4.7)

Here, A" represents the maximum flux linkage, defined as A% = N AB™%*. Choosing
the rising half of the positive gap voltage sets the lower limit of this range at —A e,

which corresponds to As as target making instant. Combining these two pieces yields
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Figure 4.13: Preferred making range and corresponding safe flux range.

the range [—Asafe, Asafe] Which is referred to as the safe flux range. Any value in the
safe range is the prospective flux of a target making instant that involves no risk of
making on the previous hump. Flux values closer to the lower and upper bounds of
the safe range (which respectively corresponds to A4 and As) are preferred since they
are associated with less sensitivity to RDDS and mechanical scatter. Depending on the
core material, A" may or may not fall in the safe range. In the case of the latter,
inrush current cannot be dealt with properly using the pre-fluxing method [93]. This
is because the transformer might get energized undesirably within the previous hump,

thereby rendering high-magnitude inrush current unavoidable.

4.4.2 Pre-Fluxing Device

For flux adjustment, MPFM 2 employs a pre-fluxing device shown in Fig. 4.14. This
device is composed of a full-bridge single-phase inverter (with four switches S;-S4 and
four anti-parallel diodes D1-Dy), a DC voltage source with voltage denoted as Vp¢, and
a resistor connected in series with the transformer. A voltage transducer and a current
transducer are employed to measure the voltage induced on the open-circuited primary
winding and the current injected into the transformer by the pre-fluxing device. The
theory behind determining the voltage of the DC voltage source is explained in [68]. The
resistor ensures that the current of the pre-fluxing device does not exceed the peak value
of the transformer’s nominal current. The size of the resistor can be readily determined

from R = % , where I, is the transformer’s nominal peak current.
n
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Figure 4.14: Pre-fluxing device used by the MPFM 2.

4.4.3 Residual Flux Adjustment Stage

A method is proposed in this subsection for adjusting the residual flux from an initial
unknown value of A\, to values that can be met by the prospective flux, given the limit-
ations of the CB. This is achieved by applying a square-wave voltage to the transformer
via the pre-fluxing device and regulating the current flowing into the transformer. For
new transformers employing highly efficient designs, the excitation current ranges from
0.1% to 1% of the nominal transformer current, while this value can increase to as high
as 6% for older transformers [94]. This means that when the excitation current reaches
0.11,, it is guaranteed that the transformer has been driven into saturation.

For the sake of illustration, let us assume that the pre-fluxing device is connected to
the secondary winding of the transformer with an initial residual flux of A\, = 0 (without
loss of generality). To start the flux adjustment, switches S; and S4 are turned on
at t = 0, and positive voltage (Vp¢) is applied to the transformer, as shown in Fig.
4.15(a). Fig. 4.15(b) demonstrates the waveforms of the actual and measured currents
during flux adjustment. Current starts flowing through switches S; and Sy, as shown
in Fig. 4.16(a). At t = t;, the measured current reaches 0.17,,. The actual current
is different from the measured current due to the presence of a DC offset. As can be
observed from Fig. 4.15(c), by the application of voltage, the transformer is driven into
positive saturation, causing the actual flux to surpass A"™%* and reach As¢. The positive
saturation on B-H curves is shown in Fig. 4.17 as point 1.

At t = t1, switches S7 and Sy are turned off while switches Sy and S3 are turned on.
Due to the inductive nature of the transformer, the current does not change immediately

and continues to flow through diodes Dy and D3 (see Fig. 4.16(b)) until it descends to
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Figure 4.15: (a) Secondary winding voltage, (b) actual and measured currents, (c) actual

flux, (d) primary winding actual and measured voltage, and (e) voltage integral.

zero at t = t9. Throughout diode conduction (between ¢ = t; and t = t3), a negative
voltage (—Vp¢) is applied to the transformer, which accelerates the current reduction to
zero. After t = tg9, the current continues to decrease, with switches S, and S3 creating
a path for the current, as shown in Fig. 4.16(c). When switches Sy and S5 conduct,
again (—Vp¢) is applied to the transformer. The current reduction continues until the
measured current reaches —0.11,, at t = t3, which is equivalent to —\ge (i.e., negative

saturation, marked as point 2 in Fig. 4.17). At t = t3, switches Sy and S3 are turned
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Figure 4.17: Hysteresis curve for (a) Asqre > A", and (b) Aggpe < A7,

off, and once more, switches S; and S4 are turned on. The current flows through diodes
Dy and Dy (see Fig. 4.16(d)) until it becomes zero at ¢ = ¢4, and then through switches
S7 and Sy until it reaches 0.11,, at ¢t = ¢5.

An important point to consider is that the voltage transducer’s output usually con-
tains a DC offset. This offset, if not dealt with properly, can make the flux estim-
ation inaccurate. Let v,(t) show the voltage induced on the open-circuited primary
winding. The voltage transducer adds the DC offset AVpe to the signal, and outputs
vyt (t) = vp(t) + AVpc, where the superscript “m” is used to mark transducer measure-
ments. To estimate the DC offset, v;"(t) can be integrated from t; to t5 and averaged

as below

AVpe = t5it1 [ /0 @t - /0 ! v;n(t)dt} (4.8)

where the integral of v, (t) over a full period (t5 —t; = T') is zero. Now, let i;,,;(t) denote
the current injected into the secondary winding and ijy, ;(t)=iin;(t) + Alpc where the
variable on the left-hand side denotes the measured current and Alpc expresses the DC

offset in this measurement, respectively. The DC offset AIpc can be determined from:

Alpe = —> [ /OtSi;';j(t)dt— /Otlz'%j(t)dt} (4.9)

ts — 11
Using equations (4.8) and (4.9), v,(t) and i;,;(t) can be derived from the transducers’
outputs. Now let us define the voltage integral \,(t) as

Ao(t) = /t Lo (Bt (4.10)

5
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By comparing Figs. 4.15(c) and 4.15(e), it can be seen that after t = t5, A,(%)
represents the actual flux which is shifted downward by — g, i.€., A\p(t) = A(t) — Asat-
This allows us to estimate the actual flux by A,.

The transformer is subject to a negative voltage at ¢t = t5, leading to negative satur-
ation at t = t7. At this time, A, (t7) reaches —2\4, as shown in Fig. 4.15(e). Therefore,

one can readily obtain Mgy from:

Asat = 5 [M(ts) = Au(t7)] (4.11)

DN |

After t = ty7, switches So and S5 are turned off, and a positive voltage is applied
to the transformer firstly through diodes D; and D4 and then through switches Sy
and Sy. The positive voltage changes the voltage integral A, from —2Xg.: to —Agar
at t = tg, corresponding to a rise from —Agy to zero in actual flux (representing core
demagnetization, marked as point 3 in Fig. 4.17). The voltage integral further increases
to —Asat + Asafe at t = t19, which corresponds to Ay e in the actual flux, as shown in
Fig. 4.15(c). Once \y(t10) reaches —Asqs + Agqfe, switches Sy and Sy are turned off, and
current flows through diodes Do and Ds, applying negative voltage to the transformer.
This voltage facilitates the process of current reduction to zero. At t = t11, current
reaches zero and remains unchanged since switches So and S3 are turned off. This
current reduction causes the actual flux to reduce from Ay r. and reaches a value lower
than Agfe at t = t11 due to the hysteresis phenomenon. This settling value of the

adjusted residual flux can be obtained from

X = st + Ao(t11)] (4.12)

Fig. 4.17 shows the hysteresis loops traversed during flux adjustment for two different
scenarios. One scenario is where Agqpe > A" and another is where Ay p. < A", The
actual flux’s transition from —\.q to A%? is highlighted in red. In the former case, the
adjusted residual flux lies on the maximum feasible residual flux, as depicted in Fig.
4.17(a). In the latter scenario, the adjusted residual flux falls within the feasible range
[—AaE Amar]as shown in Fig. 4.17(b). Both scenarios prevent making on the previous

hump and reduce the impact of scatters on transformer energization.
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4.4.4 Controlled Switching Stage

The next stage after flux adjustment is transformer energization. Without loss of gener-
ality, let us assume that the nominal voltage v(t) = V,, cos(wt) is applied to the primary
winding of the transformer while the secondary winding is open-circuited. The hat sign
is used to refer to the per-unit flux with A"%* as the base value. The phase angle of the
rising half of the gap voltage that results in a match between residual and prospective

fluxes is calculated from:

6= —sin~' (3¢ (1.13)

The making instant corresponding to ¢ is t,,, = , where f is the power system

2r f
frequency. The contact touch and closing operation initiation instants can be calculated

from

|Vin cos(wty,)|

smean

tet = tm (4.14)

tin = tet — TCB (415)

The initiation of the closing operation of the CB at t;, guarantees that the prospect-
ive flux ideally matches the adjusted flux by making at ¢,,,. Thanks to the considerations
made to account for the impact of scatter in the closing operation of the CB, the differ-

ence between the two fluxes would be minimal.

4.4.5 Performance Evaluation

The results of simulation and experimental evaluation studies are presented and dis-
cussed in this section. The single-phase transformers introduced in section 2.4.1 are
used to verify the performance of the MPFM 2’ performance. The CB closing operation
is modeled considering mechanical and RDDS scatter as random variables with normal
distributions [79]. The pre-fluxing device shown in Fig. 4.14 is used for flux adjust-
ment, with a DC-link voltage of 60 V. In addition, an hardware-in-the-loop test system
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including a single-phase transformer and a pre-fluxing device is used to experimentally
investigate the MPFM 2’s performance.

First, the proposed method is rigorously tested under conditions that simulate the
uncertainties inherent in CB closing operations. Next, the focus shifts to examining the
flux adjustment process in detail. This is followed by a comparative analysis of MPFM 2,
MPFM 1, demagnetization [9], and random energization methods (as discussed in Section
3.7.1). Finally, the results from experimental validation are presented and discussed in

depth.

General Evaluation of the MPFM 2

To assess the performance of the MPFM 2, the RDDS and closing time of the CB is
assumed to vary in the ranges [28 kV /ms,52 kV/ms], and [48.5 ms,51.5 ms], respectively.
The safe flux range, normalized by A" expands from -0.7 pu to 0.7 pu. Following flux
adjustment, the adjusted residual flux for Type 1 and Type 2 transformers, normalized
with respect to A™**  are 0.6 pu and 0.69 pu, respectively. A sensitivity analysis is
carried out by conducting 10,000 simulations for each transformer, evaluating the impact
of scatter values on the MPFM 2’s performance. The outcomes of this analysis are
presented in Table 4.2. For Type 1 and Type 2 transformers, the making instants fall
within the ranges of [6.8 ms,9.7 ms] and [6.6 ms,9.1 ms] , respectively. Correspondingly,
the values of A2 are [0.09 pu,0.84 pu] and [0.28 pu,0.88 pul.

Table 4.2: Different Scatter’s Impact on the MPFM 2’s Performance

RDDS §min gmean gmaz
Closing Time Teg —ATeg | T | T + ATep

ter (ms) 12.7 14.2 15.7

Type 1 | t,, (ms) 6.8 8 9.7

Xad 0.84 0.6 0.09

ter (ms) 11.8 13.3 14.8

Type 2 | t,, (ms) 6.6 7.6 9.1

Aad 0.88 0.68 0.28

The making instant distributions are demonstrated in Fig. 4.18. The probability of

making occurrence is the highest at the ideal target making instants (8 ms and 7.6 ms for
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the two transformers) as marked by the dashed black lines. In most cases, there is only
a slight difference between the true and ideal target making instants. The probability of
making occurrence decreases as we go farther away from the ideal target making instant.
This probability soon becomes zero at the upper and lower bounds of the making interval,
indicated by the dashed blue and red lines. The impact of larger A% is also shown in
Fig. 4.18. A higher value of A% results in a narrower making interval (as seen in the

energization of the Type 2 transformer).
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Figure 4.18: (a) Type 1, and (b) Type 2 transformers’ making instant distributions.

Flux Adjustment by the MPFM 2

The flux adjustment procedure for the Type 1 transformer is shown in Fig. 4.19. For this
evaluation, the initial residual flux is set to zero, —0.5A™* and 0.5\™** respectively.
The DC offset on voltage and current transducer outputs is 100 V and 1 A. The safe flux
range, normalized by A"%*  spans from -0.7 pu to 0.7 pu. The voltage applied to the
secondary winding via the pre-fluxing device is shown in Fig. 4.19(a). As can be seen,
the initial residual flux impacts the time required for flux adjustment by the MPFM
2. The fastest adjustment occurs when A, = 0.5A"%* as the flux reaches Agq: for the
first time more quickly. As A, decreases, the time needed for flux adjustment increases.
Based on A, value, the MPFM 2 needs 1.92 to 2.13 seconds for flux adjustment. The

MPFM 1, however, requires nearly 10 minutes to flux this transformer.
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Figure 4.19: (a) Voltage applied to the secondary winding, (b) normalized actual flux,

and (c¢) normalized voltage integral.
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In Fig. 4.19(b), the waveforms of actual flux normalized by \™%* are shown. Since the
maximum feasible residual flux lies in the safe flux range, the residual flux is adjusted
to the maximum feasible residual flux, i.e., A% = 0.6A™%*. This figure also shows
that regardless of the initial value of residual flux, the MPFM 2 can easily adjust the
residual flux to A7"**. Fig. 4.19(c) shows the voltage integral \,, normalized by A",
Substituting the voltage integral values at ¢35, t7, and ¢;; into equations (4.11) and (4.12),
the per-unit value of adjusted residual flux is found to be 0.61, 0.59, and 0.59 for cases
with A, = 0, A\, = —0.50* and A\, = 0.5\ respectively. Table 4.3 summarizes
the details of flux adjustment for both transformers, including the initial residual flux
value, the true and estimated values of adjusted residual flux using (4.12), and the time
taken for the flux adjustment. As shown, the MPFM 2 adjusts the residual flux to a
value within the safe flux range in a few seconds. The MPFM 2 estimates the adjusted

residual flux regardless of the initial residual flux value.

