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Abstract

This thesis proposes a new circuit topology for a capacitive ladder-based electronic voltage
regulator (CL-EVR) which is a substitute for an electromechanical tap changer in power
transformers. The proposed CL-EVR employs a combination of capacitors and TRIACs to
generate voltage steps that can be added or subtracted from the grid voltage to achieve
voltage regulation. In comparison to traditional on-load tap changers (OLTC), the CL-
EVR is much faster and also eliminates arcing while increasing the speed of the voltage
regulation, thereby potentially increasing the operating lifetime of transformers and
reducing failures. Other advantages over conventional OLTCs are the elimination of di/dt
limiting reactors and numerous tap changer contact leads to a potentially lower cost.

The thesis begins with an examination of traditional approaches to voltage regulation such
as electromechanical and solid-state tap changing transformers. Improved models for the
change-over switch are introduced and used to design a better change-over switch. The
focus then shifts to the piéce de résistance which is an entirely new topology. A converter-
based on-load tap changer (COLTC) is proposed to be used as a substitute for the traditional
tap changers. The proposed COLTC improves the transient behaviour, arcing, and response
time as compared to the traditional tap changers.

The proposed design includes a new failure detection method that detects a failed TRIAC
switch and isolates it from the circuit not only to prevent further damage to the other CL-
EVR elements but also to continue the voltage regulation, albeit with a slightly reduced
capacity.

To ascertain its performance and stability over the operating range, the thesis conducts a

comprehensive theoretical analysis encompassing the steady state and transient
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performance of a simplified system consisting of the CL-EVR connected to resistive or
inductive loads.

A series of Electromagnetic Transient (EMT) simulations are conducted in order to
investigate the CL-EVRS operation over a wider operating range and to fine-tune the
component values and to coordinate the various control loops and to select the control
system parameters. EMT simulation is also used to ensure the successful operation of the
failure detection and protection strategy.

Finally, a single-phase leg rated at 33 kVA of the full three-phase 100 kVA design was
prototyped in the laboratory and successfully tested under inductive and resistive loads.
The results prove that the proposed CL-EVR can apply different voltage levels properly

without significant overshoot during the transition from one level to the other.
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Chapter 1: Introduction and Literature

Review

1.1 Introduction

The electricity generated in power plants is transmitted over a transmission system at high
voltage levels. At distribution substations, transformers are used to step down the voltage
to a smaller magnitude suitable for the different loads within the distribution network.
Voltage regulation is very important since an increasing share of intermittent and highly
variable renewable energy generation connected at the distribution level leads to larger and
more frequent voltage fluctuations in distribution systems. Thus, utilizing on-load tap
changers (OLTC) in transformers operating in power systems is becoming more necessary,
as distribution systems with large amounts of renewable energy generation become more

commonplace [1-3].

The OLTC as a voltage regulator is widely used in existing power delivery systems, such
as HVdc, HVac, Renewable Energy connections, and power transformers. Currently,
conventional electromechanical type OLTCs for power transformers are commonly
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utilized, as they enable under-load operations, i.e. change of the output voltage under load,
without interrupting the load current [3-5]. However, there are some downsides associated
with electromechanical tap changers. A significant issue in these electromechanical tap
changers is that there is always an arc generated during operation between tap contacts.
This arcing process causes the deterioration of transformer oil. As far as the lifetime of the
electromechanical tap changers is concerned, they have a relatively long lifetime — around
10 to 15 years — and this is mostly due to the lower number of tap changing operations. A
small number of taps is a disadvantage for mechanical taps, as the voltage fluctuation is
larger and faster in today’s distribution networks due to the increasing share of distributed
renewable energy sources. Therefore, OLTC transformers need to perform many more
switching operations than before. This results in much higher maintenance requirements,
and a more limited lifetime. Apart from electromechanical tap changers, other types of
electronic tap changers have been introduced to the market [1]. They use solid-state
electronic switches, such as thyristors, instead of electromechanical taps to regulate the
output voltage level. Although the electronic tap changers could solve arcing problems

present in mechanical tap changers, there are still issues, such as:

e the generation of harmonics
e voltage level change speeds, the soft start of the regulator,
e lack of failure detection of solid-state switches

¢ volume demands of regulators that need to be considered



Although improvements in voltage and current control methods have been proposed in the
previous research, there are still issues in the solid-state transformers yet to be solved.

Those challenges will be discussed in chapter 2.

This thesis proposes a new fully electronic voltage regulator which can be used as a
substitute for electromechanical and solid-state tap changers for transformers. The
presented voltage regulator can solve the aforementioned problems associated with the

electromechanical and solid-state tap changers.

1.2 Literature Review

Overall, several published studies and patents worked on conventional tap changing
transformers, converter-based transformers, and the transient behaviour of tap
changing transformers. Also, two IEEE standards for transformers have been
investigated. The key ones are summarized below.

In [1-9], two important IEEE standards for transformers, IEEE STDVUOD20810 and
IEEE C57.12.59, have been investigated. Also, the popular structures of tap
changing transformers and challenges in OLTCs were studied. Theoretical
equations have been proposed. Also, standards for the tap changers are proposed
under different applications have been released as well. The failure rate of the
power transformer because of the failure of the tap changers is investigated [4].

In [10], an arc-less approach has been proposed for the tap changing transformer. This

paper proposed a thyristor-assisted tap-changing transformer. Thyristors were used
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instead of mechanical tap leads to increase the speed of switching between the tap
voltage level.

In [11], a static on-load tap-changer is suggested as an alternative to the mechanical
type of tap-changers. Without any phase shift, this method can control the load
voltage variation.

In [12-13], a solid-state on-load tap changer with microcontroller-based controller is
proposed to increase the speed of switching in the tap changer transformer as well
improving the transient behaviour. Also, this paper ran a prototype by using
insulated gate bipolar transistor (IGBT) switches.

In [14], an electronic tap changing transformer has been presented. The paper claimed
that the proposed electronic tap changing transformer is more cost-effective than
the conventional tap changer transformers.

In [15-17], an optimized approach for the electronic tap changing transformers has been
proposed. This approach uses a new control method by which fewer thyristor
switches will be used in a tap-changer transformer. This paper’s method is claimed
to be a cost-effective one.

In [18], this paper presents the design, theoretical analysis, and experimental approach
for a quick OLTC regulator. The control system was programmed by a DSP, which
claimed to be a fast response control system. Also, a two-step commutation method
IS used.

In [19-29], some popular electronic-assisted tap changer for distribution purposes is

proposed. The physical layout of the proposed structures is unique and meant to



improve the dielectric withstand. Also, different control methods are proposed to
enhance the transient behaviour of the electronic-assisted tap-changer transformers.

Publications [30-34] investigate the switching methods to eliminate any interruption in
the output voltage while changing from one voltage level to the other. The acoustic
signal and empirical mode decomposition algorithm were utilized to identify the
switching state. The proposed methods are fast and remove the effect of circulating
current.

In [35-40], mechanical taps were removed and solid-state switches such as thyristors
were proposed in on-load tap changers. The proposed methods in these papers
reduce the arc in the tap changer to a large extent. However, the literature did not
consider the transient effect of the change-over switch.

In [41], the transient behaviour of the OLTC during change-over operation. The result
of [41] shows that the change-over switch in the conventional tap changing
transformers is experiencing a high-level transient voltage, which can cause full
transformer failure.

In [42], a voltage regulation approach suitable for the distributed generation (DG) was
proposed. The voltage regulation was performed based on the reactive power
adjustment. The proposed approach was examined under a wide range of balanced
and unbalanced loads in [43-44].

Using converters as a substitute for the conventional tap changers has been proposed a
solution to manage the issues corresponding to electro-mechanical tap changers.
Different converters have been investigated. In [45-69], different structures of

multilevel inverters have been proposed. Those papers have tested the multilevel



inverters in different applications such as photovoltaic systems, wind generation,
DC-AC conversion, etc. The switching strategies and harmonic studies have been
investigated in [45-60]. The transient behaviour, reliability studies, and power
capability have also been studied.

In [61], a high switching frequency 10 kV solid-state transformer with soft switching
is presented. The dead time has been improved in this method, so there is no
interruption in the output voltage. Also, the high-frequency design reduces the size
of the transformer to a large extent.

In [70], a converter-based solution has been proposed in order to remove the transient
effect of the change-over switch and remove the need for the tie-in resistor. The
result of the paper was validated by a simulation in PLECS software. The proposed
converter in [70] could maintain the load voltage in an acceptable range in resistive

and inductive load conditions.