Table 4.3: Flux Adjustment Results
Type | A\ /A™® | -0.75 | -0.5 | -0.25 | 0 | 0.25]| 0.5 | 0.75

Aad/ymaz | N A | 06 | 06 | 06 | 0.6 | 0.6 | N.A
1 | Eq (412) | N.A | 059 | 059 | 0.61 | 0.6 | 0.61 | N.A
tin(s) | N.A | 214 | 2.07 [ 2.05|1.98 | 1.93 | N.A

Azd/xmaz | 0.69 | 0.69 | 0.69 | 0.69 | 0.69 | 0.69 | 0.69
2 Eq. (4.12) | 0.69 | 0.68 | 0.70 | 0.68 | 0.69 | 0.70 | 0.70
t11(s) 218 | 213 | 2.08 | 2.03 | 1.97 | 1.92 | 1.87

Comparison with Other Methods

This subsection compares MPFM 2 with MPFM 1, demagnetization [9], and random
energization methods. Two types of CBs are considered: A slow CB and a fast CB. For
slow CB, RDDS=40 kV/ms with +30% scatter and T = 50 ms, with a mechanical
scatter of £1.5 ms. The fast CB has an RDDS of 70 kV/ms with £15% scatter and
a closing time of 30 ms, with a mechanical scatter of +1.0 ms. The safe flux range,
normalized by A" for slow and fast CBs is [-0.7 pu,0.7 pu] and [-0.96 pu,0.96 pu],
respectively. For each method, 4,000 simulations are conducted, using both CBs to

energize the Type 1 and Type 2 transformers. The MPFM 2 and MPFM 1 adjust the
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residual flux to A\J***. However, for the case with the Type 2 transformer and slow CB,
the MPFM 2 adjusts the residual flux to 0.69\"4%,

Fig. 11 shows the distributions of inrush current in numerous different conditions
tested. Only results ranging from zero to 400 A are shown, and undesirable cases where
making occurs on the previous hump using MPFM 1 and demagnetization method are
excluded. The MPFM 2 is the only method that does not result in such undesirable
makings. The results of random energization are excluded from Fig. 4.20 as they are
uniformly spread out from zero to the highest attainable magnitude. As shown in Figs.
4.20(a), 4.20(c), and 4.20(d), both MPFM 2 and MPFM 1 exhibit a great performance.
These two methods perform identically in all scenarios involving the Type 1 transformer
and when a fast CB is used to energize the Type 2 transformer. In these cases, the
peak current magnitude does not surpass 160 A, matching the peak amplitude of the
nominal current. In the case of the Type 2 transformer with the slow CB, the MPFM 1
demonstrates a superior performance in successful cases with MPFM 2 ranking as the
second-best method. Both methods limit the current well below the magnitude at the
peak amplitude of the nominal current. However, MPFM 1 suffers from making on the
previous hump in about 1.0% of cases in which the current range from 600 A to 1100 A.
The MPFM 2, however, remains unaffected, always limiting the current to 160 A.
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Figure 4.20: (a) Type 1, slow CB, (b) Type 2, slow CB, (c) Type 1, fast CB, and (d)
Type 2, fast CB.

Experimental Validation

A HIL test system shown in Fig. 4.21 is employed to experimentally examine the MPFM
2’s performance. The system is composed of a 400-VA, 260 V/120 V shell-type single-
phase transformer, a Typhoon HIL 604 device, a PEB4050 IGBT power module, and an
HD6025-10 solid-state relay. The transformer’s peak excitation current at the primary
side is 0.22 A. This excitation current could reach 50 A in worst-case energization con-
ditions. The HIL device controls the IGBT power module as the pre-fluxing device and
the solid-state relay as a CB with associated RDDS and mechanical scatter. A 30-V
DC voltage supplies the pre-fluxing device, and a 15-€) resistor is included to cap the
device’s current at 2 A.

The MPFM 2’s ability to adjust the residual flux to a value below Asa fe = 0.65 pu
is shown in Fig. 4.22. Figs. 4.22(a) and 4.22(b) demonstrate the voltage applied to the

secondary winding and the induced voltage on the primary winding, respectively. At
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Figure 4.21: Experimental setup.

t = 0.086 s, the DC offset of the voltage transducer output is calculated, enabling the
measurement of the actual voltage induced on the primary winding. Similarly, the DC
offset compensation is implemented to the current transducer output, as seen in Fig.
4.22(c). Using the compensated voltage, the voltage integral A, (t) is derived, as shown
in Fig. 4.22(d). Equation (4.12) yields the value of the adjusted residual flux as 0.62 pu,
also represented in Fig. 4.22(e) demonstrating the associated hysteresis loop after DC
offset compensation. To validate the efficiency of the flux adjustment, the transformer
is energized such that the prospective and residual fluxes are matched. The resulting
current flowing into the transformer, energized by an ideal CB, is shown in Fig. 4.22(f).
The current magnitude reaches 0.24 A, which closely matches the transformer excitation
current. This proves the effectiveness of the MPFM 2 in adjusting and estimating the

residual flux.
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Figure 4.22: (a) Voltage applied to the secondary winding, (b) voltage induced on the

primary winding, (c) secondary winding current, (d) voltage integral, (e) hysteresis curve

after ¢ = 0.086 s normalized by \™%* and (f) primary winding current after transformer

energization.
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Table 4.4: Comparing Different Methods with Respect to the Worst-Case Scenario

Methods Lower bound (%) | No sccater (%) | Upper bound (%)
MPFM 1 and MPFM 2 99.38 99.52 98.4
Demagnetization Method 94.8 99.52 97.2

Fig. 4.23 shows the currents flowing into the transformer energized by MPFM 2
MPFM 1, and the demagnetization method, assuming making only occurs at the upper
and lower bounds of the making interval. It is assumed that the RDDS and mechanical
scatter are £20% and +3.0%, respectively. For this CB, both the MFPM 2 and MPFM
1 perform identically. By employing these methods, the peak current drawn by the
transformer is limited to 0.31 A and 0.8 A for energization at the lower and upper
bounds. The results of the demagnetization method are 2.6 A and 1.25 A, respectively.
Compared to the demagnetization method, the MPFM 2 and MPFM 1 demonstrate

much less sensitivity to CB uncertainties.

3r Demagnetization Method, Lower bound |
---------- Demagnetization Method, Upper bound
H ——MPFM | & MPFM 2, Lower bound

2 O MPFM 1 & MPFM 2, Upper bound 4

(39
T

Current (A)

Figure 4.23: Currents flows into the transformer for energization at the upper and lower

bounds of making interval.

Table 4.4 presents the results of various methods and the corresponding reduction
in current magnitude compared to the worst-case energization scenario, which produces
a peak current of 50 A. As illustrated, the best performance under ideal conditions
is achieved by the proposed methods, both yielding the highest reduction in current
magnitude. These are followed by the performance of the demagnetization method.

The proposed methods demonstrate lower sensitivity to scatter, as their performance
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is less affected by the lower and upper bounds of the making interval. The proposed
methods achieve an improvement range of 98.4% to 99.52%, which is significantly better
than the corresponding ranges of 94.8% to 99.52% for the demagnetization method.
Similar to the method proposed in Chapter 3, the method proposed in this chapter can
be implemented using the TMS320F2812 DSP, which is cost-effective and suitable for

real-world applications.

4.5 Summary

This chapter introduces modified pre-fluxing methods designed to mitigate inrush cur-
rents in single-phase transformers, which are vital components in many TPSSs. The
conventional pre-fluxing method faces significant challenges that render it impractical
for traction transformers. The proposed methods, referred to as MPFM 1 and MPFM 2,
aim to address these issues and provide a more effective solution for high-power single-
phase transformers.

MPFM 1 adjusts the residual flux to the maximum feasible residual flux of the
transformer’s core and calculates the ratio of this feasible residual flux to the core’s
maximum flux under normal operation. This adjusted flux estimate is then used to
optimize the CB closing operation, minimizing the difference between the residual and
prospective flux to eliminate inrush current. Extensive simulations confirm that MPFM
1 effectively mitigates inrush current, with the residual flux estimation achieving an
error of less than 1%. MPFM 1’s performance is especially superior to the conventional
pre-fluxing method when applied to cores made of ferromagnetic materials with a lower
ratio between the maximum feasible residual flux and the maximum operational flux.

Although MPFM 1 offers a much better performance with less sensetivitiy to the
closing operation of CB for the traction single-phase transformers compared to the con-
ventional pre-fluxing method, MPFM 1 is not fast enough (similar to the conventional
pre-fluxing method) for high-power transformers. To find a faster solution, the MPFM 2
is proposed which is able to flux high-power transformers. MPFM 2 effectively mitigates
inrush current in single-phase transformers by introducing the concept of a “safe flux
range”, which is essential for its flux adjustment process. This range includes values
that can be set as the core’s residual flux and matched with the prospective flux, taking
into account the CB’s operating characteristics and limitations. A pre-fluxing device is

developed to apply voltage to the transformer, adjusting the residual flux to an optimal
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value within this safe range. Throughout the adjustment process, MPFM 2 compensates
for any DC offset in the transducers, ensuring accurate residual flux estimation and min-
imizing the difference between prospective and residual fluxes.

Both MPFM 1 and MPFM 2 exhibit similar performance in reducing inrush current,
effectively limiting the current magnitude to levels below the transformer’s nominal
current. MPFM 2 offers a distinct advantage by adjusting the residual flux within
seconds, even for high-power transformers, whereas MPFM 1 may take several minutes
for the same task. Additionally, MPFM 2 is specifically designed to account for and
minimize the uncertainties associated with CB closing operations, addressing a potential
drawback of MPFM 1, which might occasionally lead to making on the previous voltage
hump. In essence, MPFM 2 retains all the benefits of MPFM 1 while eliminating its

shortcomings.
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CHAPTER b5

Mitigating the Inrush Current of V/V
Transformers Using Railway Conditioners and

Independent-Pole-Operated Circuit Breakers
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5.1 Overview

In Chapters 3 and 4, various energization methods for single-phase traction transformers
were introduced. However, V/V traction transformers, known for their simple structure
and efficiency in powering electric trains, are also widely used in TPSSs. This chapter
introduces a novel flux matching method to mitigate inrush currents during the energiza-
tion of V/V traction transformers. Unlike existing methods for three-phase transformers,
the proposed method adjusts the transformer’s residual flux density to any value within
the feasible range by injecting the appropriate current into the V/V transformer using
a railway power conditioner. The only parameter required is the transformer’s nominal
excitation current; all other necessary data is gathered during the flux adjustment pro-
cess. This method removes the need for detailed transformer design information, thereby
reducing significant sources of difficulty and uncertainty. The selected reference value
for residual flux density is chosen from the feasible range to minimize the impact of CB
closing operations and any associated uncertainties on the energization process. For flux
adjustment, the railway power conditioner injects sinusoidal current into the transformer
prior to its energization, ensuring that the residual flux density is accurately matched
with the reference value. Following flux adjustment, different phases of the V/V trans-
former are energized sequentially at optimal instants using an independent-pole-operated
CB.

5.2 Traction Power Supply System Based on V/V Trans-

former

A V/V transformer contains two single-phase transformers known as the a-side and
(B-side transformers. Fig. 5.1 shows a typical traction power supply system with a
V/V transformer, which is equipped with a railway power conditioner, which can be
the power conditioners explained in section 1.2.2. The a-side and S-side transformers
are identical but magnetically decoupled, which means their cores are not connected.
Hence, the residual flux of each of the two single-phase transformers can be adjusted
independently. To flux the a-side and (§-side transformers from the secondary side, each
leg of the railway power conditioner can be controlled separately. The a- and R-legs can
be used to flux the a-side transformer, and the -side transformer is fluxed via the §-leg

and R-leg. The R-leg is common between «-side and §-side transformers, and hence, its
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current is the opposite of the sum of a- and B-legs’ currents. The CB used to energize
the V/V transformer is an independent-pole-operated CB, meaning that its poles can

be controlled separately.

(QI°CEN

—Upe+ | —Uab+
t—Uac+-)|

A

CB ivgu

V/V
transformer

o-leg

( Railway power conditioner )

Figure 5.1: V/V traction transformer equipped with a railway power conditioner.

5.3 Inrush Current Mitigation Method for V/V Trans-

former

This section proposes an effective method for adjusting the residual flux density of the
a-side and S-side transformers to any given B3 € [—0.5B8™ (.5B™%] which is called
the guaranteed range as will be explained in section 5.3.1. The energization instant for
each of the two transformers is then obtained so as to minimize the difference between
B2 and B,,. The operating characteristics and limitations of CBs are taken into account
to establish a sound flux matching procedure capable of stopping inrush current from

occurring.

5.3.1 Controlled Switching on the V/V Transformer

The first step in controlled switching is to obtain the voltage between the moving and
fixed contacts of each CB pole when the CB is open. When all CB poles are open in Fig.

5.1, the gap voltages vgq, vg, and vy, are equal to the phase voltages wu,, up, and uc,
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respectively. It can be easily confirmed that the gap voltages are not independent and
change when any of the three poles is closed. For example, if pole C of the CB is closed,
Vga = Uqc, Vgb = Upe, and vge = 0. Let us suppose that pole C'is closed after poles A and
B have been closed. This makes the voltages across the a-side and S-side windings jump
immediately from ugp and —ugp t0 Uge and upe, respectively. The transformer’s core may
get saturated due to this sudden voltage change, which is not desirable. Hence, it is
recommended that pole C' (the pole in the middle in Fig. 5.1) must get closed before
the other two poles. This is to avoid any core saturation due to a sudden change in the
windings’ voltage.

With pole C closed and poles A and B open, vy, and vy, become equal to u,. and
Upe, Tespectively. In this way, the gap voltages of the two transformers, i.e., vq. and vp.,
will be identical but with 60° phase-angle displacement. Let us denote the fundamental
frequency of the CB’s gap voltage by f. The period of this voltage will be the reciprocal
of the frequency as T' = % The absolute value of the CB’s gap voltage is also a periodic
function with period % Without loss of generality, the same making voltage can be
aimed for energizing each of the a-side and -side transformers. For this to happen, the
time difference for energizing the two transformers should be %.

The maximum residual flux density of the core can take a value from 50% to 90% of
B™* " depending on the core’s material [36]. This means adjusting the absolute value
of B, to quantities greater than 0.5B™%* may or may not be feasible. Conversely, a
residual flux equal to or below 0.5B™%" is almost always possible. To remove the need
for any detailed information about the B-H characteristics of the core, this research
suggests taking [—0.5B™%" 0.5B™%"] as the guaranteed range for adjusting the residual
flux within.

Fig. 5.2 shows part of the CB’s absolute gap voltage, which is a sinusoidal hump that
repeats at time intervals of % (equivalent to an argument of 7 rad). A rising zero-crossing
of the gap voltage is taken as the reference, i.e., ¢ = 0. Here, our analysis is focused
on the first and second humps. To energize during any other hump, it is sufficient to
shift the timing of the actions by an appropriate multiple of the time constant 7" when
following the steps outlined for the first or second hump. With reference to (1 and Qo,
the first hump can be divided into three regions; one from the origin to (1, another
region from @; to ()2, and the third region from )2 to the end of that hump. Similarly,
the points (Y3 and @4 on the second hump also divide that hump into three different
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regions.
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Figure 5.2: Safe making regions whose corresponding prospective flux can be equated

by the residual flux density regardless of the core’s material.

Making at the boundary points Q1 or @2 results in B, = —0.5B"" or B, = 0.5B™%,
respectively. It can also be confirmed that making between ()1 and (2 ensures that
—0.5B™M* < B, < 0.5B™. The region between ()1 and ()2 on the first hump of the
absolute gap voltage, which is marked in red in Fig. 5.2, is of special importance to us
and is called a safe making region. The safe region on the second hump lies between ()3
and Q4. The prospective flux density associated with a making anywhere in these safe
regions can be equated by an identical residual flux density regardless of the transformer’s
core material. The same does not necessarily apply to making points, for example, on the
first hump but outside the feasible region corresponding to |Bp|> |0.58™*|. Similarly,
whether the prospective flux of a making on the second hump (outside the safe marking
region) can be equated by an identical residual flux density is uncertain and depends on
the core material.

As mentioned earlier, making cannot be guaranteed to happen at a certain target
time but a range around it, owing to RDDS and mechanical scatter. As discussed in [80],
targeting points on the rising half of the absolute gap voltage results in a smaller making
range around the target point. Thus, ()1 can be considered an optimal target point for
making in the safe region of the first hump. This will ideally result in energization at
t= % and a prospective flux of B, = —0.5B™. Aiming for Q)3 the second hump will
ideally result in energization at ¢t = % with prospective flux B, = 0.58™%.