1.3 Gaps in Existing Research

e Although various improvements to electromechanical tap changer transformers have
been proposed, they all assume the same transformer topology. The electromechanical
tap changers have the issues of arcing and pitting on contacts, low response time, high
transient voltage and current, and high maintenance cost. The solution to the
electromechanical tap changer is to replace the mechanical switches by semiconductor
devices such as Insulated Gate Bipolar Transistors (IGBT), Triode for Alternating
Current (TRIAC), and Gate Turnoff Thyristors (GTO) in order to improve the speed
of operation. Optimization is carried out to improve arcing by controlling power factor

and thus enhancing reliability. However, there are still yet-to-be solved issues
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associated with solid-state voltage regulators including high-stress voltage on the
power devices, high harmonic level, and lack of failure detection method.

In the previous methods, the transient behaviour of the change-over switch has not
been considered, although the change-over switch when passing through a neutral tap
is under high-level transient voltage driven by capacitive coupling of a tap winding to
neighbouring winding(s) and grounded components.

The power electronic switches, such as TRIACs are under high transient voltage in a
tap changing transformer, and no failure detection method is proposed if the power
switches fail. Therefore, under the failure of one switch, the tap changer transformer
will shut down. Considering the mentioned points, failure detection and the self-

healing process are missing points in the previous literature.

1.4 Objectives and Procedures of the Research

This thesis proposes a new voltage regulator that can be used as a substitute for the

existing tap-changer transformers. In order to prove the capability and robustness of the

proposed voltage regulator, the following steps will be addressed in particular.

Electromagnetic Transient (EMT) modelling and study to determine the suitable
circuit and control coordination are proposed.
A comprehensive analysis of the overall system, i.e. theoretical calculation, transient

studies, and experimental tests will be performed.



1.5 Thesis Organization

The contents of this thesis are organized in the following manner:

Chapter 2 provides deep insight into the background of electromechanical, solid-
state, and converter-based tap-changer transformers. Chapter 3 provides a new model to
investigate the transient behaviour of the OLTC during the change-over switch operation.
Chapter 4 discusses a new model for a converter-based OLTC (COLTC). In Chapter 5, the
detailed descriptions, theoretical analysis, EMT simulation, and experimental results are
discussed. Finally, in chapter 6, the contributions, conclusions and future works will be

discussed.



Chapter 2: Background to Voltage Regulators

in Power Systems

2.1 Transformers equipped with tap changers

One of the commonly applied ways to regulate voltage in the power system was the use of
tap-changer transformers. A tap changer is a device fitted to power transformers for
regulation of the output voltage to required levels. This can be obtained by changing the
ratios of the transformers by changing the number of turns in one winding of the
appropriate transformer. The main goal of using a tap-changer transformer is to maintain
the voltage within an acceptable range.

Tap changers can be either on-load or off-load. On-load tap changers have been used in the
power distribution industry for over 90 years. They typically include a selector switch and
a diverter switch which are responsible for transferring current from one voltage level to

the other.
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Figure 2.1: The general layout of the transformer with on-load tap-changer [71].

Figure 2.1 shows a general layout of the power transformer with an On-load Tap Changer

(OLTC). On-load tap-changers may include a diverter switch and tap selector. The tap

selector provides an elementary selection of the requested tap which is then connected to

the dead side of the diverter switch. The subsequent diverter switch operation can result in

this tap then taking on the operating current. During the tap-change operation, the functions
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of the diverter switch and tap selector are therefore coordinated [1-4].

Sometimes, a “change over switch” is used to reverse the polarity of the injected voltage

to obtain a larger voltage range without adding more windings. Figure 2.2 shows a delta-

connected transformer with the tap winding having a change-over switch.
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Change-over switch (Phase B)

Figure 2.2: A delta-connected transformer with a tap changer having a change-over

switch [41].

2.2 Solid-state tap changers

The mechanical tap changers have some significant downsides such as mechanical losses,
more time for switching between taps, arc issues, and need for frequent maintenance [11-
23]. The development of power electronic solid-state switches helped the operations of the

tap changing transformer have been enhanced to a significant extent [1]. The different types
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of semiconductors devices used include MOSFET?, TRIAC?, GTO?, and IGBT*. Utilizing
the solid-state semiconductors in tap-changer transformers removes arcing issues,
increases the switching speed, and reduces the requirement for frequent and expensive
maintenance for the transformers required frequent tap operation. A hybrid configuration
is also proposed by numerous researchers, as this configuration can be a protection against
fault currents. Figure 2.3 shows a hybrid configuration of three-phase delta-connected tap

changing transformers. In this figure, tap leads are connected to thyristors.

Np/2

2.5% 2.5%

W1

Figure 2.3: The hybrid configuration of a three-phase delta connected tap changing

transformers [9].

In the power system, transformers are one of the most expensive parts. If any damage

happens to the power transformer, the distribution system may shut down. Winding faults

! Metal oxide field-effect transistor
2triode for alternating current

3 gate turn off thyristor

4insulated gate bi-polar transistor
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and load tap changers are the major contributors to power transformer failures. According
to the results shown in [4], OLTCs are the most significant contributor to the failure of the
power transformers. Different approaches have been taken to reduce the possible failure of

the tap-changer transformers by studying the transient behaviour of OLTCs [72-78].
An excessive rate of rise in transient voltage (%) or current (%) is a major reason for the

failure of the OLTCs. R-C snubber circuits are an effective solution to this issue as they
limit the rate of voltage rise across the delicate semiconductor device. In [79], the snubber
circuit has been added to the OLTC’s circuit to manage the transient voltage and current.
The results showed that the transient response of the OLTCs was improved to a large

extent.

2.3 Problems with the change-over switch

Another reason for the failure of the tap winding is the change-over switch because there
is a transient associated with operating the change-over switch at a neutral tap position, as
its operation discharges parasitic capacitance. However, previous literature did not
investigate the transient behaviour of the change-over switch. Considering this, a model is
proposed in the next chapter of the thesis to predict the transient voltage and current of the

OLTC [41].

2.4 Converter-based voltage regulators

Recently, Voltage Sourced Converters (VSC) have also been used as a substitute for
conventional tap changers [70]. Multilevel inverters convert the DC voltage to AC voltage

of selectable magnitude. The literature discusses several different types of VSC topologies
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such as the diode-clamped, cascaded h-bridge, flying capacitor, etc. Figure 2.4 shows one
configuration of the converter-based OLTC where a five-level inverter is used to convert
DC voltage generated by solar cells to AC voltage, and then this voltage is in series with
the grid voltage through a tapped winding. If the grid voltage changes to a certain limit, the
converter-based OLTC applies the voltage to compensate for that change and to maintain

the load voltage in an acceptable range.

Battery Bank
Array 1
Grid Voltage
Array 2 J‘
Y Vl ) o Load
Five-level Tap Winding
Array 3

Inverter
i |
Va
T

Array 50

Figure 2.4: The Topology of a converter-based OLTC [61].

24.1 Benefits of the converter-based solution

= The converter-based OLTC can intrinsically inject subtractive or additive
voltages. This eliminates the need for the change-over switch and tie-in
resistor.

= The presence of the Multilevel Inverter (MLI) facilitates connection to

photo-voltaic solar generators [70].

2.4.2  The problems with the converter-based tap changers

The converter-based OLTC (or COLTC) still has some drawbacks:

= high implementation cost, especially for higher currents.
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= Needs a LC filter to make the MLI output purely sinusoidal
= Not easy to detect failures of the solid-state switching elements, which adds
more cost for the detection circuit.
The thesis also investigates a VSC-based solution for the OLTC where a VSC is connected
via a booster winding in series with the main transformer winding to provide an injection
of variable magnitude voltage thereby mimicking the operation of a tapped winding. The

VSC-based tap changer will be discussed in chapter 4.
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Chapter 3: Change-over switch transient

behaviour

Copyright Note: ©2021 Electric Power System Research (EPSR) Journal, Elsevier.
Reprinted, with permission, from Abolfazl Babaei, Waldemar Ziomek, and Aniruddha
Gole, “Transient characteristics of on-load tap changers during change-over operation,”

Electric Power Systems Research, Volume 197,2021,107296, ISSN 0378-7796.