Now, let us obtain the closing initiation and mechanical contact touch instants that
correspond to making at ()1 on the first hump. As per the time reference chosen in Fig.
5.2, |V sin(wt)| denotes the absolute gap voltage. First, mechanical and RDDS scatter

is disregarded, and the prime sign is used to mark the corresponding instant of contact
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touch as t,. With making voltage % and —s°" as the slope of the CBDS curve,

t, can be obtained from

th, = L + V3V (5.1)
C 6 9gmean

Equation 5.1 gives ¢, with the assumption that there is no mechanical or RDDS
scatter. In practice, however, the RDDS and closing time may vary slightly in different
closing attempts, thereby resulting in a range instead of a certain making instant.

This range might be even so wide that includes part of the previous sinusoidal hump.
Making on a previous hump with an opposite voltage polarity could result in a consider-
able difference between the true and target prospective fluxes. Let us assume that t..;
(which is identical as 7, explained in 5.3.1) demonstrates the earliest closing initiation
instant that prohibits making on the previous hump even with extreme values for closing

time and RDDS, i.e. s™" and Top — ATpp. To guarantee making happens on the first

hump, the closing initiation instant must be obtained from

tin = max(t,ct —TcB, tcrit) (52)

It can be easily confirmed that when t., — Top < terit, the resulting ¢, would be
slightly greater than %. This conservative t;, ensures that making does not happen on
the previous hump, while the target making remains the same or as close as possible to
1. In this case, t,, can be calculated by setting s = s"¢*"* and t. = t;, + Top in 3.1.

With the time reference of Fig. 5.2, energizing the transformer at ¢, will result in

B, = —B™% cos(wtpm,) (5.3)

The next step is to adjust the core’s residual flux to the value given by (5.3) and
then energize the transformer at t = t,,. With pole C of the high voltage CB closed, the
absolute gap voltages [vy,| and |vgp| will have § rad phase displacement. If the S-side
transformer is energized with a time delay of % after the a-side transformer is energized,
the prospective fluxes of the two transformers will have the same magnitude and sign.
To take advantage of this, the residual flux density of the a-side and S-side transformers
can be adjusted to the same value using the technique that will be explained in the next

section. Then the two transformers are energized with T/6 time delay.
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5.3.2 Residual Flux Adjustment

The purpose of flux adjustment is to take advantage of the B-H characteristic to modify
the core’s residual flux density from an unknown initial value of B, to a desired value of
B2, Tt will be quite advantageous and sometimes even necessary if the flux adjustment
process does not require the knowledge of the initial residual flux or the core’s B-H
characteristics. The subsection argues that current injection is the preferred method for
adjusting residual flux density, as opposed to applying voltage to the winding. It is also
shown that the amplitude of the excitation current is the only information needed to
accomplish this. Then, a simple yet effective technique is presented for the estimation

of the core’s flux density over the course of the flux adjustment process.

Voltage or Current Control

By varying either the flux density or the magnetic field (B or H) in a controlled way,
a given hysteresis loop can be traversed. Nevertheless, neither of these variables is dir-
ectly accessible and they can only be indirectly controlled by changing voltage across
and current injected into the transformer windings. This part explains how injecting
appropriate sinusoidal current into the winding can adjust the residual flux to a credible
reference value. It also discusses why applying sinusoidal voltage across the winding
should be avoided, by highlighting complications this may introduce into the flux ad-
justment process.

Without loss of generality, let us consider a single-phase transformer with a unity
turns-ratio. The nominal voltage and amplitude of nominal excitation current (i.e., V,,
and I, respectively) are assumed to be known. No information about the nominal and
inner hysteresis loops of the core (B-H characteristics) is assumed to be available. To
begin our discussion, let us consider an easy case where the initial residual flux density of
the core is zero (B, = 0 T). The nominal voltage v(t) = V},, cos(wt) shown in blue in Fig.
5.3(a) can be applied to the secondary winding while the primary winding is left open-
circuited. This results in a sinusoidal flux density that varies in the range [-B™%*, B™*].
Examining Fig. 5.3 in an anticlockwise direction and beginning with Fig. 5.3(a), one
can observe how applying the nominal sinusoidal voltage to the secondary winding leads
to the flow of a non-sinusoidal excitation current with amplitude I.,. In the general case
of non-zero initial flux density, however, applying nominal voltage to the transformer

is not as convenient. This can saturate the core as explaine in section 1.2.3 and cause
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inrush current, which defeats the purpose of flux adjustment.
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Figure 5.3: Transformer’s (a) winding voltage, (b) core’s flux density, (c) current and

B-H curve following Scenarios 1 and 2.

Now let us assume a sinusoidal current with amplitude I, is injected into the sec-
ondary winding. As a result, a non-sinusoidal voltage will be induced across the open-
circuited primary winding, as indicated by examining Fig. 5.3 clockwise and starting at
Fig. 5.3(c). The resulting flux density is not sinusoidal yet varies in the linear range
[-B™er B™4T] The flux density reaches +B)"** and —B)"** at falling and rising zero-
crossings of the current waveform, respectively.

The magnetic field strength is assumed to be linearly proportional to the excitation
current, while the flux density is a more complicated function of the voltage applied
to the winding, as per (1.2). The coefficient and constant of this integral depend on
the core parameters and original flux density, respectively. Without knowledge of this
information, controlling the applied voltage to trace a given hysteresis loop would be
difficult and time consuming. The initial flux density of the core could potentially cause
an offset in the flux density. Such an asymmetry can easily saturate the core and push
the magnetization of the core out of the nominal hysteresis loop.

The transition from the residual flux to the knee point for the first time is the only
part of the magnetization that is influenced by the initial residual flux density, over the
course of current injection. Once the knee point is reached, the subsequent trace of flux

density becomes independent of the initial residual flux value. Thereafter, the trace is
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solely determined by the B-H characteristics of the transformer. At a zero-excitation
current (while traversing the nominal hysteresis loop), the flux density is offset from the
origin by the residual flux density £B]"**. To be able to achieve smaller residual flux
densities, inner hysteresis loops must be traversed. This can be achieved by injecting

smaller sinusoidal current into the winding, as will be detailed in following sections.

Flux Density Estimation

The transformer’s flux density right at the de-energization instant may be estimated
using two different approaches. One approach is to utilize (1.2), provided that N, A, B,
and the voltage applied are all known. An alternative approach is monitoring primary
and secondary currents and voltages to track the core’s magnetization along a hysteresis
loop, if known. These two approaches require knowledge of the transformer’s design
information or the core’s B-H characteristics. On the other hand, current and voltage
measurements prior to the transformer disconnection may not be sufficiently accurate
due to the transient responses of instrument transformers [78]. This is the case, for
example, when the transformer disconnection has been caused by abnormal conditions
such as a short-circuit fault. Once de-energized, the transformer’s residual flux density
begins to decline gradually through the CB grading capacitors and the stray capacitors
of transformer bushings [95].

A simple technique is presented here to estimate the core’s flux density relative to
B™ which will also be shown to be enough to enable the mitigation of inrush current.
The sinusoidal alteration of H along the nominal hysteresis loop induces a voltage across
the primary winding, which is not sinusoidal but periodic with the same period as that
of the injected sinusoidal current. This is caused by the cyclic traversal of the closed
hysteresis loop while the relationship between B and H is nonlinear. Let us assume
iinj(t) is injected into the secondary winding at ¢ = 0 and the induced voltage across the
open-circuited primary winding of the transformer is measured , i.e., v,(t). Let T, = %
denote the period of the injected sinusoidal current. The core flux density is a function of
time and is shown by B(¢). It can be seen from Fig. 5.3 that B(¢) reaches its maximum,
i.e., B™ when i;,;(%) = I.,. In its travel along the nominal hysteresis loop, B(t)

reaches +B"%* —B™% and —B"** when the injected current respectively reduces to

3

, 11, and T, respectively.

zero and —I, and then ascends to zero. These happen at %TT

Throughout the flux adjustment process, (1.2) in a more general form can be used
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to estimate the core’s flux density at time ¢ as below

B(t) = ﬁ /O ")t + B, (5.4)

In (5.4), the multiplier before the integral and B, are unknown. The flux density at

% and 3{’“ are respectively equal to B™** and —B"™, which can be examined using
(5.4). The maximum and the initial residual flux densities (B™** and B,) are unknown.
Nevertheless, the integral term of (5.4) can be calculated using the terminal voltage, and
can thus be considered known. In this way, a system of two equations in two unknowns

can be formed and solved for the unknowns to arrive at

Bmer — 1 [ﬂrv (t dt—f%v t)dt]
— 2NA |JO p 0

(5.5)
Let us use the hat sign to refer to the per-unit value of flux density. The per-unit
value of B(t), i.e., B(t), can be calculated based on (5.4) and (5.5) as

Bmax Tr

B(t) — B(t) _ 2 f()t Up(t)dt — fo% Up (ﬂiﬁ — fo% Up(t>dt (5.6)
Jot vp(t)dt — fo* wp(t)dt

Current Injection

For a successful flux adjustment, the frequency and amplitude of the injected current
are both to be appropriately controlled. This current, denoted as i, (t) = I, sin(27 f,t),
must be controlled to prevent core saturation, ensuring that I, does not exceed I.,. The
amplitude of the injected current plays a key role in adjusting the residual flux density
to any value within the feasible range [—B["**  B"**] rather than to its lower and upper
bounds only.

The voltage induced across the primary winding by injecting current into the sec-
ondary winding is a function of the B-H curve and is also directly proportional to the
rate of change of current based on Faraday’s law [27]. Current of higher frequency may
force the primary voltage to exceed the transformer’s normal voltage. This means that a
sinusoidal current with a larger f,. induces voltage with larger amplitude on the primary
winding. This is in addition to the fact that at the same frequency, a current with a

higher amplitude induces a higher voltage on the primary winding.
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The amplitude of the injected current, i.e. I, is first set to I, to steer magnetization
along the nominal hysteresis loop. An initial frequency of 1 Hz is adopted and then is
increased in steps of 1 Hz at the end of each cycle. This is to increase the speed of the
flux adjustment process by seeking a maximal yet safe frequency. To account for a safety
margin, the frequency increment is continued until the amplitude of the induced voltage
reaches 60% of the nominal voltage.

After fixing f,, a current with amplitude I, = I, is injected for a full period.
Removal of this current at ¢ = T} adjusts the residual flux to B2 = —B™_ If the same
current is continued to be injected for an extra half-cycle, B2 = B™®  Nevertheless,
the (desired) reference residual flux might be lower than +B"**. The main idea here
is to constantly alter the current amplitude to travel between inner hysteresis loops,
as shown in Fig. 5.4. The current amplitude can gradually be decreased in order to
move inward through inner hysteresis loops. This allows for reaching lower residual flux
densities depending on the hysteresis loop being traversed. The red arrows in the figure
show the direction of current reduction and the dotted red arrows signify the direction
of residual flux reduction. A threshold can be set around the reference residual flux
density to stop the current injection when the estimated residual flux density is within
tolerance. In case the residual flux density exceeds the reference value by more than a
certain percentage, the direction of change in current amplitude could be reversed at a

lower rate to achieve the desired precision.

B(T)

Figure 5.4: Moving inward through hysteresis loops by reducing the excitation current.
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5.3.3 Simulation-Based Performance Evaluation

To evaluate the performance of the proposed method, the traction power supply sys-
tem (connected to a 220-kV, 50-Hz power system) shown in Fig. 5.1 is simulated in
PSCAD/EMTDC. This V/V transformer contains two 25-MVA, 220 kV/27.5 kV core-
type single-phase transformers that are simulated based on the TDM, as explained in
section 2.4. The peak value of the primary side nominal current of the transformer is
160 A. The Type 1 and Type 2 transformers introduced in section 2.4 are used to eval-
uate the proposed method. A nine-level modular multilevel railway power conditioner
(HB-MMC3 RPC [23]) with a DC link voltage of 41 kV is used as a current source for
flux adjustment. The controls used on this HB-MMC3 RPC are as detailed in [96].

In the following sections, we first define and examine three typical energization scen-
arios—random, simultaneous, and Pole-C first—focusing on their associated inrush cur-
rents. Subsequently, we analyze the proposed method’s ability to target )1 on the first
peak of the gap voltage. A comparative evaluation of the proposed method, the pre-
fluxing method [67], and the random energization method is then presented. Finally, we

provide a detailed overview of the flux adjustment process for the V/V transformer.

Transformer Casual Energization

A casual energization scenario refers to switching sequences that are not aimed at re-
moving inrush current. It goes without saying that the inrush current drawn following a
casual energization scenario could become very large. First, let us consider an extreme
case for core Type 1 where B, = B*** = 0.9T and the a-side and §-side transformers are
energized at 0 s and 3.3 ms, which mark the rising zero-crossing of their corresponding
gap voltages, respectively. Fig. 5.5 shows the inrush current drawn by the Type 1 V/V
transformer following this energization scenario. The currents of phases A, B, and C
reach 1.329 kA, 1.33 kA, and -1.96 kA, respectively. The current of phase A reduces to
normal faster than the currents of phases B and C. The main reason for this is that v,
is not sinusoidal at the energization instant due to the presence of the inrush current of
the a-side transformer and its impact on v.

Table 5.1 summarizes the result of three casual energization scenarios, namely ran-
dom, simultaneous, and phase-C-closed scenarios. The highest values among the three
phases are reported. In a random energization scenario, the three CB poles are all closed

over an interval of 20 ms with a random uniform distribution. The second scenario is
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Figure 5.5: Inrush current drawn following the worst-case energization scenario.

simultaneous energization where the closing operations of the CB poles are initiated
simultaneously. The third scenario ensures that pole C is already closed for a long time
before the other two poles are randomly closed within a 20-ms period. It should be noted
that in all scenarios, RDDS = 50 kV/ms with +10% scatter, and Tcp =40 ms with
+1 ms mechanical scatter. To account for the probabilistic nature of the parameters,
each casual energization scenario is repeated 1000 times. As expected, the three-phase
currents are several times larger than the transformer’s nominal current (which is 160
A). In addition to troubling protective relays, such undesirable high-magnitude current

would reduce the transformer’s lifetime.

Table 5.1: Inrush Current Following Casual Transformer Energizations

Current (A)
Casual Energization Scenario Type 1 Type 2
Min | Mean | Max Min | Mean | Max
Random 7.39 761 | 1950.6 | 46.3 780 | 2283
Simultaneous 3.32 | 658.1 | 1922.6 | 0.61 688 | 2250
Pole-C First 0.518 | 721.6 | 1907.6 | 0.454 | 838.7 | 2277

General Performance Evaluation: Proposed Method

The method’s performance is first evaluated assuming the CBs are ideal (without RDDS
and mechanical scatter). This means Top = 40 ms, and RDDS = 50 kV/ms. The

a-side and [-side transformers are energized at @1 on the first odd hump. As per (5.1),
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the closing initiation instants are obtained to be -31.3 ms and -28 ms. These correspond
to contact touch instants 8.7 ms and 12 ms, respectively. Making ideally takes place at
3.3 ms and 6.6 ms and results in a prospective flux density of Ep = —0.5 pu for both
transformers. This means with B = —0.5 pu, inrush current can be fully mitigated,
and hence, the V/V transformer’s energization merely results in the flow of excitation
current.