3.1 Introduction

This thesis aims to come up with an improved voltage regulator. Hence, | started first by
trying to improve existing topologies such as the electromechanical or solid-state tap
changers. A central problem with the device is a transient associated with operating the
change-over switch at a neutral tap position which creates arcing and loss of useful life.

In the previous chapter, a background for the on-load tap-changer transformer was
provided. In addition, the different types of electromechanical tap-changer were introduced
as well. In addition, the basic definition of OLTC was discussed, and also the reasons for
the failure of the tap changer were mentioned as well. In this chapter, a model is provided
to study the transient characteristics of OLTC during the change-over operation.

The operation of OLTCs corresponds to a sequence of switching events within defined
timing intervals. The main goal of these switching operations is to compensate over and

under voltages stemming from load variations [1]. The high-reliability operation of power
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transformers is crucial, as it can reduce the number of power outages and costs associated
with maintenance. Typically, OLTCs are one of the most expensive and vulnerable parts
of transformers with the majority of power transformer failures occurring due to a defect
in its windings [2]-[3]. The winding failures can be mechanical in origin, initiated by a
current surge that causes the winding structure to deform. However, the transients related
to OLTC tap changing are not so critical, as modern tap changers use vacuum interrupter
technology. When the vacuum interrupter opens while changing the taps, the created arc is
fully contained in the vacuum chamber and does not contaminate the oil with the products
that result from an arc in the oil. So far, existing research has proposed ways to decrease
the adverse effects of surge currents and voltages on the OLTCs. For example, publications
[4-7], discuss optimized switching so that the switching from one tap to another does not
create a break in a circuit which has an inductive characteristic.

Acoustic signals have also been employed to determine the switching state of the
mechanical tap changer. This method is sufficiently fast to enable the protection unit to
avoid any long-time circulating current and open-circuit voltages. In [8], solid-state
switches such as thyristors were used in the tap changer transformer to change the position
of the tap. Although [8] paper did not consider the transient response of the change-over
selector during its operation, the authors state that the proposed design could decrease the
arc to a large extent, which reduces the maintenance cost.

Tap changing transformers may include a “change-over” switch which permits the tap
changing winding portion to be inserted with either positive or negative polarity so that the
tap voltage can added or subtracted from the main winding voltage as in Figure 3.1 (b).

The change-over switch is always operated in the zero-voltage position (tap A_0) so that
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its operation does not create a voltage magnitude change. Once in this position, the OLTC
taps are increased to increase (or decrease) the output voltage.

The earlier literature discusses the management of potential issues related to OLTC
operation but not consider the effects of transients due to the change-over switch operation,
due to the belief that the operation of the change-over switch is always done at zero tap
position and the output voltage does not change when the change-over switch is operated.
However, there is a transient associated with the change-over switch, as its operation
discharges parasitic capacitance across the winding as shown in Figure 3.1 (b). This chapter
investigates this transient. The change-over switch in Figure 3.1 (a) is not instantaneously

9

moved from the “+” to the position but is maintained in the electrically floating
condition so that any arc associated with the capacitive discharge can be effective in the
creation of high transient voltage.
This chapter provides a model for the transient behaviour of the change-over selector by
considering two factors — namely the recovery voltages and the magnitude of the currents
in the contacts. After transferring the current, the gap between the contacts stressed during
the change-over must be capable of withstanding the recovery voltage and switch currents.
In this chapter, a mathematical model for the change-over operation is developed, and the
recovery voltages and switch currents are investigated in 3.2. Section 3.3 shows the arc
characteristics used in this chapter. Then, a model to simulate the transient characteristics
of the change-over selector is presented. Section 3.4 demonstrates the simulation results of

the recovery voltages and the switch currents. The effect of the tie-in resistor will be

modelled and investigated in section 3.5. In section 3.6, the conclusion will be provided.
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3.2 Phasor analysis

The tap winding is galvanically isolated from the main winding by the change-over
selector during the transition from the “+” to the “—” contact when the tap winding is
electrically floating. Then, a recovery voltage Vr+ exists between the stationary contact (+)
and Tap_AO resulting from the potential of the adjacent windings and winding coupling
capacitances as shown in Figure 3.1 (b). Similarly, Vr. exists when the change-over
selector switches from the “-” to the “+” contact. Note that the current Iswitch, interrupted
during this change-over is capacitive and depends on the coupling capacitances of the
tapped winding [1] and [41].

Figure 3.1 (a) shows a three-phase delta-connected OLTC structure with the change-
over selector. Figure 3.1 (b) shows one phase of the studied winding. As shown, the
coupling capacitance effects are considered in the circuit by C; and C,. Simplifying the
effect of capacitive coupling by two capacitors can help us is sufficient enough for the low
frequency applications. However, for the high frequency transformers, the proposed model
in this chapter will not work because the circuit structure must be much more complicated.
Cy is the capacitance of the tap winding (measured from the central coil of each winding)
to the adjacent winding, and C: is the capacitor to the ground. Vr+ is the voltage of the
stationary contact (+) with respect to Tap_AO. Likewise, Vr. is the voltage of the stationary
contact (-). Also, Us and U represent the voltage of the adjacent winding.

As shown in Figure 3.1 (b), the change-over switch is always operated in the zero-
voltage position (tap A_0), so that its operation does not create a voltage magnitude change,
whether changing from “+” to “~” or from “—” to “+” [1] and [41].

In [1], it is shown that the recovery voltages and switch currents can be calculated by
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using the equivalent circuit shown in Figure 3.2 (a). The voltage Vv represents the voltage
(w.r.t. ground) of the change-over selector contact “0”, which is connected to the end of
the HV winding. Although the switching is a transient process, a relatively good idea of
the recovery voltage and switches current can still be obtained from a phasor calculation
[1]. From Figure 3.2 (b), Vv represents the voltage difference between the ground of
capacitor C, and the ground of point one in Figure 3.2 (a) and (b). Vy can be calculated by
(3-1).

Vv Vv (3-1)
2 243

Change-over selector moving from position “+” to

VY:

(1321

gives different results for the
recovery voltages and switch currents compared to the results for moving from “-” to “+”.

The reason is that the value of the voltage across capacitor C; is different for Vr+ and Vr..
This is because of the sign of % is positive when determining Vr+ and negative for Vr-

as shown in Figure 3.2 (b). Likewise, for the switch currents.
The value of the recovery voltage can be calculated by equations (3-2) and (3-3) [1],
where Vr+ and V. are the values of recovery voltage when transitioning from “+” to “-”

and from “- to “+”, respectively.

_ VHV VTap 2 VHV C, 2 _
|VR+|—\/E><U(—2 MRy S owrwow) B3-2)

_ VHV _VTap 2 VHV C, 2 _
Vel = V2 x J(—Z 2V G Ee o) 3-3)

Vhv is the voltage of the HV winding Ir is the forward current, and Vg is the voltage
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across the tap winding.
According to Figure 3.2 (b), the peak value of the switch current for the “+” contact is

shown in (3-4), and its peak value for the “-” contact can be found by employing (3-5) [1].

: |
Iswicen] = V2 % [w J (Foexcs) + (2 (4 cz))Z‘ B-4
v, 2 Yy — Vi '
Iswiten] = VZ X lm J (GExC) + (g x e+ Cz))z‘ 3-5)

where w is the angular frequency.
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Figure 3.2: The equivalent circuit to calculate (a) the recovery voltage and (b) the switch

currents [1].

3.3 Arc model simulation

In literature, Mayr’s [81] and Cassie’s [82] models are two widely used models for arcs
with non-linear electric conductance, where the instantaneous arc conductance is a function
of power. Mayr’s model, which is better for simulating a low current arc (as is the case for
the change-over selector in oil), is used in this chapter. The Mayr arc model behaves as a

non-linear conductance, and it is described by equation (3-6) [80-81].

dln(g) 1 Ugpe X 1
N
dt tau P

3—16)

Where g is the instantaneous conductance value, ta, represents the Mayr’s time constant,
Uarc IS the arc voltage, i represents the arc current, and P is the cooling power.

To simulate the breaker with arc, Mayr’s model block in the MATLAB Simulink is
employed [83]. This block considers a constant value for tay and cooling power, P. In this
chapter, the default values for these two parameters are considered which are t,, =

0.3x107° and P = 30900 W[83]. Figure 3.3 shows the Mayr’s control block in

MATLAB Simulink.
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Figure 3.3: The breaker with the Mayr’s arc model in MATLAB Simulink [82].

As shown in Figure 3.3, the breaker control signal is employed to control the contact
separation of the breaker. The voltage of the control signal is from a value of zero to one
at the determined contact separation time. When the contacts are closed, the differential
equation shown in (3-7) is solved [83].

din(g)
T

3=7

Therefore, the arc model behaves as a conductance with the value g(0) which
corresponds to a short circuit. In the MATLAB Simulink simulation g(0) = 10* S (or
0.0001€2). Then, beginning from the contact separation time, the Mayr arc model equation
shown in (6) is incorporated using the Simulink DEE (Differential Equation Editor) block.
Also, the output of the Mayr arc model is a current determined from “varc” and g(t), which

is injected at the breaker terminal.

3.4 Proposed Transient Model of Change-over Process

The model used to investigate the transient characteristic of the OLTC’s change-over
selector operation is shown in Figure 3.4. As one may see in this figure, the primary
winding (LV) is star-connected, and the secondary winding (HV) is delta-connected. The
tap winding is delta-connected. Also, the effects of coupling capacitances, represented by

the capacitors, C1 and Co, are considered in the model. To model the changeover process,
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we represent the two fictitious breakers Breakerl and Breaker2 as shown in Figure 3.4. If
the Breakerl is activated it means that the change-over selector is initially connected to the
“+” contact. Likewise, if the Breaker2 is on, the change-over selector is initially connected
to the “-” contact. When moving “+” to “-” VR+ is initially 0, and its value indicates the
recovery voltage across the selector as it is moving to the “-” contact. Likewise, for VR-

when moving from “-” to “+”.

Ul
+
- Iswjtch
N
" I —  Breakerl
g : /
B =
: © VR++ =
3 7
- e — —— cm— — - g
% (¢33
g g
g I '| Breaker2 =
/
~ VR-+ Tap Winding u2

Figure 3.4: The arrangement of the proposed model [41].

3.5 Simulation and calculation results

The proposed circuit with the arc model was simulated in MATLAB Simulink software
with transformer parameters as shown in Table 3.1. The duration of the simulation is one
second. In order to continue an additive connection of the tap winding to the HV winding,
the change-over selector is connected to the “+” contact for the first 0.4 second of
simulation so Breakerl is in the on state. During this time, the voltage across the “+”

contact, Vr+, Will be zero as the structure shown in Figure 3.5 (a). Exactly at 0.4 second
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into the simulation, the change-over selector starts to move to the - contact, and two
stationary contacts (+ and -) which are connected to the tap winding are electrically floating
for 200 ms during this time, as it is shown in Figure 3.5 (b). This causes a change in the
value of Vr+ and V., This change in the voltages represents the value of recovery voltage
and could be significantly larger than the steady-state voltage across the change-over
selector contacts. It should be noted, that at the beginning of the movement of the change-
over selector, there are re-strikes between moving contact and stationary contact (+) due to
the coupling capacitances and adjacent winding voltages. At the end of the motion, there
may be pre-strikes from a moving contact approaching the stationary contact “-”. The
processes of moving the change over-selector are shown in Figure 3.5.

Table 3.1: Transformer parameters [41].

Transformer MVA rating (nominal tap) 100 MVA
HV winding Voltage 230 kV (Delta)
LV winding Voltage 13.8kV (Y)
Cy 10 nF
C> 3nF
Tap winding 15% of HV winding
Change-over time 200 ms

3.5.1 Changeover from the “+ to “-” position

As mentioned in section 3.2, the change-over form “+” to “-” gives different results for
the recovery voltages and switch currents compared to the results while the change-over

starts to move from “-” to “+”. Considering this, the results of the recovery voltage, Vr+,
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and the switch current are investigated in this section. Figure 3.6 (a) and (b) show the
simulation results for Vr+ and the switch current lswitch, respectively. As shown, for the first
0.4s, i.e., before the change-over selector moves, the voltage of the stationary contact (+)
is zero as Breakerl is closed and the switch current is equal to 923 mA (pk). Exactly at
0.4s, the change-over selector starts moving towards the “-”” contact, and Breakerl is set to
the “open” state, as the selector floats in between the contacts. There is a restrike which is
due to the effects of the coupling capacitances and adjacent winding voltages from 0.4 s to
approximately 0.47 s. The restrike extinguishes at around 0.47 s and the switch current
becomes zero. Vr+ has a very high initial peak of 330 kV but soon settles to 188.312 kV
(pk) for the remainder of the selector crossover time. For the Reinhausen M-type (delta-
connected) OLTC as is the case here, the limit for the recovery voltage is 50 kV (pk), and
so this recovery voltage is not acceptable, indicating a necessity for a tie-in resistor which
will be discussed in Section 3.6. At t=0.6s, the selector reaches the “-” contact signified by
closing Breaker2, and Vr+ now signifies the voltage on the stationary contact (+) and is
equal to the voltage of the tap winding, which is 15% of the HV winding giving a value of
48.79 kV (pk). The switch current is now the current of the “-” contact, which is equal to

670 mA (pk), as Breaker2 is closed.

3.5.2  The change-over from the “- to “+” position

Now, in order to assess the results of the recovery voltage, Vr-, and switch current while

(Y32

the change-over selector moves from contact to “+” contact, another simulation is
performed. Figure 3.7 (a) and (b) show the simulation results for the recovery voltage and

the switch current when the change-over selector is initially connected to the “-” contact.
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for the first 0.4s, the voltage of the stationary contact (-) is zero as Breaker2 is closed and
the switch current is equal to 670 mA (pk), which signifies the current of the stationary
contact (-). At 0.4s, the change-over selector starts to move from the “-” contact to “+”

€

contact and Breaker? is set as “open”, and the selector floats between “-” and “+” contacts.
From 0.4 s to around 0.47 s, restrike happens and its amplitude is less than the restrike of
the switch current when the selector moves from “+” to “-”. Then, approximately at 0.47
s, the restrike is extinguished and the switch current is zero, and Vr- reaches 140.16 kV
(pk) for the remainder of the selector crossover time, which again is not acceptable. At
t=0.6s, the selector reaches the “+” contact signified by closing Breakerl, and Vr. now
signifies the voltage on the stationary contact (-) and is equal to the voltage of the tap
winding. The switch current is now 923 mA (pk) and is the current of the “+” contact.

Table 3.2 shows the comparison of the simulation and theoretically calculated results as
calculated from equations (2), (3), (4), and (5). The results are very close, with a maximum
error of 2.3%, for both the recovery voltages and the switch current. The simulation model,
however, shows much more transient detail in the restrike waveforms. Nevertheless, the
close agreement between the simulation waveforms after fast transients have decayed, and

theoretically, calculated phasor values is an additional validation step for the simulation

model.
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Table 3.2: the comparison of the simulation and calculation results [41].

Change-over from “+” to “-” Change-over from “-” to “+”

Vr+ (pK) Vr- (pk)

Calculated value | Simulated value | |Error| % | Calculated value | Simulated value | |Error| %

188.28 kV 188.312 kV 0.017% 139.92 kV 140.17 kV 0.172

Iswitch (pk) Iswitch (pk)

Calculated value | Simulated value | |Error| % | Calculated value | Simulated value | |Error| %

922.7 mA 923 mA 0.033 685.7 mA 670 mA 2.29

3.6 Impact of the tie-in resistor

The tie-in resistor Rye is used if the recovery voltage and switch current exceed the
permissible equipment limits. As shown in Figure 3.8, the tie-in resistor is connected
between the middle of the tap winding and tap selector, and significantly improves the
transient response while the change-over selector is floating as it reduces the recovery
voltage and current. Considering the results of the recovery voltages and switch current in
section 3.5, using the tie-in resistor is a necessity, as the permissible recovery voltage for
the change-over switch is less than 50 kV [1]. The tie-in resistor reduces the recovery
voltage and so greatly reduces the gas-in-oil production during arc quenching. They also
significantly reduce the audible sound level which is due to reduced arcing activity [1]. The
resistance value is chosen in a way that the recovery voltage is limited to a permitted value
which is stated in the technical guides for each tap-changer. In this simulation, the
Reinhausen M-type (delta-connected) OLTC has been considered, the limit for the
recovery voltage for this type is 50 kV (pk) [1]. Figure 3.9 (a) and (b) show the equivalent

circuit of Figure 3.8 for the calculation of the switch current and recovery voltages. From
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Figure 3.9 (a) and (b), the value of the (post-transient) switch current and recovery voltage
can be calculated by phasor analysis. The recovery voltage can be calculated by (3-8). We
keep the maximum allowable voltage to 48 kV (i.e., smaller than the 50 kV from [1]),
giving a tie-in resistor value of 50 kQ as shown in (3-9). Also, the switch current for “+”