As mentioned earlier, unintentional making on a previous hump can result in a large
discrepancy between the true and target prospective fluxes. This is not a concern with
a primary voltage of 220-kV and an RDDS of s"¢*" > 25 kV/ms with a maximum of
30% scatter. It can be shown that even with mechanical scatter of up to ATecp = 1 ms,
targeting Q1 does not lead to making on the previous hump. Table 5.2 summarizes the
impact of scatter on the energization of the a-side transformer with () as the target
making point. Considering the non-idealities, making on the a-side transformer does not
happen at 3.3 ms, rather it happens within the range [2.3 ms, 4.5 ms|. The same range
for the §-side transformer in milliseconds is [5.6, 7.8] which includes the ideal instant of
t = 6.6 ms.

Table 5.2: Performance of the Proposed Method with and without Scatter
RDDS Smin gmean gmaz

Closing Time | Tep — ATep | Tep | Top + Alep

tet(ms) 7.7 8.7 9.7
tm (ms) 2.4 3.3 4.5
By (pu) -0.7291 0.5 -0.131

To statistically evaluate the effect of scatter on t,,, a sensitivity analysis is carried
out by conducting 10,000 simulations. To account for the scatter, it is assumed that
ATecp = 1 ms and 0.85™¢" < s < 1.28™¢ Fig. 5.6 shows the normal distribution
of making instant for the a-side and (-side transformers. The target making instants,
i.e., 3.3 ms and 6.6 ms, lie inside the area with the highest probability of occurrence. In

most cases, a small difference exists between the true and target making instants.
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Figure 5.6: Distribution of the making instant for the a-side and [-side transformers.

Comparison with Other Methods

The adjusted residual flux by the pre-fluxing method is either of the upper or the lower
bound of the feasible range [—B)"** B"**]. The adjusted residual flux by the random
energization method can take any value within this range. In this subsection, the pro-
posed method is compared with the pre-fluxing method and the random energization
scenario described in subsection entitled “Transformer Casual Energization”. A total
of 2,000 simulations are conducted to evaluate the performance of each method. The
pre-fluxing method energizes the transformer at either the rising or falling halves of the
absolute gap voltage. These target makings correspond to the prospective flux densities
0.87B™** and —0.87B™% respectively. The adjusted residual flux densities by the pro-
posed methods are assumed to be B = +£0.5B™. A uniformly distributed random
error with upper and lower bounds of 5% is considered for flux adjustment.

Figs. 5.7(a) and 5.7(b) demonstrate the distributions of inrush current of the V/V
transformer by the proposed method and the pre-fluxing method targeting the rising
and falling halves of the gap voltage. The outcome of random energization is not shown
for it is almost evenly distributed from zero to the highest possible inrush current. The
type of transformer core does not impact the performance of the proposed method. As
shown, the method effectively limits the inrush current magnitude to 66% of the nominal
current. The discrepancy between 0.878B™%" and B]"** is larger on the Type 1 core than
on the Type 2 core. Thus, the energization of Type 1 by the pre-fluxing method results

in a higher inrush current compared to that of Type 2.
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Figure 5.7: Distribution of inrush current amplitude upon V/V transformer energization

of (a) Type 1 and (b) Type 2 transformers by different methods.

Flux Adjustment

This subsection details the proposed residual flux adjustment procedure on the Type 1
core, as an example. The residual flux densities of the a-side and (§-side transformers are
assumed to be 0.6 T and -0.3 T, respectively. Taking B™" as the base flux density, the
initial residual flux densities of the a-side and B-side transformers, and the maximum
residual flux density of the core are 0.4, -0.2, and 0.6 pu, respectively. The injection of
a sinusoidal current to the secondary winding with amplitude I., = 3.2 A is initiated
at t = 0. The frequency of the injected current is maintained at 1 Hz for a full cycle
and is then continuously increased at the end of each cycle in 1-Hz steps. The voltage
induced on the primary winding happens to exceed 60% of the nominal voltage when
the frequency reaches 5 Hz. Therefore at t = 2.18 s, f, is fixed at 5 Hz to avoid any
potential damage due to overvoltage.

Before targeting ()1 on the first hump, it should be ensured that the residual flux is
adjusted to -0.5 pu. Since this value is larger than B]"** (-0.6 pu), the current amplitude
is reduced at a rate of 1 A/s. The process will be stopped once the residual flux density
lies within £5% of the reference value -0.5 pu. Fig. 5.8(a) shows the injected current,
and Fig. 5.8(b) shows the true and estimated flux densities of the a-side transformer’s
core in per unit. As can be seen from Fig. 5.8(a), the current injection is stopped at
t = 4.68 s when the residual flux density is adjusted to -0.48 pu, as depicted in Fig.
5.8(b).

The proposed flux adjustment method is faster than that presented in [67]. To show
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Figure 5.8: (a) Current injected into the secondary winding, and (b) true and estimated

flux densities of the a-side transformer.

this, Type 1 and Type 2 cores are considered. The proposed method is tested with
reference values ranging from -0.66 pu to 0.66 pu. The initial residual flux of the core is
assumed to have the maximum possible distance from the reference value. Results show
that the proposed method does not take more than 10 s for flux adjustment. Achieving
the same using the pre-fluxing method needs a few minutes [67]. Speedy flux adjustment
is in addition to the proposed method’s ability to adjust the flux at any value within
the feasible range. These have been achieved with no need for knowing any information

about the B-H curve, which can be considered a great advantage.

5.3.4 Experimental Validation and Performance Analysis

To demonstrate the effectiveness of the proposed method, a laboratory-scale V/V trans-

former is extensively tested on the test rig shown in Fig. 5.9. This V/V transformer
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is composed of two 400-VA, 220 V/120 V core-type single-phase transformers with
B = (0.78B™*. The peak amplitude of the transformer’s excitation current is 0.22
A. In the worst-case energization scenario, the current might increase as high as 50 A.
An omicron CMC 356 relay tester is utilized as a current source for flux adjustment.
The CB is modeled with an instantaneous turn-on solid-state relay controlled with a
Typhoon HIL 604 device. All experimental results verify the obtained simulation results

in the previous subsections.

Controlled Switching
{Bypticonl GG device

Solid-state relay
%) Flux Adjustment
(V) Voltmeter - .
CX) Ammeter 5’155%5 j
—  Measurement

Control Signal OMICRON CMC 356

Figure 5.9: Test rig used to study different inrush current mitigating methods.

An example of the flux adjustment process is shown in Fig. 5.10. At ¢t = 0, a
sinusoidal current with an amplitude of 0.5 A is injected into the secondary winding as
shown in Fig. 5.10(a). At ¢t = 1.5 s, the frequency of the current waveform is fixed
at 2 Hz to avoid overvoltage in windings. As depicted in Fig. 5.10(b), the voltage is
limited to 60 V, which is a safe voltage for the transformer. The current amplitude is
then gradually reduced at a rate of 0.1 A/s to traverse inner B-H loops, as shown in
Fig. 5.10(c). The injection process is set to stop when the residual flux density lies
within £5% of the reference value of -0.5 pu. According to Figs. 5.10(a) and 5.10(d),
the injection process is stopped at ¢ = 5.26 s when the residual flux reaches -0.46 pu.

Fig. 5.10(d) distinguishes two periods; the red part of the graph corresponds to the
period before the frequency of the injected current is fixed when the flux density is not
estimated. The blue part of the graph corresponds to the period after the frequency
of the injected current is fixed when the flux density begins to be estimated. Finally,
Fig. 7?7 demonstrates the current drawn by the transformer following its energization

by the proposed and pre-fluxing methods. Using the proposed method, the current is
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Figure 5.10: (a) Current injected into the secondary winding, (b) voltage induced on the
primary winding of the a-side transformer, (c) B-H curve during current injection, and

(d) estimated flux density of the a-side transformer.
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limited to 250 mA, which is nearly equal to the transformer’s excitation current. On
the other hand, the inrush current reaches 800 mA by the pre-fluxing method. This
68% reduction in inrush current demonstrates that the proposed method outperforms
the pre-fluxing method, even for transformers with high B*** values. When compared
to the worst-case energization scenario, where the single-phase transformers of the V/V
transformer can draw a peak current of 50 A, the proposed method achieves a reduction
of 99.5%. In comparison, the pre-fluxing method achieves a reduction of 98.4%, further

underscoring the enhanced effectiveness of the proposed approach.

5.4 Summary

This chapter proposes a flux matching method to mitigate the inrush current of V/V
traction transformers upon energization energized with an independent-pole-operated
CB. The guaranteed range for adjusting residual flux is derived and an effective tech-
nique is proposed for achieving any desirable values in this range, as per the energization
requirements. This is in contrast with previous methods that can only adjust the resid-
ual flux at a few certain values such that the difference between residual and prospective
fluxes is minimized. The proposed method determines a suitable making instant for
energization considering the CB operating characteristics and scatter. The closing initi-
ation instant is chosen in a way that ensures the difference between the prospective and
adjusted flux density is minimal. This successfully mitigates the flow of inrush current
without resorting to impractical tools and/or unrealistic assumptions.

The results of extensive simulations and experiments conducted confirm that the
proposed method functions properly regardless of the transformer’s core material and
its initial flux density. It is also shown that the method is robust against a wide range of
uncertainties emanating from RDDS and mechanical scatter. Remarkably, it is capable
of maintaining the inrush current well below the nominal current, representing a signi-
ficant advancement despite the inherent uncertainties. This is while with the pre-fluxing
method used to energize V/V transformers, inrush current may exceed several times the

nominal current, depending on the circumstances.
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CHAPTER 6

Mitigating the Inrush Current of V/V
Transformers Using Railway Conditioners and

Gang-Operated Circuit Breakers
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6.1 Overview

6.1 Overview

In Chapter 5, a method was introduced to energize V/V traction transformers using
independent-pole-operated CBs. While this method effectively eliminates inrush currents
with independent-pole-operated CBs, it is important to note that for voltages of 220 kV
or lower, gang-operated CBs are typically used instead [4, 95, 97]. Moreover, the method
from the previous chapter depends on the availability of the transformer’s peak excitation
current value, which is not always accessible. Even when conducting open- and short-
circuit tests, only the true root mean square (TRMS) value of the excitation current
is obtained. However, this TRMS value cannot be directly used to calculate the peak
excitation current simply by multiplying it by /2. Moreover, the method presented in
Chapter 5 also assumes that measurements obtained from voltage transducers are free
of DC offset. This poses a vulnerability, as the method’s accuracy may be compromised
if the transducer’s output cannot be corrected to eliminate the DC offset.

Based on the available literature, the most widely used transformer energization
method involving gang-operated circuit breakers is the Simultaneous Closing Strategy,
briefly introduced in Chapter 1. This approach requires estimating the residual flux
density and then determining the optimal energization instant. As mentioned earlier,
methods that rely on the residual flux density are susceptible to errors caused by changes
in the residual flux after transformer de-energization due to ringdown transients [4].
Moreover, these methods are often applicable only to transformers with specific winding
configurations. For instance, the method proposed in [61, 62] is designed exclusively for
transformers with star-connected windings, while the method in [88] is limited to trans-
formers with delta-connected primary windings. Clearly, these methods are unsuitable
for the energization of V/V transformers.

To address these challenges, this chapter presents a flux matching energization method
designed for V/V transformers that are energized using gang-operated CBs and for which
no information about the excitation current is available. Similar to the method intro-
duced in Chapter 5, this method adjusts the transformer’s residual flux density to any
reference value within the feasible range by injecting an appropriate current into the
V/V transformer via a railway power conditioner. The only necessary parameter is the
transformer’s nominal voltage, which is used to determine the peak excitation current
during the current injection. The reference value for the residual flux density is carefully

selected from the feasible range to minimize the impact of the CB closing operations and
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related uncertainties on the energization process.

A novel technique is introduced for estimating flux density during the adjustment
process, which operates independently of the transformer’s design parameters and relies
solely on voltage transducers. This method also incorporates a mechanism to calculate
and compensate for any DC offset in the transducer’s output, ensuring accurate flux
density estimation throughout the procedure. Following the flux adjustment, the V/V

transformer is energized at optimal instants using a gang-operated CB.

6.2 Traction Power Supply System with Gang-Operated
CB

Fig. 6.1 shows a typical traction power supply system, which is composed of a V/V
transformer, a gang-operated CB for transformer energization via the 220-kV power
network, and a three-wire railway power conditioner connected to the transformer’s
secondary side. To flux the a-side and [-side transformers from the secondary side, each
leg of the railway power conditioner can be controlled separately. To achieve the same
residual flux density with the same polarity in both single-phase transformers, the a-
and R-legs are used to flux the a-side transformer, while the 8- and R-legs flux the §-side
transformer. To generate residual flux densities with opposite signs in both single-phase

transformers, the a- and 5-legs can be used to inject current into both transformers.

(@R -CIN

+0y 1
) ' Gang-operated CB

’

V/V transformer
.

\

C Railway power conditioner )

Figure 6.1: Typical traction power supply system with a railway power conditioner.
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6.2 Traction Power Supply System with Gang-Operated CB

When the gang-operated CB is open, the gap voltage equals the phase voltage, i.e.,
Vga = Uq, Vgb = Up, and vy = u.. The fundamental frequency of gap voltages is repres-
ented by f, with a period of T' = % To analyze the energization of the V/V transformer
using a gang-operated CB, let us assume that the phase A voltage is ug = Vj, sin(wt),
where the rising zero-crossing of phase A voltage is taken as the time reference, i.e.,
t = 0. Assume the CB closes at t = % s, coinciding with the negative peak of phase C
voltage. Fig. 6.2 illustrates the use of a gang-operated CB to prioritize closing at this
negative peak. When the CB is closed, the gap voltage drops to zero (blue waveform),
indicating that pole C'is closed. Applying Kirchhoff’s Voltage Law at this point, the new
gap voltages for phases A and B are given by vy, = Uq —Ue = Uqe and vgp = Up—Ue = Up.
Thus, immediately after closing pole C, the gap voltages of poles A and B change to the
line voltages, causing an intersection between the CBDS curves and the gap voltages. In
Fig. 6.2, the dotted red waveform demonstrates the voltage when an independent-pole-
operated CB is used, while the blue waveform shows the voltage when a gang-operated

CB is employed. As shown, closing the pole C leads to an immediate closure of all poles.

----- Independent-pole operated CB — Gang-operated CB
----- Gap voltage if no making occurs —— CBDS curve

Vea (V)

Veb (V)

Ve (V)

T- Time

Figure 6.2: Gap voltages during making occurrence with a gang-operated CB.

Simultaneous making of all three poles occurs when making happens at any arbitrary
point within the ranges between Q1 and )2, and between Q3 and )4, where the absolute
value of pole C gap voltage exceeds the absolute value of the other two gap voltages.
Similarly, simultaneous making for all three poles happens from making first on the gap

voltages of phases A and B at specific time intervals. It means that in one complete
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cycle, the phase with the highest absolute gap voltage at any given time is of primary
importance. Thus, the effective voltage determining the energization instant of the V/V
transformer using the gang-operated CB is a DC voltage, as shown in Fig. 6.3, which
is named peak-value DC voltage. When making occurs, this applies uq. and up. to the

primary windings of the a-side and S-side transformers.

Phase B Phase 4 Phase C  Phase B Phase 4 Phase C

RSP e, o
—2 @, | Negative = Positive = Negative = Positive = Negative | Positive
2 % hump hump hump hump hump hump 7
) T 2T 3T AT ST Time
6 6 6 6 6

Figure 6.3: Peak-value DC voltage.