and “-” contact can be calculated by (3-10) and (3-11), respectively.
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Figure 3.8: The arrangement of the proposed model with the tie-in resistor [41].
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Figure 3.9: The equivalent circuit to calculate (a) the recovery voltage (b) the Switch

currents with the tie-in resistor [41].
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The change-over is initiated at 0.4 s and takes 200 ms for the selector to move across the
contacts. Figure 3.10 (a) and (b) show the simulation results for the Vr+ and switch current
with the tie-in resistor while the change-over selector moves from the “+” to “-” contact.
Fort<0.4s, Vr+is zero and lswitch of the “+” contact is 1100 mA (pk), which closely agrees
with the theoretical calculation of 1092 mA (pk). Note that this is larger than the current of
923 mA without the tie-in resistor. It is marginally larger as the resistor adds a real
component to the leading capacitor current. The initial high-frequency peak in the recovery
voltage is now eliminated and Vr- attains a value of 47.8 kV which is much smaller than
the 188.312 kV value without the tie-in resistor in Figure 3.6.( a). After selector cross-over
(i.e., t > 0.6 s), the voltage of the stationary contact (+) is equal to the voltage of the tap
winding of 48.79 kV (pk). Also, the switch current into the “-”” contact is 800 mA (pk), (a
calculated value of 777 mA). Similarly, the results for the switch current and Vr- are shown

in Figure 3.11 (a) and (b) while the change-over switch moves from “-” contact to “+”
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contact. Before switch-over (i.e. t< 0.4 s) the switch current (into the “-” contact) is 800
mA (pk). The transient part is improved significantly for the switch current and the
recovery voltage. The recovery voltage value, Vr., settles at 36 kV (pk) (i.e., below the 50
kV limit) which is also much smaller than the 140.2 kV (pk) without the tie-in resistor in
Figure 3.7 (a). After changeover (i.e. t>0.6 s), the switch current is 1100 mA (pk), and the

¢ 9

voltage of the “-” contact will be equal to the tap winding voltage of 48.79 kV (pk).
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2 " [iHH mﬁ@wi | ‘
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(b)

Figure 3.10: The simulation results for (a) Vr+ and (b) lswitch With the tie-in resistor while

the change-over selector moves from “+” contact to the “-” contact [41].
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Figure 3.11: The simulation results for (a) Vr- and (b) Iswitch With the tie-in resistor while

the change-over selector moves from the “-” contact to the “+” contact [41].

3.7 Chapter conclusion

Chapter 3 showed that the proposed model in this thesis can provide the information for
transient behaviour of the change-over switch. Also, the model proved that the transient
voltage of the change-over switch is much higher than the steady-state voltage and it can
create some challenges. To mitigate the transient voltage of the change-over switch, the
tie-in resistor is one solution which improves the transient response to a large extent.
However, there are still some challenges associated with the electromechanical tap
changers for transformers in which power switches, such as TRIAC or Thyristors, fail

because of a transient voltage or current. According to the above-mentioned challenges
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associated with electromechanical tap-changers for transformers, one solution is to use a
converter-based tap-changer for the transformer. The converter-based system can work
with either AC or DC input. In the next chapter of this thesis, the converter-based tap
changing transformer is utilized with a DC input, and the DC voltage comes from a
photovoltaic system. This solution is new and enables the power transformer industry to
retrofit their existing electromechanical tap changers with the converter-based solution

which is more environmentally friendly.
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Chapter 4: A converter-based tap changing

transformer

Copyright Note: ©2021 IEEE. Reprinted, with permission, from Abolfazl Babaei,
Waldemar Ziomek, and Aniruddha Gole, "A Multi-level Inverter Based On-load Tap
Changer Transformer Topology for Harnessing Photo-voltaic Energy,” 2021 IEEE

Electrical Power and Energy Conference (EPEC), 2021, pp. 237-242.

4.1 Introduction

The previous chapter discussed the change-over switch operation as a source of the
transient in OLTCs. A model was implemented which could predict the transient behaviour
of the change-over switch close to the calculated results. However, there are still yet-to-be-
solved issues including the high value of arc and high maintenance cost associated with the
electromechanical and solid-state based tap changers. This chapter discusses one of the
solutions to be used as a substitute for the electromechanical tap changer which improves
the transient behaviour to a large extent. The topology uses a booster winding in series with
the main transformer winding to provide an injection of variable magnitude voltage thereby

mimicking the operation of a tapped winding as shown in Figure 4.1.

Various modifications to the tap changer have been proposed recently. In [20], a
compensation transformer is used along with the solid-state tap changers to improve the

power capability. The solid-state transformers can work under higher power levels similar
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to those of the transformers with mechanical OLTCs. In [20-23], IGBT-based OLTCs are

/A\‘
rNbRd

Main
Transformer Load

voe—— | VSC ’ \
\ /
\\ /

Booster
Transformer

proposed.

Figure 4.1: The converter-based tap changer’s topology.
After thoroughly investigating previous literature, this chapter proposes a new approach

for the converter-based OLTC with a completely different topology.

The proposed converter-based OLTC solution can overcome the drawbacks associated
with the electromechanical tap changing transformers outlined in the previous chapter. The
proposed model is also suitable for connecting to a photovoltaic voltage source which
make the OLTCs more environmentally friendly. It will be shown that the proposed

solution will limit the arcing between contacts, which increases the lifetime of the system.

In the power distribution system, applications of grid-connected renewable energy sources

are increasing. Renewable energy sources are asynchronous with the frequency of the grid.
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Therefore, using a power converter to synchronize the frequency is a requirement,
especially for wind energy. In [57-59], dc-ac power converters are used with the same
goals. In [60], two dc-ac converters are used with an OLTC to increase the reliability and
power capability of the system. Photovoltaic (PV) grid-connected dc renewable energy
sources are also becoming widely used. To convert the dc voltage to ac, multilevel inverters
are used. Multilevel inverters are now widely used in the photovoltaic system [46-54]. In
[61], a 10 kV soft-switching and high-frequency solid-state transformer is proposed. The
presented circuit uses a current-source inverter bridge, and the proposed soft-switching
technique can successfully remove the dead-time and overlap states between IGBTs
switches. This approach increases the reliability of the proposed system. Also, the number

of components and the filter size is improved in [61].

In this chapter, a topology using dc power generated by the solar panel array is connected
to the grid through a modified on-load tap changer (OLTC). An existing multilevel
structure is used to convert the dc power to ac and replaces the change-over switch in the
traditional OLTC. This also improves the OLTC operation as the transients from the
electromechanical switch operation are eliminated and also the tie-in resistor in the
mechanically switched transformers is no longer necessary. After the multilevel inverter, a
tapped winding with four taps is used. The tap winding is in series with grid voltage to
compensate for the load voltage changes. TRIACs are used in series with each tap of the
transformer to add or subtract a ratio of the voltage to the grid voltage. The TRIACs also
change the tap position faster than the mechanical tap. Also, an L-C filter is employed to

make the output voltage of the tap winding purely sinusoidal.
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Although the tapped windings could themselves have been replaced by a single winding,
as the multi-level converter can control voltage by itself, having the tap allows for lower
voltage ratings of the power electronic components. It also allows for bidirectional voltage
injection, for bucking or boosting the grid voltage. The idea here was to retrofit existing

OLTCs so that they could also be used as a port for importing solar PV power.

A simulation is performed in PLECS software to validate the claims. The results show that
the output voltage of the tap winding is purely sinusoidal, and the load voltage remains in
an acceptable range, the system will have an excellent performance with either resistive or

inductive load, and the transient behaviour of the voltage is improved.

4.2 Multilevel inverter

42.1 SPWM Modulation

In previous literature, a large number of modulation techniques have been presented to
make the inverter voltage near a pure sinusoidal waveform. Several modulation techniques
have been proposed, such as Selective Harmonic Elimination (SHE), SPWM, Space Vector
Control (SVC), and Space Vector Modulation (SVM) and used in the multilevel inverters.
Among these, SPWM is widely used in multilevel inverters because it is simple to
implement [45-47]. The SPWM has two different types: phase shift and level shift as
illustrated in Figure 4.2. The total harmonic distortion (THD) of phase-shifted modulation
is much higher than the level-shifted technique therefore, level-shifted modulation is

considered in this chapter [45] and [49].
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Figure 4.2: The SPWM with (a) amplitude-shift (b) phase-shift [39].

4.2.2  Five-level diode-clamped inverter

There are different topologies used for multilevel inverters, such as diode-clamped,
cascaded H-bridge (CHB), and flying capacitors. A popular topology in industrial
applications [47] for converting the dc voltage generated by a photovoltaic system to an ac
voltage is the five-level inverter which is used in the proposed circuit in this chapter. The
reason for this selection is that the diode-clamped converter provides a larger operating
range and the ability to use fewer dc input voltages, and it has lower THD than the flying
capacitor and cascaded H-bridge topologies [46-47]. Figure 4.3 shows a five-level diode-
clamped inverter which has two dc inputs which are coming from a photovoltaic system.
Figure 4.4 shows the conduction time for each level in a five-level multilevel inverter.

Table 4.1 shows which switches are on at each level in the five-level inverter.

Table 4.1: the activated switches at each voltage level [39].

Level | Sat | Sa2 | Sa3 | Sas | Sbr | Sb2 | Sbs | Sba

2 on |on |off | off | off | off | on | on
1 off |on |on | off | off | off | on | on
0 off | off |on |on |off |off [on | on
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Figure 4.3: Schematic of a five-level diode-clamped multilevel inverter [47].
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Figure 4.4: Conduction time for each level in a five-level inverter [47].
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4.3 The proposed circuit

Figure 4.5 demonstrates the proposed structure. This structure includes (SN-M500W) solar
panels rated 500W/48.6V connected with 5 in series and 50 in parallel which charge a
battery bank that provides the dc voltage to the inverter. The output of the battery bank is
connected to the five-level inverter. Then, the voltage output by the inverter is injected in
series with the grid voltage via an OLTC. This idea is employed to retrofit the existing
OLTC topology so that it could also be utilized as a port for injecting solar PV power into
the grid. Figure 4.5 shows the proposed circuit. The battery bank is represented by two
voltage sources, Viand Vz, in the circuit shown in Figure 4.6. If the grid voltage increases,
the control system puts the applied voltage from the multilevel inverter in a subtractive
condition. Similarly, for an additive condition, the multilevel inverter applies a voltage
with the same phase angle of the grid voltage to compensate for the decrease in the load
voltage. The additive or subtractive voltage level depends on the compensation which is
required to keep the load voltage level approximately constant. To do so, one of the TRIAC
switches in series with the tap winding (Ss, Se, S7, or Sg) is turned on. When Sg is in the
on-state, zero voltage will be injected as well, which means the grid voltage itself is in the
acceptable range and no compensation is required. Also, in Figure 4.5, the grid voltage is
represented by a voltage source, and the grid voltage is connected in series with the output
voltage of the multilevel inverter after an L-C filter. Although the tapped windings could
themselves have been replaced by a single winding, as the multi-level converter can control
voltage by itself, having the TRIAC-controlled tap allows for lower voltage ratings of the

power electronic components.
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Figure 4.5: The block-base representation of the proposed circuit [70].
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Figure 4.6: The schematic of the proposed circuit [70].
4.4 Simulation results

The proposed structure is simulated in PLECS software. Table 4.2 shows the simulation

parameters. Figure 4.7 demonstrates the output voltage of the five-level inverter. Figure
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4.8 shows the tap winding voltage after the L-C filter, and this voltage is purely sinusoidal,
which shows the effectiveness of the filter. Also, Figure 4.9 shows the multilevel inverter
and grid voltage in either additive or subtractive conditions. Figure 4.9 (a) illustrates the
additive condition, and Figure 4.9 (b) shows the subtractive condition. As shown in Figure
4.9, the proposed structure can provide a voltage which can have same phase angle or can

have 180° phase shift to the grid voltage.

Figure 4.10 (a) illustrates the grid voltage which is changing during the simulation time.
Also, in Figure 4.10, the red line represents the desired grid voltage, which is 100kV. Figure
4.10 (b) demonstrates the output voltage of the tap winding. This voltage is changing with
respect to the variations in the grid voltage. The tap winding voltage can be either in an
additive or subtractive state. If the grid voltage is higher than the desired voltage, the
proposed topology provides a sinusoidal voltage having 180° phase shift with the grid
voltage. Likewise, if the grid voltage decreases to a value less than 100 kV, the presented
structure will apply a voltage which has the same phase angle with the grid voltage. This
approach can keep the load voltage to an acceptable limit. Figure 4.10 (c) illustrates the
load voltage which is almost constant under a resistive load. The proposed structure can
apply zero voltage by turning the switch Se on as well, and this situation happens when the
grid voltage is around 100kV. Considering this, the injected voltage from the tap winding
is zero for the first one second as shown in Figure 4.10 (b). Figure 4.11 illustrates the results
under an inductive load. Figure 4.11 (a) shows the grid voltage which is changing between
90 kV to 110 kV. Figure 4.11 (b) demonstrates the tap winding voltage. The load voltage

is shown in Figure 4.11 (c). The results of the inductive load are similar to the resistive
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load, and this proves that the proposed structure can add or subtract the required range of

the voltage to the grid voltage under either resistive or inductive load.

Table 4.2: Simulation Parameters [70].

Parameter Value Parameter Value

DC input voltages (V1 and V2) 240V Tap Winding 100 kVA
Tap winding

TRIACs (TD330N16KOFTIMHPSAL) | 330A/1.4 kV 10%

Voltage Regulation(%)

The maximum voltage of the tap winding | 10 kV Load Voltage 100 kV
Grid Voltage 100 kv Grid power 1 MVA
Switching frequency 2 kHz Input Current 208.33 A
IGBTs (CM400HA-24A) 400A/ 1.2 kV | Resistive load 10 kQ
Inductive load 26.53 H Simulation time 9s
Additive time 0-5s Subtractive time 5-95s

Five-level inverter

Vfive-level |

Voltage (V)

-400 If 1 ! |
-600

-800

-1000
1.06 1.08 1.10 1.12 1.14

Time (s)

Figure 4.7: The output of the five-level diode-clamped multilevel inverter [70].
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Figure 4.8: The output of the tap winding after the L-C filter [70].
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Figure 4.9: The simulation results for the tap voltage and the grid voltage: (a) additive

condition, (b) subtractive condition [70].
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Figure 4.12 (a) shows the voltage of the tap winding under a variable inductive load. The
impedance of the load is varied between 10 kQ to 50 kQ. Figure 4.12 (b) illustrates the
load voltage under the same condition. Figure 4.12 (c) demonstrates the current of the load
which is changing from 2A to 10A. As shown in Figure 4.12, the load voltage remains
close to 100kV, meaning the voltage regulation process is well done under load changing
condition. Figure 4.13 illustrates the transient behaviour of the tap winding voltage while
changing from the additive to the subtractive state. There is a jJump in the voltage which is
around 14.5 kV. However, this transient voltage is far less than the transient voltage
recorded in [41] as shown in Table 4.3. In Table 4.3, the transient results of the change-
over switch voltage without a tie-in resistor in [41] are compared to the proposed structure.
It shows that the transient voltage of the proposed structure is 1.45 times higher than the
maximum voltage of the tap winding, but the transient voltage for a change-over switch
under the conventional tap winding is 6.4 times higher than the tap winding voltage. This
improvement means that the tie-in resistor can be removed from the structure of the tap
winding. Figure 4.14 illustrates the load voltage variations with respect to the loads with
different power factors. The results in this figure prove that the tap winding can make the

load voltage almost constant.
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Table 4.3: Comparing maximum transient of the proposed structure and the results shown

in [41] while changing from additive to subtractive condition.

Load Maximum value

Proposed Structure | 1.45XV maximum_tap

Results in [12] 6.4XV Maximum_tap_in [14]

1.004
1.002
= 1
P, e PF=1
a ) )
& 0.998 PF—0.0
= PF=0.%
— 0996 ey
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Figure 4.14: The load voltage variation with respect to the R-L load impedance with

different power factors [70].