6.3 V/V Traction Transformer Inrush Current Mitigation
Using Gang-Operated CB

As discussed in Section 1.2.3, effective elimination of inrush currents during transformer
energization requires matching both the prospective and residual flux densities. While
the residual flux density is constrained by the B-H curve of the transformer core, the
prospective flux density limitation comes from the CB closing operation. In the follow-
ing sections, we will explore strategies for mitigating inrush currents in V/V traction
transformers under various conditions, including different CB types and transformer core

designs, to identify the most effective approach.

6.3.1 Ideal Gang-Operated CB and B"** = B™** (Ideal Case)

Let ug =V, sin(wt) denote phase A voltage. As illustrated in Fig. 1.5(b), if we consider
the rising zero-crossing of the phase A voltage as the time reference, i.e., t = 0, the
voltages applied to the primary windings of the a- and [-side transformers are u,. and
upe, Tespectively, lagging the phase A voltage by —% radians and —7 radians. Assume
the use of an ideal gang-operated CB (which conducts immediately upon receiving the
closing signal) capable of ensuring simultaneous closure of all three phases of a V/V

transformer at any desired making instant, i.e., ¢,,. As per (1.2), complete elimination

of inrush current at any desired making instant t,, can be achieved by adjusting the
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initial residual flux densities in the two single-phase transformers (i.e., B® and B?),

considering that the flux density lags the voltage by 90°, as follows:

2
B® = BmaT gin (wtm - ;) (6.1a)
B? = B™ sin(wt,, — ) (6.1b)

Therefore, assuming an ideal CB, the CB can be closed at any instant in time without
observing any inrush current, provided that the residual flux densities in the two single-

phase transformers is adjusted according to the above equations.

6.3.2 Non-Ideal Gang-Operated CB and B]"** = B™** (Quasi-Ideal Case)

Now, let us assume that the CB is not ideal and may have a timing error of AT (which
is the maximum deviation as a result of both RDDS and mechanical scatter) during
closing operation. In this case, while the initial residual flux densities in the single-
phase transformers are adjusted according 6.1, making happens at time ¢, + AT. By
formulating the flux equations for the single-phase transformers, the resulting DC flux,

which is the DC component in (1.2), at making instant can be expressed as follows:

2
BDC — _pmas g, (w(tm +AT) - ;) + B (6.22)
BRC = —B™ sin(w(ty, + AT) — ) + BY (6.2b)

Now, the question is: What is the optimal making instant to minimize the maximum
possible values of Bé) ¢ and Bé) € even in the presence of a timing error AT. Since the
primary objective is to prevent inrush current in both single-phase transformers, the

optimization problem focuses on determining the optimal making instant such that:

9

min max {’BOJ?C
tm€[0,T]

BZ?C\} (6.3)

In other words, this is a min-max optimization problem, where the objective is to
determine making instant ¢,, within in the range [0,7] such that the maximum DC
flux in the two single-phase transformers is minimized, accounting for the CB’s timing
error AT. By solving this mathematical problem, the optimal switching time and the

corresponding maximum flux after switching are found to be:
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AT  A4r
%P — — 6.4
m 2 + 3w (64)
AT
’BOI?C,mam _ ‘Bé)C,max _ pmaz Sin(w ) (6.5)

Assuming the CB has an unbiased timing error, meaning AT could be either positive
or negative with equal probability, the optimal switching time t% is most likely to fall
4w AT Ys

within the range [—41 + 35,5 + 52]. Therefore, the ideal switching time is tp? =
4

3. Given this assumption, the optimal residual flux adjustment for the single-phase
transformers in the V/V transformer, accounting for random CB timing errors (with no

bias), would be:

B°P = B gin (w (47T> — 27T>
3w 3 (6.6a)

V3

— Bmax

2

BPop — Bmaz gjp <w <47T> - 7T)
3w (6.6b)
V3

— Bmax

2

6.3.3 Non-Ideal Gang-Operated CB and Limited B/"** (Non-Ideal Case)

In the previous section, it was assumed that the residual flux could be adjusted to any de-
sired value within the range [—B™*, B™]. Under this condition, it was demonstrated
that the optimal residual flux adjustment for the V/V transformer, considering circuit
breaker timing error, would be @Bm‘”. However, in practical magnetic materials, due
to hysteresis loop behavior, the residual flux in the magnetic core cannot be set to any
arbitrary value. For example, in conventional magnetic materials, the maximum feasible
residual flux density is typically 80% of the maximum flux density of the material, and
this maximum residual flux may be lower for other materials. Assuming an ideal CB, in
order to completely eliminate inrush current, it is necessary to select the making instant

t,, within specific time intervals where the following conditions are met:

2
B > B™% sin (wtm - ;) (6.7a)
B > B™% gin(wty, — ) (6.7b)
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Under these conditions, complete elimination of inrush current is feasible only within
specific limited time intervals of ¢,,. Let us assume that x = % Fig. 6.4 shows the

value of equation (6.7) for different making instants and various values of x under the

assumption of ideal switching (i.e., AT = 0). As shown in the figure, as long as k > @,

inrush current can be completely eliminated by appropriately adjusting the residual
flux and switching at wt,,

= 4; . However, as k decreases, inrush current can only be
mitigated within time intervals around wt,,

_ 11

& If K < 0.5 (a situation that is unlikely
in real ferromagnetic materials [36]), it will not be possible to eliminate inrush current

entirely at any moment during switching in the V/V transformer

0.8 T
=, g rn=0.5
/\\ ;/ \ //\\ ;/ =075
07T/ \ | Y / \ /
Y | \ Y | 1=0.866
f \ \ / \
/ / \ #=0.94
06 ff \'\H | f \\H x=1.0
V \ / V i
\ | \ !
g‘l 0.5 [ ! \ fl
N \ ." \
| / | /
803: D4y II| / II| |
X /N /N /SN /N L
E o3}/ Vool v [/ oo/ S [
! \ | / Vo \ \ |
f I Y I|| { .". II'. ,l'l I", I|| [
I \ 1 [ \ | |
0.2 \ ',I I \ \ ',I |
Vv V1
R, Lo
0171 —\ | | I|I / —\ | | I|I |
\ || | | Vi {
0 /_\ / 1 \ I I'il / /_\ / R I'il /
1] 0.002 0.004 0006 0.008 0.01 0012 0.014 0016 0.018 0.02

Making instant (s)

Figure 6.4: The value of max{‘Bol?C

B3]}

If, as indicated in section 6.3.2, we assume that the CB has a timing error AT and

conduct a similar analysis (assuming a normal random distribution), it is found that,

_ 1lx
3 and &,

given the constraint on the maximum residual flux, there are two candidate optimal
switching times: t,, = 4%

6w

. For each of these making instants, the optimal
residual flux adjustment is as follows (assuming § < x < @)

a,0p __ pBop _ pmax
BP = B = B

4
Vi = 32
B 0P B,0p 1 max op llm (68)
y o =—B % = —§Br VP = o
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In this case, by formulating the equations and assuming a CB with timing error of

AT, equation (6.3) can be written:

B sin(wAT + ) — B"™ AT < écos_l(%)

max{‘BDC BDC‘} =
@ e tm=a2 mazx MAT 3 27 :
3w B — B™AT gin (wAT + ?) Otherwise
(6.9)
Bmax 57T
DC DC _ _ pmaz ; on
max{’Ba , | Bj ’}tm:% = B sm(wAT + 5 > (6.10)
Now, to determine the optimal making instant, we have:
dr 1 {cos_1 (—0'5+“) - l} <AT <1 {3” —sin~! < 0.5 )]
t% _ 3w w V2 12 w | 4 QSin(%) (611)
161—5 Otherwise

As observed, the optimal making instant and consequently the optimal residual flux
adjustment in the V/V transformer depend on both the adjustable residual flux and the

circuit breaker timing error AT.

Probability

11
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41
=30

!
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—AT _ 2 __ _ -
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Figure 6.5: Corresponding ranges to each making instant on a normal distribution curve.

Now, let us assume that the probability distribution AT follows a normal distribution

as shown in Fig. 6.5. The equation (6.11) represents a range within this probability

distribution where it is preferable to close the CB at t,, = ;%. The remaining area
indicates the advantage of switching at t¢,, = 1617“. By calculating the area of each

range, we can determine the probability of the advantage of switching at ¢, = g—g versus
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tm = 161—;. Fig. 6.6 illustrates how, if the value of k varies between 0.5 and 1, the
probability of favoring each candidate switching time changes according to the CB’s

performance (o is the standard deviation of the probability distribution).

1 7
[
"
e
B
08¢ nn
- = =t =47/3w, 30=0.5 ms 111
—t =11l7/6w, 35=0.5 ms
m
=060 —tm=4fr;"3w. Jo=1.0 ms
3;% ——t_=Ilmf6w, 30=1.0 ms
=) - = =t =473w, 30=1.5 ms
';) m
o 04 —t_=lln/6w, 30=1.5 ms
== =t =47/3w, 30=2.0 ms
m
—t =117/6w, 35=2.0 ms
0.2 -
’
- -
pE==Z e mm===C . 1
0.5 0.6 0.7 0.8 0.9 1

Figure 6.6: Probability of each making instant versus x.
According to Fig. 6.6, the following conclusions can be drawn:

1. If k > @, making at ¢, = g—g clearly offers an advantage.

2. As o decreases and k < ?, the preference shifts towards making at ¢,, = 1617”.

3. As o increases, the point where the probabilities of favoring either making instant
t A or ty, = 1617” are equal (with a probability of 0.5 for each) shifts towards

m = 3,
values of xk smaller than ?

4. For practical ranges of x in modern CB, the point of equal probability for the two
making instants falls within this range 0.8 < k < @

Based on these observations, a heuristic rule has been proposed for studies, suggesting
that the optimal switching time can be approximated as the midpoint of the range under

consideration.
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4
dr 0 >0.833

r = {3 T (6.12)
JEE

o Otherwise

6.4 Proposed Method

In this section, a flux matching method is proposed for V/V traction transformers that
are energized using gang-operated CBs. This method determines the transformer’s peak
excitation current, measures the value of k, and adjusts residual flux densities to the
desired values all by injecting current into the transformer. The goal of flux adjustment
is to modify the core’s residual flux density from an unknown value B,., to —0.5B™* and
0.5B™% for the a-side and [-side transformers, or to 0.8668"%* for both transformers.
This section first introduces a simple yet effective method for estimating flux density
during current injection and calculate the value of x, followed by a discussion on how
to control the amplitude of the injected current for proper flux adjustment. Finally, the
optimal closing initiation instant, t;,, is determined based on the adjusted residual flux

densities to minimize the difference between the residual and prospective flux densities.

6.4.1 Estimation of Transformer Flux Density

For accurate flux adjustment, it is essential to estimate the flux density in the core
throughout current injection. The transformer’s flux density may be obtained using
equation (1.2), should the applied voltage, B, N, and A are all known. Through current
injection into the secondary winding, the voltage induced on the primary winding is used
to estimate the flux density, however, other variables still remain unknown. Hence, flux
linkage is utilized to estimate flux density, as it solely requires the voltage induced on
the primary winding and does not necessitate information about other variables. The
process of flux density estimation using the flux linkage is explained only using the a-side
transformer since the process is the same for both transformers.

Let us consider a scenario where a sinusoidal current, represented as i;,;(t) =
I, sin(27 f,t), is injected into the secondary winding while the primary winding is left
open-circuited. The periodic function vy(t), with a time period T;. = f—lT , represents the
real voltage induced on the primary winding of the a-side transformer. This voltage is
measured using the voltage transducer installed on the primary winding, which intro-

duces a DC offset to its output, resulting in v,(t) 4+ c¢. To accurately calculate the flux
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linkage, this DC offset must be compensated. To achieve this, let us define functions

g(t) and h(t) at time ¢ as follows:

g(t) = /0 [0yt + dldt + /Tt [, (1)t + cJdt (6.13)

h(t) = /0 oyt + dldt + /Tt [0 (1)t + |t (6.14)

Solving (6.13) and (6.14) gives

g(t) = /Ot op(t)dt + et — /gt vp(t)dt — et + C? (6.15)
h(t) = /0 Loy (Bt + et — / "oy (0t — et + T, (6.16)

For the periodic function vy, we have the relationships fot vp(t)dt = — [ %TT vp(t)dt and
Uy(t)dt = Uy (t)dt. As a result, equations (6. an . simplify to:
o vp(t)dt = [ vy(t)dt. A 1 ions (6.15) and (6.16) simplif

g(t) =2 /0 ")t + "’:2”’ (6.17)

h(t) = T, (6.18)

Now, one can obtain the flux linkage from

A®) = 5 |6 - 3h(t)] (6.19)

Equation (6.19) can be used after ¢t = T, representing that one cycle of current

injection needed for this calculation.

6.4.2 Residual Flux Measurement and Adjustment

For flux adjustment, the railway power conditioner is employed to inject current into the
V/V transformer. The process begins by injecting current from the (-leg to the a-leg,
causing current to flow through both the a-side and S-side transformers. The accuracy
of flux adjustment depends on precise control of current amplitude and frequency, ne-

cessitating knowledge of the peak magnitude of the excitation current. However, this
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information is typically absent from transformer nameplates and cannot be obtained
from open- and short-circuit tests, which only provide the true root mean square (RMS)
value of the excitation current. Hence, the proposed method initially needs to determine
the value of the transformer excitation current, followed by adjusting the residual flux

density.

Determining Excitation Current Magnitude

For newer transformers employing highly efficient designs, the excitation current may
range from 0.1% to 1% of the nominal transformer current, whereas for older trans-
formers, this value can increase to as high as 6% [27]. Without loss of generality, let us
assume the §-side transformer with an initial residual flux density of B, = 0. Fig. 6.7
shows how the proposed method determines the value of transformer excitation current
of the (-side transformer by injecting sinusoidal current i, ;(t) = I, sin(2x f,t). Initially,
the proposed method employs a low initial frequency (e.g., f- is 1 Hz or 2 Hz) and starts
injecting sinusoidal current with a magnitude equivalent to 0.1% of the transformer’s
nominal current, as shown in Fig. 6.7(a). During this injection, the voltage induced in
the primary winding is measured to calculate flux linkage using equation (6.19). This
current injection lasts for two cycles: the first cycle is necessary to measure the flux
linkage using equation (6.19), shown by the dashed red waveform in Fig. 6.7(b), while

after t = T,., the second cycle is utilized to determine whether the peak value of the flux

— Vm
=m,

linkage can reach \"%*

In cases where the flux linkage does not reach \"™** the magnitude of the current
increases in steps of 0.1% of the nominal current, lasting for two cycles at each step.
This iterative procedure continues until the maximum measured value of the flux linkage
surpasses A" and —A™%, as shown in Fig. 6.7(b) at ¢t = 27, and t = 37,. This
demonstrates that the injected current is close to the excitation current of the trans-
former. Aftert = %Tr, the flux linkage value can be used to estimate k. At t = 87}, the
injected current returns to zero, indicating that the flux crosses the B-axis on the B-H

curve. Using this value at t = 87}, k can be determined from the following equation:

K= [MBT )| (6.20)

Amax

The value of k determines which legs of the railway power conditioner should be
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Figure 6.7: (a) Injected current, (b) flux density of the -side transformer, and (c¢) B-H

curve.

utilized for flux adjustment. According to equation (6.12), if  is less than 0.833, current
injection through the $-leg and a-leg continues to adjust the residual flux densities to
—0.5B™% and 0.5B™% for the a-side and [-side transformers. However, if kK exceeds
0.833, the a-side transformer is fluxed using the a-leg and R-leg, while the 3-side trans-
former is fluxed using current injection from the f-leg to R-leg in order to adjust the
residual flux densities to 0.866 8%,

Fig. 6.7(c) shows the corresponding B-H curves for the current injection procedure.
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The path from the initial residual flux to the smallest inner loop (depicted in red)
represents the only part where the initial residual flux density affects magnetization.
Afterward, the trajectory is only dictated by the B-H characteristics of the transformer.
An increase in current magnitude leads to traversal of outer loops until, upon reaching
the transformer excitation current value, the major B-H curve is traversed, as depicted
by blue curve in Fig. 6.7(c).