4.5 Chapter conclusion

This chapter proposed a new topology in which the electromechanical tap changing
arrangement is substituted with a variable voltage ac source derived using a multi-level
converter transforming photovoltaic (PV) generated dc voltage. One of the ideas of this
chapter is to retrofit the existing OLTCs to enable them to import solar power to the
network. The proposed structure uses a five-level diode-clamped inverter. The output of

the inverter is connected to an OLTC with four taps. At each tap, a TRIAC is used instead
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of an electromechanical switch in the OLTC system to inject a voltage in series or series
opposition with the grid voltage. Hence, the injection can compensate for any increase or
decrease in the grid voltage. The arrangement reduces the voltage ratings on the multi-level
converter semiconductor devices, as additional voltage control is available due to tap
changing. The viability of the concept was demonstrated using EMT simulation and
showed that the proposed structure has improved transient behaviour and eliminates the
need for the change-over switch and its tie-in resistor used in the conventional OLTCs. The
proposed structure is investigated under the resistive and inductive loads, and the results
show that the proposed topology can maintain the load voltage at an acceptable limit in

both load conditions.

Although the converter-based OLTC works well and has a better transient behaviour than
the traditional tap changers, there are some disadvantages associated with the proposed
converter in this chapter. They include the high implementation cost, high transient voltage
across multilevel inverter solid-state switches, and complicated control systems. The
alternative solution is to use the capacitor ladder method which will be proposed in chapter

5.
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Chapter 5: An improved Solution: A
capacitive ladder-based voltage regulator

(CL-EVR)

5.1 Introduction

In the previous chapters, the challenges related to the electromechanical tap changers were
discussed. Also, a multilevel inverter-based tap changer was proposed to be used as a
substitute for the electromechanical tap changers. All the previous literature and proposed
models for the OLTC have their drawbacks such as reliability issues, high implementation
cost, and high transient voltage and current. In this chapter, a new fully-electronic tap
changer is proposed. This tap changer overcomes the problems in previous OLTCs and
proposes new features to the transformer industry. Also, the proposed method in this thesis
is provisionally patented in [83-84].

In this chapter, the proposed circuit for the electronic voltage regulator is discussed
firstly. The proposed circuit is simulated under loads with different power factors. Then,
the specification of the circuit is discussed as well. The theoretical analysis of the proposed
electronic voltage regulator is introduced. The resonant effects are considered, and the

resonant frequency and loads are calculated. Also, to increase the reliability of the proposed
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circuit, a new failure detection method is proposed to enable the CL-EVR to keep operating

after the failure of a limited number of switches. Finally, the proposed design was

prototyped in the laboratory and successfully tested under inductive and resistive loads.
The results prove that the proposed CL-EVR can apply different voltage levels

properly without significant overshoot during the transition from one level to the other.

5.2 Proposed CL-EVR circuit

Figure 5.1 shows the proposed circuit which is in series with a transformer as a voltage
regulator. The voltage of the proposed regulator, after selecting the voltage level from the
capacitive ladder and using the H-bridge to define its sign, will be added or subtracted from
the load winding through a booster transformer, in order to maintain the load voltage in an
acceptable range. The input voltage of the electronic voltage regulator (CL-EVR) comes
from the auxiliary winding, which has the same phase angle as the load winding voltage.
Also, the presented regulator can compensate for 10% of the load winding voltage, 8kV.

According to Figure 5.1, the proposed circuit includes a capacitor ladder to apply different
voltage levels, the capacitor value is 300uF based on the theoretical analysis and reducing
the voltage phase shift of the injected voltage from the CL-EVR. The capacitor ladder is
used to be considered as a substitute for the mechanical taps used for electromechanical
OLTCs. Each capacitor is connected to one TRIAC to apply the voltage to maintain the
load voltage in an acceptable range. Also, each TRIAC is connected to an R-C snubber to
ease the transient behaviour of the TRIAC. Also, H-bridge is used to apply the voltage in
additive or subtractive mode. To isolate the proposed electronic voltage regulator from the

high voltage side, a booster transformer is employed. The booster transformer is in series
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with the main winding. If any change, up to 10% of rated voltage, happens to the main
winding voltage, CL-EVR applies voltage in either additive or subtractive mode to
maintain the load voltage in an acceptable range. Figure 5.2 shows the CL-EVR prototype
for the field test. Figure 5.3 shows the capacitor ladder implemented in the CL-EVR, and
Figure 5.4 displays the TRIAC in the prototyped CL-EVR.

In the next section, the simulation results for the proposed circuit will be discussed.

Auxilia;
—_— — .
Windin,
g S RC g
A —w —= snubber

_9

e
Ry 3 L : Load /]\VL )

G1 Booster

=
0
i

Figure 5.1: shows the proposed CL-EVR circuit, which is connected in series with a
transformer as a voltage regulator. [83-84].
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Figure 5.3: The capacitor ladder implemented in the prototyped CL-EVR [83-84].
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Figure 5.4: The TRIAC implemented in the prototyped CL-EVR [83-84].

5.3 Design refinement and Simulation results

The CL-EVR’s performance was checked using an electromagnetic transient simulation
program (PSCAD/EMTDC). This also allowed us to select appropriate ladder capacitor
values that would work over the expected operating range of load currents and power
factors. It also allows us to judge the transient performance and fine-tune the values of the
grading resistor, Rp.

Table 5.1 shows the simulation parameters. The simulation has been performed under
different load conditions. All the mentioned simulations are performed based on the fact
that the load winding has a single-phase power of 33kVA and three-phase power of

100kVA.
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Table 5.1: The EMT simulation parameters [83-84].

Component Value
Ci- Cis 300uF
Rp 150Q
Rs 3000Q
Cs 0.1uF
Load Voltage 8kV

Main winding voltage | 8kV + 10%

The voltage ratio 400V:800V

Load power 33 kVA

5.3.1 Simulation results: resistive load

In this simulation, it is assumed that the main supply voltage is changing from 90% to
110% of the rated value. For the first 9s, the supply voltage is changing from 90% to the
rated value, so the CL-EVR injects the voltage in additive mode during this 9s to maintain
the load voltage in an acceptable range. From 9s to 16s, the supply voltage is changing up
to 110% of the rated value. Figure 5.5 shows the CL-EVR output voltage. After that, it is
assumed that the main winding voltage is changing from the rated value to 110% of the
rated voltage, so the CL-EVR injects the voltage in subtractive mode.

Figure 5.6 (a), shows the capacitor voltages over the 16 s window, with a zoomed 1 s detail
shown in Figure 5.6 (b). The capacitor voltage shows a transient overvoltage at the
switching instant with a maximum peak of around 130V for about %2 cycle, which is well
within the rating of 480 V for the capacitor for the prototype.

Figure 5.7 displays the gate signals of TRIAC (T16 to T1) during the simulation time.
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Figure 5.5: The output voltage of the proposed electronic voltage regulator (CL-EVR) (a)
for the whole simulation time (b) for one second.
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Figure 5.7: The gate signal for each TRIAC.
Figure 5.8 shows the load voltage and rated voltage (8kV rms). According to this figure,
the load voltage is very close to the desired voltage (within 0.5%). This shows that the
proposed electronic voltage regulator can keep the load voltage in an acceptable range.

Figure 5.9 shows the load current which is almost constant all along the simulation time.
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Figure 5.8: The load voltage under the resistive load.
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Figure 5.9: The current of the load (a) for the whole simulation time (b) for one second.

5.3.2  Simulation results: inductive load

In this simulation, it is assumed that the main supply voltage is changing from 90% to
110% of the rated value. For the first 9s, the supply voltage is changing from 90% to the
rated value, so the CL-EVR injects the voltage in additive mode during this 9s to maintain
the load voltage in an acceptable range. From 9s to 16s, the supply voltage is changing up
to 110% of the rated value. Figure 5.10 shows the CL-EVR output voltage. After that, it is
assumed that the main winding voltage is changing from the rated value to 110% of the
rated voltage, so the CL-EVR injects the voltage in subtractive mode.

Figure 5.11 shows the capacitor voltages over the 16 s window. The capacitor voltage

shows a transient overvoltage at the switching instant with a maximum peak of around
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200 V for about ¥ cycle, which is well within the rating of 480 V for the capacitor for the

prototype.
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Figure 5.10: The output voltage of the proposed electronic voltage regulator (CL-EVR)

(inductive load).
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Figure 5.11: The voltage across each capacitor (C1-C16) (inductive load).
Figure 5.12 shows the load voltage and rated voltage (8kV rms). According to this figure,
the load voltage is very close to the desired voltage (within 0.5%). This shows that the

proposed electronic voltage regulator can keep the load voltage in an acceptable range.
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5.4  Theoretical Analysis (Phasor Analysis)

54.1 CL-EVR load Characteristics

In this part, the CL-EVR load characteristics under different load values are investigated.
In order to evaluate the performance of the CL-EVR, it is assumed that the load is directly
connected to the CL-EVR. Figure 5.13 shows the phasor equivalent circuit while the n®"
TRIAC is on. To simplify the calculation, the effect of the snubber is not considered. The
input voltage is considered to be 120V and the load could be either inductive, resistive, or
load with a power factor of 0.8.