At each step of current injection, the voltage induced on the primary winding is mon-
itored to prevent transformer damage caused by induced voltage exceeding the trans-
former’s nominal voltage. As explained in [98], control of the injected current frequency
should be implemented to mitigate the risk of high-magnitude voltage. The current fre-
quency remains constant, provided that the peak value of the induced voltage remains
below the peak value of the transformer’s nominal voltage. Otherwise, the frequency is
reduced to prevent transformer damage during current injection.

The importance of obtaining the peak value of the excitation current is illustrated
in Fig. 6.8. If residual flux exists in the transformer core before flux adjustment, the
resulting B-H curve after current injection will resemble the one shown in Fig. 6.8(a). In
this figure, the smallest hysteresis loop is asymmetrical with respect to the current axis.
However, as the injected current magnitude increases, the larger hysteresis loops become
symmetrical around the axis. When the current reaches the transformer’s excitation
current, the physical limitations of the core enforce symmetry in the loops. Fig. 6.8(b)
shows the estimated B-H curve calculated using equation (6.19). Unlike Fig. 6.8(a),
all the hysteresis loops in this figure are symmetrical with respect to the current axis,
which is inaccurate. To prevent calculation errors when using equation (6.19) for flux
estimation, it is crucial that the current first reaches the peak excitation value before
adjusting its magnitude for flux control. This ensures that the flux follows a symmetrical

loop during the injection, consistent with the core’s physical constraints.

Adjusting Residual Flux Density

After determining the value of the excitation current and &, the residual flux density is
adjusted by controlling the current amplitude. This section focuses on the flux adjust-
ment to 0.5B™ although the same procedure applies to other values. To achieve this,
the current amplitude should be reduced after t = 8T,.. This step requires extra care

because reducing the current can lead to traversing minor loops that are not symmetrical
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Figure 6.8: (a) Real B-H curve, and (b) estimated B-H curve using equation (6.19).

with respect to the origin of the B-H curve. To establish the limit for current reduction,
a sensitivity analysis is performed using the inverse JA model, considering different cores
for cases in which the current decreases from the transformer’s excitation current after

t = 8T,.. As shown in Fig. 6.9, current reduction can result in three different scenarios:

0 2 5 25
H(AIM) H(4/M)

(a) (b) (c)

Figure 6.9: B-H curve when current is reduced (a) below I., (b) to I., and (c) to 1.5I,
or higher.

1. The flux density will traverse asymmetrical minor loops, as shown in Fig. 6.9(a),
if the magnetic field strength reduces below H.. This scenario requires more than

two cycles of current injection after t = 87, to reach a symmetrical minor loop.

2. If the magnetic field strength reduces to H,, the flux density will traverse only one
asymmetrical minor loop, and after one cycle of current injection, the flux density

will reach symmetrical minor loops, as shown in Fig. 6.9(b).

3. As shown in Fig. 6.9(c), if the magnetic field strength is reduced to 1.5H. or

higher, the flux density will traverse only symmetrical minor loops.
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Based on the results of this analysis, it is recommended to avoid reducing the mag-
netic field strength below H. and to always maintain the magnitude at or above H..
This ensures that when flux linkage is estimated using equation (6.19)—which occurs
after the first cycle following a change in current amplitude—the flux density will tra-
verse a symmetrical minor loop, regardless of changes in current amplitude. Let I.
denote the current corresponding to H., calculated by I. = |i;n;(T;)|. As shown in Fig.
6.7(b), Tt is the instant when the flux linkage first reaches zero after exceeding \"**. To
avoid traversing asymmetrical minor loops during flux adjustment, the current amplitude
should not reduce below I..

Fig. 6.10 explains the flux adjustment procedure of the proposed method to adjust
the residual flux density to £0.5B™%. The injected current waveform is shown in Fig.
6.10(a). After t = 87T, the current amplitude is reduced by 50%. This reduction should
not cause the current amplitude to fall below I.; otherwise, the current magnitude is
considered equal to I.. The current injection continues for two cycles. The first cycle,
represented by the dashed red waveform in Fig. 6.10(b), is necessary to apply equation
(6.19), while the second cycle, shown by the solid red waveform, measures the flux dens-
ity. If the measured flux linkage at ¢t = 9.57;. falls within the range [0.45A™ 0.55\""%*],
the current injection is stopped.

However, as shown in Fig. 6.10(b), A\(9.57;.) exceeds 0.55A™*" | necessitating a further
reduction in current amplitude. The reduction amount is halved from the previous
adjustment. For instance, if the previous reduction was 1 A, the current now decreases
by 0.5 A. It is important to note that the current must remain above I..; if it drops below
I., it should be adjusted accordingly. At ¢ = 11.57,, the flux linkage falls within the
desired range of [0.45\" 0.55\™%*]  allowing the current injection to stop. If the flux
linkage had fallen below 0.45\™%* at t = 11.57,., the current would have been increased
by half the previous reduction—adding 0.25 A to the current. Conversely, if the flux
linkage had exceeded 0.55\™* the current would have been reduced by 0.25 A, with
the injection continuing for additional cycles. This iterative process repeats until the
flux linkage consistently remains within the range of [0.45A™% 0.55\"%],

The procedure for adjusting residual flux density to values greater than 0.833B™%" ig
simpler than adjusting it to £0.5B™%. When residual flux needs to exceed 0.833B™**,
the current injection continues at full magnitude for an additional half-cycle after ¢t = 87,..

The reason is that injecting current equal to the transformer’s peak excitation current
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Figure 6.10: (a) Injected current, (b) flux density of -side transformer, and (c) B-H

curve.

adjusts the residual flux density to B;***. As mentioned earlier, the ratio of B*** to
B™% does not exceed 0.9 [36], thus continuing current injection for half a cycle brings the
residual flux density within the acceptable range of [0.833B™*,0.9B™*]. This range
is suitable for targeting a prospective flux density of 0.866B8™%*. An important point
to mention is that, compared to adjusting the residual flux density to £0.5B™%%  the

current direction in the [§-side transformer remains unchanged, while it is reversed for
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the a-side transformer. This is accomplished by utilizing the a- and R-legs to flux the

a-side transformer, and the 8- and R-legs to flux the §-side transformer.

6.4.3 Transformer Controlled Energization

The next step after adjusting the flux density to the appropriate value is to energize the
transformer. Let us assume that the rising zero-crossing of phase A voltage denoted by
Ve (t) = Vipsin(27 ft) is considered as the time reference. As discussed in the previous
sections, there are two potential instants for switching: ¢,, = % and t,, = 1617”, corres-
ponding to gap voltages of V;;, and 0.866V,,. To determine the closing initiation instant,
tin, it is first necessary to calculate the contact touch instant , i.e., to. At ¢ = t, the

mean

gap voltage is zero. By formulating the line equation and using s as the slope of

this equation, the contact touch instant can be calculated as follows:

%
tet =t + 0 (621)

Smean

where Vj is either V,,, or 0.866V/,,,, depending on the value of ¢,,,. Once t.; is calculated,

the closing initiation instant can be determined as t;, =t — TopB.

6.5 Simulation-Based Performance Evaluation

To assess the effectiveness of the proposed method, the traction power supply system
connected to a 220-kV, 50-Hz power network (depicted in Fig. 6.1) is simulated using
PSCAD/EMTDC. The V/V transformer and the railway power conditioner connected to
the transformer are identical to those used in Chapter 5 for evaluating the energization of
V/V traction transformers. However, in this case, a Type 3 transformer is used alongside
a Type 1 transformer, instead of a Type 2. In the following sections, the flux adjustment
procedure described in section 6.4.2 is first implemented in PSCAD to adjust the residual

flux of the V/V transformer. This is followed by an analysis of the proposed method’s

117
6w *

evaluation is then conducted between the proposed method and the one introduced in

™

effectiveness in achieving precise making at t,, = §—w and t,, = A comparative

Chapter 5 for V/V traction transformers energized using an independent-pole-operated

CB.
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6.5.1 Flux Adjustment

In this section, the performance of the proposed method for determining the trans-
former’s peak excitation current and adjusting its residual flux density is evaluated. Two
transformers are considered for this evaluation: the Type 1 and Type 3 transformers, as
described in section 2.4.1. To clarify the process, the two stages—obtaining the peak
excitation current and adjusting the residual flux density— are presented separately. For
these stages, the positive direction for current injection is from the S-side transformer
to the a-side transformer. Only the flux linkage of the §-side transformer is presented
here, as the a-side transformer follows the same pattern, either with identical or reversed
polarity.

The procedure for finding the Type 1 transformer’s peak excitation current is il-
lustrated in Fig. 6.11. The current injection starts at 0.909 A (0.1% of transformer’s
nominal current), increasing by 0.909 A in each step. After four steps, the current

reaches 3.616 A. At this value, during the second cycle, i.e., from t = 7 s to t = 8 s, the

)\max _)\mam

positive and negative peaks of the flux linkage exceed and , respectively.
This indicates that the peak excitation current is approximately 3.616 A. In reality, the
peak excitation current of the Type 1 transformer’s secondary winding is 3.2 A, demon-
strating that the proposed method estimates the transformer’s peak excitation current
with acceptable accuracy.

Using the calculated flux linkage, the value of x, which represents the ratio of B*** to
B™% can be determined. At t = 8 s, the flux linkage is -587 Wbh.t, while A"*%* is 990.348
Wh.t. Applying equation (6.20),  is calculated to be 0.5929, which closely approximates
the actual value of k, which is 0.6. This demonstrates that the proposed method can
estimate x with acceptable accuracy. Additionally, the calculated value of I, by using the
flux linkage is 0.36 A. Fig. 6.11(c) shows the actual flux density during current injection.
The figure presents three different cases with B, = —0.7 T, B, =0, and B, = 0.7 T. As
illustrated, the initial value of B, does not affect the method’s performance, and after
the first cycle of current injection, the flux path becomes independent of the initial B,
value.

After determining the peak value of the transformer’s excitation current, the residual
flux can now be adjusted. Since x < 0.833, the residual flux densities are set to —0.5B"%*

and 0.5B™% for the a-side and (-side transformers, respectively. To achieve this, the

current injection from the S-side to the a-side transformer is maintained. Fig. 6.12
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Figure 6.11: (a) Injected current, (b) flux linkage of the fS-side transformer calculated
by equation (6.19), and (c) flux density of the §-side transformer.
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Figure 6.12: (a) Injected current, (b) flux linkage of the f-side transformer calculated
by equation (6.19), and (c) actual flux density.
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illustrates the flux adjustment process. In this figure, the current injection sequence from
t =0 to t = 2 s depicts the final step of the previous stage, where the peak excitation
current was determined. At t = 2 s, as shown in Fig. 6.12(a), the current magnitude is
reduced by 50%, lowering it’s magnitude to 1.808 A. The current injection continues for
two more cycles. At t = 3.5 s, as depicted in Fig. 6.12(b), the flux linkage is checked
and found to be above the upper bound of the range [0.45B™% 0.55B™%"]. As a result,
the current magnitude is reduced again by 0.909 A (50% of the previous reduction).
Current injection continues with magnitude of 0.909 A after t =4 s. At ¢t = 5.5 s, when
the current reaches zero, the flux adjustment falls within the range [0.45\%% (.55 %],
thus the current injection is stopped. Fig. 6.12(c) shows the actual flux density of the
(-side transformer, confirming that the flux has been successfully adjusted to 0.8 T
(53.33% of B™) demonstrating the accuracy of the flux adjustment process.

The performance of the proposed method for determining the peak excitation current
and adjusting the residual flux density for making at ¢,, = ;% using the Type 3 trans-
former is illustrated in Figs. 6.13 and 6.14. Similar to the procedure used for the Type 1
transformer, the current injection begins with a magnitude of 0.909 A, as shown in Fig.
6.13(a). After three increments in current, when it reaches 2.712 A, the positive and
negative peaks of the flux linkage surpass A% and —A™%* | respectively, as illustrated
by the flux linkage of the (-side transformer in Fig. 6.13(b). This indicates that the
peak excitation current has been approximately determined. The actual peak excitation
current of this transformer, when energized from its secondary winding, is 2.536 A, con-
firming the accuracy of the proposed method in estimating the peak excitation current.
Based on the calculated flux linkage, the value of x is 0.84, which closely matches the
actual value of 0.853. Additionally, the value of I, is found to be 0.77 A. Fig. 6.13(c)
presents the actual flux density for the §-side transformer, showing a flux density of
1.5 T, which confirms that the transformer is approaching normal operating conditions
when current reaches 2.712 A.

The flux adjustment procedure for the Type 3 transformer is illustrated in Fig. 6.14.
Since x > 0.833, after determining the peak excitation current, the current injection at
a magnitude of 2.712 A continues for an additional half-cycle, as shown in Fig. 6.14(a).
This results in a flux linkage of 831.89 Wh.t after the adjustment. Fig. 6.14(c) presents
the actual flux density, demonstrating that the flux has been successfully adjusted to a
value of 1.2822 T, which is close to 1.299 T (approximately 86.66% of B™).
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Figure 6.13: (a) Injected current, (b) flux linkage of the fS-side transformer calculated
by equation (6.19), and (c) flux density.
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Figure 6.14: (a) Injected current, (b) flux linkage of the f-side transformer calculated
by equation (6.19), and (c) flux density.
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6.5.2 Proposed Method General Evaluation

In this section, the overall performance of the proposed method is assessed. A gang-
operated CB with an RDDS of 50 kV/ms and a closing time of 40 ms is used. The

RDDS scatter and mechanical scatter of the CB are 10% and +1 ms, respectively. Fig.

6.15 illustrates the distribution of making instants for t,, = g—g and t,, = 1617”.

to the making instant distributions for single-phase and V/V transformers discussed in

Similar

previous chapters, the probability of making at the upper and lower bounds (i.e., yellow
and purple lines) of the making interval is zero. As the making instant approaches the

target value (indicated by red lines), the probability of occurrence increases.
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Figure 6.15: Making instant distribution for (a) t,, = 3%, and (b) t,, = 1T,

— 3w’ 6w

An important observation in Figs. 6.15(a) and 6.15(b) is that the time difference

between the lower and upper bounds of the making interval is smaller for ¢, = g—g (2.8

ms) compared to 2.875 ms for ¢, = 1617”. This was previously demonstrated through the

mathematical evaluation in section 6.3. Therefore, if the B-H curve of the transformer
allows the residual flux to be adjusted to 0.833B™%* or above, targeting t,, = % results
in less deviation from the desired making instant.

Fig. 6.15 highlights another key difference between the making instant distributions

of t,, = g—g and t,, = 1617”. Unlike the distribution for ¢,, = 161—:, which resembles a
normal distribution curve (as seen in Fig. 6.15(b)), the distribution for t,, = 3= does
not follow this pattern, as shown in Fig. 6.15(a). The primary reason for this discrepancy
is illustrated in Fig. 6.3. For t,, = 1617”, the making occurs exclusively on the phase C
g—g, it can occur on both phase A and B curves. Since

the rising half of phase A and the falling half of phase B are involved, the scatter impacts

voltage curve, whereas for t,, =
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them differently, leading to asymmetry in the distribution.

6.5.3 Comparing Proposed Method’s Performance with the Method
Presented in Chapter 5

In this section, the performance of the proposed method is evaluated by comparing it
to the method introduced for the V/V transformer in Chapter 5. For this comparison,
both a gang-operated CB and an independent-pole-operated CB are evaluated, with their
closing time, RDDS, and RDDS and mechanical scatter identical to those described in

section 6.5.2. To assess energization at ¢, = ;‘:—Z, the Type 3 transformer is used, as its

ratio of B]"* /B equals 0.853. Additionally, the Type 1 transformer is employed for
N N . _ 11

evaluating energization at t,, = %7

Figs. 6.16 and 6.17 show the three-phase currents drawn by the Type 1 and Type 3
V/V transformers when energized with both a gang-operated CB and an independent-
pole-operated CB. As shown, both methods successfully limit the current magnitude to
a value below or equal to the transformer’s nominal current. While the method utilizing
the independent-pole-operated CB shows better performance, it is important to note
that the proposed method employs a gang-operated CB, which has fewer degrees of
control. Given this limitation, the proposed method’s performance is still acceptable,
closely approaching the results of the method in Chapter 5 and effectively keeping the

current within the transformer’s nominal range.

6.6 Experimental Validation and Performance Analysis

To validate the effectiveness of the proposed method, comprehensive testing is conducted
on a laboratory-scale V/V transformer using the test rig illustrated in Fig. 5.9, which
was also utilized in the previous chapter. The key difference in this setup is the control
of the instantaneous turn-on solid-state relays, designed to replicate the behavior of a
gang-operated circuit breaker to connect the laboratory-scale V/V transformer to a 220-
V, 50-Hz power system. This section begins by discussing how the proposed method
determines the peak value of the transformer’s excitation current, followed by a detailed
explanation of the flux adjustment process. Finally, the transformer’s energization after

flux adjustment is examined.
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Figure 6.16: Current of phases (a) A, (b) B, and (c) C of the Type 1 V/V transformer
energized with the proposed method, and phases (d) 4, (e) B, and (f) C of the Type 1
V/V transformer energized with the method presented in Chapter 5.

6.6.1 Excitation Current Peak Value Determination

The V/V transformer is composed of two 400-VA, 220 V/120 V single-phase trans-
formers, with an excitation current that is 10.62% of the peak value of the nominal

transformer current. These single-phase transformers are laboratory-scale transformers
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Figure 6.17: Current of phases (a) A, (b) B, and (c) C of the Type 3 V/V transformer
energized with the proposed method, and phases (d) 4, (e) B, and (f) C of the Type 3
V/V transformer energized with the method presented in Chapter 5.

with much lower capacity and higher excitation current compared to those typically
used in TPSS installations. This explains why their excitation current exceeds 6% of
the nominal current, resulting in a longer time to reach the peak value of the excitation
current compared to standard traction transformers.

Fig. 6.18 illustrates the process of obtaining the peak excitation current. As shown
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in Fig. 6.18(a), a sinusoidal current with a frequency of f, = 1 Hz is injected into the
V/V transformer, where the positive direction is considered from the -side transformer
to the a-side transformer. This means this current exactly follows through the (§-side
transformer, and with the reversed polarity, flows through the a-side transformer. At
the start of the injection, the peak current is 4.67 mA (or 0.1% of the transformer’s
nominal current), with each subsequent step increasing the current by 4.67 mA. Each
step lasts for two full cycles, equivalent to two seconds.

Fig. 6.18(b) shows the flux linkage of the S-side transformer (the a-side transformer
exhibits the same flux linkage but with reversed polarity) calculated using equation
(6.19). As the current magnitude increases, the flux linkage rises correspondingly. In the
figure, the red and green dashed lines represent +=A"%* where \"%* = giox‘ég = 0.9903
Whb.t. At t = 190.353 s and ¢t = 190.758 s, when the current reaches peak values of

0.4541 A and -0.4541 A, the positive and negative peaks of the flux linkage exceed \™*

and —A"* respectively. This occurs during the second cycle of current injection, when
the current magnitude reaches 0.4541 A, confirming the accuracy of flux estimation via
equation (6.19). Once this threshold is reached, no further increase in current magnitude
is necessary. It is also important to note that the current frequency, f,, is maintained
at 1 Hz throughout the injection process since this frequency induces voltage on the
primary winding which does not exceed the transformer’s nominal voltage.

Fig. 6.18(c) illustrates the B-H curve plotted using the estimated flux linkage from
equation (6.19) and the current injected into the transformer. To better illustrate how
the current injection leads to traversing larger minor loops and eventually reaching the
major loop, some hysteresis loops are intentionally omitted. An important point to
note is that the B-H curve starts at the origin, as the results from equation (6.19) are
always symmetrical with respect to the x-axis (current axis). Consequently, this curve
does not reflect the initial residual flux density. This explains why the injected current
continues to increase until it reaches the limits of £A™%— at which point the physical
constraints of the transformer core cause the flux density to become symmetrical around
the x-axis. At this stage, we can be confident that the flux estimation using equation
(6.19) is accurate.

As illustrated in Fig. 6.18, the proposed method successfully determines the peak
value of the transformer’s excitation current. For the transformer used to validate this

method, being a small-scale transformer, its excitation current is higher than that of typ-
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Figure 6.18: (a) Injected current, (b) flux linkage of the -side transformer calculated
by equation (6.19), and (c) the corresponding B-H curve .

ical traction transformers installed in TPSSs, where excitation current typically ranges
from 0.1% to 1% of the transformer’s nominal current. For these traction transformers,

only a few cycles of current injection are sufficient to reach the peak excitation current.
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Figure 6.19: (a) Injected current, and (b) flux linkage of the 8-side transformer obtained
by equation (6.19).

To evaluate the performance of the proposed method for traction transformers, a
current injection is applied, which is shown in Fig. 6.19(a); however, the initial current
magnitude is not set at 0.1% of the transformer’s nominal current. Instead, the injection
begins with a peak value of 0.4261 A (i.e., approximately 9% of the transformer nominal
current), and, similar to the previous scenario, the current increases by 4.67 mA per
step. As shown in Fig. 6.19(b), after 14 cycles of current injection, when the current
magnitude reaches 0.4541 A, the flux linkage peaks—both positive and negative—exceeds
AT and — A" during the second cycle of current injection at ¢t = 13.25 s and t = 13.75
s, respectively. This indicates that the injected current magnitude closely matches the
transformer’s peak excitation current, making further increases unnecessary. Addition-
ally, after ¢t = 13.25 s, once the flux linkage surpasses A" the value of I. can be

determined at ¢t = 13.5935 s, where the flux linkage returns to zero. Using this method,

165



6.6 Experimental Validation and Performance Analysis

1. is calculated to be 0.1825 A.

After determining the peak value of the transformer’s excitation current, the flux
linkage, calculated using equation (6.19), can be used to compute k via equation (6.20).
At t = 194 s and t = 14 s for the scenarios shown in Figs. 6.18 and 6.19, which
correspond to t = 87, in Fig. 6.7, the current returns to zero. The corresponding flux
linkage is -0.7923 Wh.t, yielding a x value of 0.8 using equation (6.20). The true x for
this transformer is 0.783, demonstrating that the proposed method estimates x with

acceptable accuracy.

6.6.2 Flux Adjustment

The flux adjustment process, which occurs after determining the peak excitation current,
is depicted in Fig. 6.20. For clarity, this figure separates the flux adjustment procedure
from the process of obtaining the peak excitation current, assuming the peak value has
already been reached. According to equation (6.12), since the value of  is less than 0.833,
the residual flux density in both single-phase transformers is adjusted to £0.5Bqz- T0
achieve this, the same direction of current injection—from the §-side transformer to the
a-side transformer—used to obtain the peak excitation current, is maintained.

In Fig. 6.20(a), the first two cycles of current correspond to the stage where the
peak excitation current is obtained. As shown in Fig. 6.20(b), which illustrates the flux
linkage of the (-side transformer, during the second cycle between t =1 s and t = 2 s,

when the current reaches 0.4145 A, both the positive and negative flux linkage values

)\max _ )\maz

exceed and , respectively. After ¢t = 2 s, the current magnitude is adjusted
for flux adjustment. Initially, the current is reduced by 50%, bringing it to 0.2271 A,
and the injection continues for two cycles. Since 0.2271 > I, the current remains at
this level. At the zero-crossing point of the second cycle (when the current changes
direction at ¢ = 3.5 s), the flux linkage falls outside the range of [0.45A% 0.55\™*].
Consequently, after ¢t = 4 s, the current is modified by half of the previous adjustment
(0.1135 A). Since the flux linkage at t = 3.5 s is below the lower bound of the target
range, 0.1135 A is added to the current, increasing it to 0.3406 A.

The current injection continues for two cycles at a magnitude of 0.3406 A, lasting
fromt =4stot =6s At t = 5.5 s, the flux linkage exceeds the upper limit of
the target range, [0.45A™%" 0.55A™%*]  indicating that the injection should continue but

with a reduced current. From ¢t = 6 s to t = 8 s, the current is decreased by 0.0568
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Figure 6.20: (a) Injected current, and (b) flux linkage of the 8-side transformer obtained
by equation (6.19).

A—half of the previous adjustment—resulting in a current of 0.2838 A. As seen in Fig.
6.20(b), at t = 7.5 s, the flux linkage again exceeds the upper limit of the target range,
requiring another reduction. The current is decreased by 0.0284 A (half of the previous
adjustment), bringing the current magnitude to 0.2554 A. With this value, as shown in
Fig. 6.20(b), the flux linkage reaches 0.4741 Wb.t at ¢t = 9.5 s, falling within the range
of [0.45\™* (0.55A™%*]. At this point, the current injection can be stopped, as the flux

has been successfully adjusted to an acceptable value.

6.6.3 Transformer Energization

After the flux adjustment, the V/V transformer must be energized in such a way
that the residual and prospective flux densities match, thus minimizing inrush cur-

rent. Fig. 6.21 shows the current drawn by the V/V transformer when energized using
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both an ideal gang-operated CB and an ideal independent-pole-operated CB. For the
independent-pole-operated CB, the transformer is energized following the method pro-
posed in Chapter 5. As illustrated, both methods perform effectively, with the current
magnitude limited to the excitation current of the o~ and [B-side transformers, corres-
ponding to phases A and B. For phase C, the current slightly exceeds the excitation
current by approximately 0.5 A; however, it remains well below the transformer’s nom-
inal current. The method discussed in this chapter utilizes a gang-operated CB, which
is more commonly used in power systems operating at 220 kV or lower, making it a
more typical choice for traction transformer energizations in TPSSs. Fig. 6.21 also
demonstrates that using the proposed method and energize the V/V tansformer with
gang-operated CBs can effectively reduce inrush current to a level comparable to what

is expected from methods utilizing independent-pole-operated CBs.

6.7 Summary

This chapter introduces a flux matching method to mitigate the inrush current in V/V
traction transformers when energized with a gang-operated CB. For such transformers,
two optimal making points can reduce the magnitude of inrush current. The choice
between these two points depends on the ratio of B)"**/B™% which is determined by the
transformer’s B-H curve. The proposed method eliminates the need for prior knowledge
of this ratio, as it determines it through current injection. The method introduces a novel
approach for estimating the transformer’s flux linkage by injecting current and effectively
canceling the DC offset present in the output of voltage transducers, which measure the
voltage induced on the open-circuited windings. Using this estimated flux linkage, the
method accurately calculates the B["®*/B™% ratio and performs the necessary flux
adjustment. After adjusting the flux density, the optimal closing instant is selected to
minimize the difference between the prospective and adjusted residual flux densities,
thereby significantly reducing inrush current. This approach mitigates inrush current
without relying on impractical tools or unrealistic assumptions.

The results of extensive simulations and experiments confirm that the proposed
method performs effectively, regardless of the transformer’s core material or initial flux
density. Its performance closely matches that of the method described in Chapter 5,
which uses independent-pole-operated CBs with greater flexibility. Notably, the pro-

posed method successfully keeps the inrush current well below the nominal current,
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Figure 6.21: Three-phase currents of the V/V transformer energized with (a) proposed
method for gang-operated CBs, and (b) the method proposed in the Chapter 5 for
independent-pole-operated CBs.

demonstrating a significant improvement despite inherent uncertainties. This method
proves that even for V/V traction transformers energized with gang-operated CBs, in-
rush current can be effectively mitigated—a challenge that may be difficult to overcome

with other energization methods.
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Conclusion and Future Works
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7.1 Conclusion

In conclusion, this thesis has highlighted key perspectives, introduced novel method-
ologies, and explored previously underexamined aspects of transformer inrush current
mitigation and energization, as summarized below:

Chapter 2 introduced the terminal duality model (TDM), a powerful tool for sim-
ulating power transformers, and explained the inverse Jiles-Atherton method, which is
used to model the non-linearity of transformer cores. The chapter demonstrated how
the TDM, combined with the inverse JA method, can effectively model traction trans-
formers. Two examples were provided: one of a healthy transformer and another with a
turn-to-turn fault, illustrating the application of these modeling techniques.

Chapter 3 presented an effective and rapid flux matching energization method
for mitigating inrush current in single-phase traction transformers. This method offers
exceptional flexibility by allowing the transformer’s residual flux density to be adjusted
to any desired value within the feasible range, solely through the injection of controlled
current into the transformer’s winding. The only required input is the magnitude of the
transformer’s excitation current, which is used to calibrate the injected current, with
all other essential data acquired during the flux adjustment process. Additionally, the
rate of change of the injected current is carefully controlled to ensure that the induced
voltage during flux adjustment does not damage the transformer.

A key concept introduced is the “compatibility flux density range,” within which the
reference residual flux density is selected. Two factors are considered in choosing this
reference value: 1. it must fall within the transformer’s feasible range to ensure that
the residual flux can be accurately adjusted, and 2. it should minimize the impact of
CB closing operation limitations. The chapter also identified the optimal timing for
transformer energization, ensuring that the instantaneous steady-state flux density (i.e.,
prospective flux density) matches with the adjusted residual flux density. Moreover,
a technique was introduced for accurately estimating the flux density during the ad-
justment process, which does not rely on detailed transformer design information. The
only requirement for flux estimation is the use of voltage transducers that have been
calibrated to eliminate any DC offset in their output.

Chapter 4 introduced advanced pre-fluxing methods designed to effectively mitigate
inrush currents in single-phase traction transformers. These methods, termed modified
pre-fluxing method 1 (MPFM 1) and modified pre-fluxing method 2 (MPFM 2), address
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the shortcomings of traditional pre-fluxing methods. MPFM 1 focuses on estimating the
maximum feasible residual flux density relative to the maximum flux density, enabling
the determination of optimal energization instants to reduce inrush currents. In contrast,
MPFM 2 offers broader capabilities and greater advantages. One significant benefit of
MPFM 2 is its minimal reliance on detailed transformer design information. It does
not require knowledge of the peak transformer excitation current and relies solely on
real-time measurements for flux adjustment.

MPFM 2 is highly efficient, irrespective of transformer size, and can adjust the re-
sidual flux to any desired value within the feasible range. It addresses uncertainties in
CB closing operations by adjusting the core’s residual flux to an appropriate reference
value, thereby minimizing negative impacts. Flux adjustment is accomplished using
power electronic circuitry, known as the pre-fluxing device, which applies a controlled
voltage across the transformer’s low-voltage winding. MPFM 2 also estimates flux dens-
ity during the adjustment process using data from voltage transducers. This method
effectively compensates for any DC offset in the transducer output, ensuring reliable
flux adjustment. The transformer is then energized at the optimal instant, matching the
core’s steady-state flux with the adjusted residual flux.

Chapter 5 introduced a flux matching method aimed at mitigating inrush cur-
rents in V/V traction transformers, which are widely used in traction systems. This
method requires only the nominal voltage and excitation current, eliminating the need
for detailed transformer design parameters. Unlike traditional methods such as demag-
netization (de-fluxing) or pre-fluxing methods, the proposed flux matching method can
adjust the transformer’s residual flux density to any desired value within the feasible
range.

Inrush current mitigation is accomplished by adjusting the core’s residual flux to a
carefully chosen reference value and determining the optimal energization instant for
independent-pole-operated CBs. This reference flux is selected to ensure adaptability
across various transformers, regardless of their core material. The railway power condi-
tioner, typically installed on the low-voltage side of V/V transformers in traction power
supply systems, serves as a current source, injecting sinusoidal current into the trans-
former windings before energization. Notably, this method utilizing existing traction
power supply system infrastructure, making it cost-effective by avoiding additional ini-

tial and maintenance expenses compared to other energization methods.
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For effective flux adjustment, this method estimates flux density during current in-
jection. As with the method proposed in Chapter 3, the method for V/V traction trans-
formers requires voltage transducer measurements that are free from DC offset. After
flux adjustment, the precise energization instant is chosen to ensure that the adjusted
flux density matches with the steady-state flux corresponding to the applied voltage. By
employing this proposed method, inrush current can be significantly mitigated during
the energization of V/V transformers, which are typically incompatible with existing
energization techniques.

Chapter 6 introduced a flux matching method specifically designed to mitigate
inrush current in V/V transformers energized by gang-operated CBs. The mitigation
process involves adjusting the core’s residual flux to an appropriate reference value and
identifying the optimal energization instant. This method, similar to the one proposed
for V/V traction transformers energized with independent-pole-operated CBs, uses cur-
rent injection to adjust the residual flux density. However, unlike the method discussed
in Chapter 7, this method does not require prior knowledge of the transformer’s peak
excitation current. Instead, it calculates the peak excitation current through a step-by-
step current injection process. Once the peak value is determined, the method controls
the current magnitude to adjust the residual flux density within the feasible range.

The reference residual flux is selected from two optimal points, ensuring it can be
achieved regardless of the transformer’s core material. To further enhance accuracy,
the method incorporates a technique to compensate for the DC offset typically found
in voltage measurements from transducers, allowing for precise flux estimation and ad-
justment. The energization instant is then carefully chosen to ensure that, when a V/V
transformer is energized by a gang-operated CB, the adjusted flux density matches with
the prospective flux density corresponding to the applied voltage. By employing this
method, the energization of V/V traction transformers with gang-operated CBs can
be made free of inrush current, a result that is unachievable with other energization

methods.

7.2 Future Works

The current research can still be improved and extended. Future recommendations are

summarised as follows:
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1. This study primarily focused on common transformer types used in traction power
systems, specifically single-phase and V/V transformers. However, as noted in
Section 1.2.1, other transformer types are also utilized in the electrification of
trains. Similar to V/V transformers, conventional energization methods designed
for single-phase and three-phase transformers may not be suitable for these other
traction transformers. Therefore, future research could explore the effects of stand-
ard energization techniques on these transformers and develop specialized energiz-

ation methods developed for their needs.

2. The methods proposed in this research for single-phase and V/V traction trans-
formers are pioneering in their ability to adjust residual flux density to any value
within the feasible range—a capability not addressed by existing energization meth-
ods. Future research could investigate the application of these methods to three-
phase transformers with three- and five-limb cores. Additionally, given that various
types of circuit breakers, such as independent-pole-operated or gang-operated, are
used for energizing three-phase transformers, the impact of using different circuit

breakers should also be considered in future studies.

3. This research focused solely on mitigating inrush current in traction transformers;
however, the proposed methods have potential applications beyond this scope. For
instance, inrush current poses a significant threat to the safe and stable operation
of distributed energy resources (DERs) connected to distribution systems. The
energization methods developed in this study could be expanded and adapted for
transformers connected in parallel that integrate DERs, such as those used in wind

turbine systems.

4. This research primarily focuses on transformers with cores made of grain-oriented
electrical steel, the most common material used for transformer cores. The pro-
posed energization methods have been shown to effectively reduce the magnitude
of inrush current in these transformers. However, transformers made of amorphous
steel, which have a higher rated flux, a larger linear portion of the magnetization
curve, and lower residual flux compared to grain-oriented electrical steel, require
further investigation. It is essential to evaluate whether the proposed methods
can effectively reduce inrush current in transformers made of amorphous steel.

If they prove inadequate, these methods should be adapted to accommodate the
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characteristics of this newer material.

5. In this research, current injection methods are used to adjust the residual flux dens-
ity in transformers by controlling the magnitude of the injected current. Typically,
this process takes a few cycles to complete because the precise current magnitude
needed for accurate flux adjustment to a specific reference value is not known at
the begining of the injection. However, the required current magnitude can be
estimated by predicting the transformer’s B-H curve, which can be determined
after a one cycle of current injection with a magnitude equal to the transformer’s
peak excitation current. Once the B-H curve is established, the appropriate cur-
rent magnitude can be calculated. This approach reduces the time needed for flux

adjustment and improves the overall efficiency of the process.

Further research is crucial to addressing the gaps identified above. The flux matching
energization methods explored here offer powerful solutions with the potential to sig-
nificantly reduce inrush currents and address associated challenges in single-phase and
V/V traction transformers. Advancing this line of inquiry could lead to the development
of more effective inrush current mitigation methods applicable to a broad spectrum of

transformer types, particularly those used in transmission and distribution networks.
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Conventional and Inverse Jiles-Atherton
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A.1 Matlab Code of Inverse Jiles-Atherton
Here is the Matlab code for the inverse JA proposed in [75]:

Listing A.1: Matlab Code for Inverse JA

clear; clc;format long;
% Par=[88.789 168.58e—6 1.47e6 .33949 70.017];
Par = [88.498 177.05e—6 1.4552e6 .35049 72.312];

ul0 = 4xpixle—7,

a=Par (1);

alpha=Par (2);

Ms=Par (3);

c=Par (4);

k1=Par (5);

dt = .001;

t = dt:dt:2;

Bmax = 1.5; % B magnitude
B = Bmaxxsin (2x1xpixt);
Imax = length(B);

Man = zeros(1,Imax);M = zeros(1,Imax);H = zeros(1,Imax);

He = zeros(1,Imax);Mirr = zeros(1,Imax);

dMdB = zeros (1,Imax);dMirrdBe = zeros(1,Imax);dMandHe = zeros(1,Imax);
delta = ones(1,Imax);DB = zeros(1,Imax);

for i =1 : Imax —1

DB(i) = B(i+1)—B(i);

delta (i) = sign(DB(i));

M(i) = B(i)/u0-H(i);

He(i) = H(i) + alphasM(i);

Man(i) = Msx(coth(He(i)/a)—a/He(i));

Mirr (i) = (M(i)—c*Man(i))/(1—c);

dMandHe (i) = Ms/ax(1—(coth(He(i)/a)) "2+ (a/He(i))"2);
dMirrdBe (i) = (Man(i)—Mirr(i))/(u0xklxdelta(i));
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if dMirrdBe(i) < 0
dMirrdBe (i) = 0; %% dMirrdBe can not be less than zero

end

num = ((1—c)*dMirrdBe(i)+(c/u0)*xdMandHe(i));

den = 14u0*(1—alpha)*(1—c)*dMirrdBe(i)+c*(1—alpha)xdMandHe(1i);

dMdB(i) = num/den;
M(i+1) = M(i)+dMdB(i)*DB(1i);
H(i+1) = B(i+1)/u0 — M(i+1);

end

plot (H,B, '—red’, ’LineWidth’ ,2); grid on;
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Figure A.1: Implementation of the inverse JA method in Simulink.
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Figure A.2: Implementation of the JA method in Simulink.
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B.1 Transformer with Turn-to-Turn Fault

In this section, the application of TDM to model a single-phase traction transformer
with a turn-to-turn fault is examined. The fault is assumed to occur near the top of one
of the high-voltage windings, as indicated by the red regions in Fig. B.1. Due to the
turn-to-turn fault, the high-voltage winding is divided into three separate windings. The
corresponding inductance circuit of the transformer is depicted in Fig. B.2. This figure
shows that the portion of the inductance circuit corresponding to the transformer section
with turn-to-turn faults contains inductors with mutual inductances between them. For
the section without a turn-to-turn fault, the leakage inductance is equal to 1.47 mH, the
same value as for the transformer with no turn-to-turn fault. To determine the values of
leakage inductances and corresponding mutual inductances for the section with a turn-

to-turn fault, the incidence matrix (considering nodes 1 to 4) should be written first,

which is:
1 -1 0 0]
1 0 0 -1
A=10 -1 0 1 (B.1)
0 0 1 -1
0 -1 1 0 |

Now, finite element simulation is employed to measure the leakage inductances Lg
and the nodal admittance matrices Y;. For this purpose, Maxwell ANSYS software is

utilized, and the results are as follows:

38 0 0 0 0
0 2.32 0 0
Ls=1x10"3]0 0 38.83 0 0 (B.2)
0 39.788 0
0 0 5.14]
0.056 —221x107%  —9.2x107° —0.054
Y, = 25 x —2.1669 x 1073 0.026 —0.0239 1.63 x 10~*
—9.127 x 107° —0.0239 0.0253 —-1.3x1073
—0.054 1.6189 x 107*  —1.3x 1073 0.055

(B.3)
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Figure B.1: Transformer front view.

Figure B.2: Inductance circuit.
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By replacing L with Lg in equation (2.8), incorporating the value of Y,,, and applying
the nonlinear least-squares method (with the MATLAB code provided in Appendix C),

the impedance matrix L is derived as follows:

[ 38
0.8
L=1x10"3| 303
—28.9
21

0.8
2.32
—-1.5

14
—0.1

30.3
—-1.5
38.8
—29.2
2.2

—28.9
1.4
—29.2
39.8
3

2.1 |
0.1
2.2
3
5.14 |

(B.4)

Similar to the single-phase traction transformer without a turn-to-turn fault, L is

divided by two because each winding is represented by two sets of inductors, as shown

in Fig. B.2. Consequently, the L for each set of inductors is adjusted as follows:

19
0.4

L=1x10"%15.15
—14.5
| 1.05

0.4
1.2
—0.75
0.7
—0.05

15.15
—-0.75
19.4
—14.6
1.1

—14.5
0.7
—14.6
19.9
1.5

1.05 |
—0.05
1.1
15

2.6 |

Fig. B.3 shows the TDM circuit of the single-phase traction transformer with a

turn-to-turn fault. Compared to the TDM circuit of the healthy transformer, this circuit

includes additional ideal transformers because one high-voltage winding is divided into

three windings due to the fault. In this configuration, the HV 01 transformer is replaced
by HVO011, HV012, and HV013 transformers. These connect the segments of the high-
voltage winding affected by the turn-to-turn fault. The corresponding turn ratios are
Np1/Ny, Ngo/Ny, and Ngs/Ny. Here, Nyi /Ny, and Nps/Np represent the number of

turns of windings without a turn-to-turn fault, while Ngo/N, represents the number of

turns of the winding with the turn-to-turn fault. Additionally, R; is included in this

circuit to model the resistance of the turn-to-turn fault in the transformer winding.
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Figure B.3: The TDM circuit of the single-phase tracton transformer with turn-to-turn

fault.

185



APPENDIX C

Matlab Code of Least-Squares Method

186



C.1 Matlab Code of Least-Squares Method

C.1 Matlab Code of Least-Squares Method

Here is the Matlab code for the Least-Squares Method:

Listing C.1: Matlab Code for Least-Squares Method

clear;
clc;
options = optimoptions(@lsqnonlin, ’Algorithm ",
"levenberg—marquardt’, ’FunctionTolerance’ ,1e —12);
f = @(x)parameterfun (x);
[x,resnorm ,residual ,exitflag ,output| = lsqnonlin (f,
x0,[],[],options)
% Define LL matriz with considering the initial wvalues
LL=[38e—3 x(1) x(2) x(3) x(4);...
x(1) 2.32e—3 x(5) x(6) x(7);...
x(2) x(5) 38.83e—3 x(8) x(9);...
x(3) x(6) x(8) 39.788e¢—3 x(10);...
x(4) x(7) x(9) x(10) 5.14e—3];
LL2=LL/2;

The function of the matlab code of parameterfun is defined as:

Listing C.2: Matlab Code for parameterfun

function y = parameterfun (x)
Yn=25%[0.056 —2.21e—3 —9.2e—5 —0.054;...
—2.21e—=3 0.026 —0.0239 1.63e—4;...
—9.2e—5 —0.0239 0.0253 —1.3e—3;...
—0.054 1.63e—4 —1.3e—3 0.055];
A=[1 -1 0 0;...
100 —1;...
0—-10 1;...
001 —1;...
0 —-11 0];
B=A.;
w=2xpi*50;
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XX=[38e—3 x(1) x(2) x(3) x(4);...
x(1) 2.32e—3 x(5) x(6) x(7);...
x(2) x(b) 38.83e—3 x(8) x(9);...
x(3) x(6) x(8) 39.788e—3 x(10);...
x(4) x(7) x(9) x(10) 5.14e—3];

y =Bxinv (wiXX)*A—Yn;
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D.1 Matlab Code for Obtaining Making Instant

Here is the Matlab code for obtaining the making instant by using fzero function:

Listing D.1: Matlab Code for Obtaining Making Instant

clear;

clc;

global tct;

global U;

global RDDS;

global fre;

fre=50; %frequency

T=1/fre;

tCB=40e —3; %the operating time of the circuit—breaker

RDDS_int=20.00¢€6 ;

dev=0.1; % RDDS Scatter

DtCB=1.5e—3;

tint =0.1; % the time at which the closing operation is started

U=220e3*sqrt (2);

T e e e e e e e e e e e e e e e e e e o b b b b b 6 B 6 6 6 b 660606 %

k=round (tCBx*fre );

Bradpu=0.87;

RDDS=RDDS _int ;

pai=(2xpi/2)—asin(Bradpu);

X=(pai«T)/(2%pi);

tct=tint4+X+(abs(Uxcos(pai))/(RDDS));

ta=tct;

fun = Qpp; % function

x0=tct —(1/fre);

format long

fprintf ([ ’switching -WITH_THE_.PROPOSED.METHOD. for _a.single —phase’
"_transformer’])

z = fzero (fun,x0)

ddl=z—0.1;
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Bac=sin (2xpixfrexz—(0xpi/2))
pai*x180/(1*pi)

The function of the matlab code of is defined as:

Listing D.2: Matlab Code for pp function
function y = f(x)
global tct;
global U;
global RDDS;
global fre;
y = abs((U)xcos(2xpi*frexx))+ (RDDS*(x—tct ));
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