Now, to find the impedance of the CL-EVR, Figure 5.13 is utilized. According to Figure
5.13, The load voltage can be calculated as (5-1). Then, if Zparanel is the parallel of load
impedance and Zg, the load voltage equation will be equal to (2). Za and Zg can be

calculated via (5-3) and (5-4).

Zparallel
= X i
Vioad = 120 (Za)+(Zparallel) o

_ (ZLoad”ZB) -
ZParallel - (ZLoad +ZB) (5 2)
Zg = n X (8.82662 — 86.626) (5-3)
Zn = (16 — n) x (8.8266£ — 86.626) (5-4)
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Where Za and Zg are the total impedance of the capacitive and resistive elements above
and below the n™" level.

150 ohm Cis —

ZLoad

1500hm£| O] Tl
Jf _ —_—— —

Figure 5.13: The phasor equivalent circuit of CL-EVR.

5.4.2 Theoretical analysis: resistive loads

The load values are shown in Table 5.2. Figure 5.14 shows the calculation results for the
CL-EVR with the resistive loads under different loads.

Table 5.3 shows the numerical results of the load voltage under different resistive loads.
As shown in

Table 5.3, there is no overshoot in the voltage of CL-EVR under the resistive load. In

Tables 5.3,5.5,and 5.7, V_and I, represent the load voltage and load current, respectively.
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Table 5.2: The values of the resistive loads.

Impedance=Z (Q) =a+j0 =R | |Z| () | Current (A)

1+0j 1 120
2 +0j 2 60
3+ 0] 3 40
4 +0j 4 30
5 + 0] 5 24
10 + 0j 10 12
15 + 0j 15 8

20 + Qj 20 6

25+ 0j 25 438

Table 5.3: The load voltage results of CL-EVR under different resistive loads.

VL@ VL@ VL@ VL@ VL@ VL@ VL@ VL@

el 1.=120A 1L.=60A 1L.=40A 1L.=30A 1L.=24A IL.=12A IL.=8A IL.=6A
1 0.89 1.73 2.5 3.19 3.78 5.61 6.4 6.79
2 0.96 191 2.82 3.7 4.54 7.94 10.15 11.54
3 1.041 2.071 3.08 4.06 5.02 9.27 125 14.88
4 1.129 2.24 3.355 4.44 5.5 10.39 14.42 17.59
5 1.23 2.45 3.66 4.86 6.04 11.53 16.24 20.1
6 1.35 2.7 4.04 5.36 6.66 12.8 18.17 22.68
7 1.50 3 4.49 5.96 7.41 14.29 20.37 25.54
8 1.69 3.38 5.05 6.71 8.34 16.1 22.97 28.85
9 1.93 3.86 5.77 7.66 9.53 18.37 26.19 32.84
10 2.26 4.5 6.74 8.93 11.1 21.34 30.29 37.81
11 2.71 54 8.07 10.7 13.28 25.38 35.73 44.22
12 3.38 6.74 10.065 13.32 16.52 31.19 43.28 52.77
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13 451 8.97 13.35 17.63 21.78 40.2 54.28 64.51
14 6.75 13.38 19.8 25.95 31.79 55.5 71.08 80.83
15 13.4 26.08 37.64 47.86 56.72 82.27 96.14 101.85
16 120 120 120 120 120 120 120 120

5.4.3

Load Voltage (V)
T

—<—1 ohm/ 120A
—b—2 ohm/ 60A
3 ohm/ 40A
—o—4 ohm/ 30A
5 ohm/ 24A
10 ohm/ 12A
—e—15 ohm/ 8A
—+—20 ohm/ 6A

Theoretical analysis: inductive loads

Figure 5.14: The load voltage results of CL-EVR under different resistive loads.

The load values are shown in Table 5.4. Figure 5.15 shows the calculation results for the

CL-EVR with the inductive loads. Table 5.5 shows the numerical results of the load voltage

under different inductive loads. According to Figure 5.15, there are some overshoots in the

voltage of CL-EVR, which shows the resonance.

Table 5.4: The values of the reactive loads.

Impedance=Z (Q) = a+jb | |Z] () | |Current | (A)
0+1j 1 120
0+2 2 60
0+3j 3 40
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1600

0+4j 4 30
0+5) 5 24
0 + 10j 10 12
0 + 15] 15 8
0 + 20j 20 6
0 + 25j 25 48
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Figure 5.15: The load voltage results of CL-EVR under different reactive (inductive)

loads.

Table 5.5: The load voltage results of CL-EVR under different reactive loads.

VL@ VL@ VL@ VL@ VL@ VL@ VL@ VL@ VL@
el 1.=120A | 1.=60A | 1.=40A | IL.=30A | I.=24A | I.=12A | I.=8A IL=6A | I.=4.8A
1 1.03 2.39 4.26 7.00 11.37 15.2 16.65 12.77 11.20
2 1.04 2.23 3.61 5.24 7.17 27.30 224.73 64.25 38.97
3 1.10 2.31 3.64 5.14 6.81 19.49 51.14 231.27 150.28
4 1.18 2.45 3.83 5.34 6.98 18.17 39.00 90.63 354.17
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5 1.28 2.65 411 5.69 7.40 18.41 36.54 71.82 167.95
6 1.40 2.89 4.48 6.18 8.00 19.46 37.20 68.25 135.95
7 1.56 3.21 4.96 6.83 8.82 21.19 39.77 70.77 132.47
8 1.75 3.60 5.57 7.66 9.90 23.69 44.22 77.99 143.49
9 2.00 412 6.38 8.78 11.34 27.24 51.14 90.99 170.32
10 2.34 4.82 7.47 10.31 13.34 32.43 61.99 113.75 | 226.59
11 2.81 5.82 9.05 12.52 16.27 40.51 80.39 158.01 | 369.48
12 3.53 7.35 11.50 16.01 20.94 54.52 116.99 | 271.90 | 1062.52
13 4.75 9.99 15.79 22.26 29.50 84.44 22159 | 1002.16 | 651.21
14 7.27 15.61 25.30 36.66 50.19 191.07 | 1573.10 | 449.73 | 272.78
15 15.46 35.83 63.88 104.94 | 170.62 | 622.84 | 249.74 | 19150 | 167.95
16 120.00 120.00 | 120.00 | 120.00 | 120.00 | 120.00 | 120.00 | 120.00 | 120.00

Some values in Table 5.5 are highlighted in red. These values are even bigger than the

input voltage. This jump in the voltage happens when the load is inductive. This change is

very high under 8A load at level 14.

5.4.4

Theoretical analysis: R-L load with pf=0.8

The load values are shown in Table 5.6. Figure 5.16 shows the calculation results for the

CL-EVR with the R-L loads. Table 5.7 shows the numerical results of the load voltage

under different loads with the power factor of 0.8. According to Figure 5.16, there is no

overshoot in the CL-EVR voltage when the load power factor is 0.8.

Table 5.6: The values of the R-L loads with pf=0.8.

Impedance=Z (Q) | |Z| (Q)

[Current | (A)

0.9 + 0.432]

1

120
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1.802+0.865j 2 60
2.703+1.297j 3 40
3.604+1.73j 4 30
4.505+2.162j 5 24

9+4.324j 10 12
13.51+6.486j 15 8
18.02+8.649j 20 6
22.52+10.81j 25 4.8

As shown in Figure 5.16 and Table 5.7, the voltage profile is improved to a large extent
when the load is not purely inductive, and there is no voltage higher than the input voltage,

thereby no resonance under the load with the power factor of 0.8.

140 T

1 ohm/120A
2 ohm/60A
120 3 ohm/40A
4 ohm/30A
5 ohm/24A
10 ohm/12A

15 ohm/8A
20 ohm/6A
25 ohm/4.8A

100 [—

Load Voltage (V)

60 [—

40 -

20 [—

Figure 5.16: The load voltage results of CL-EVR under different loads with PF=0.8.
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Table 5.7: The load voltage results of CL-EVR under different RL loads with pf=0.8.

VL@ VL@ VL@ VL@ VL@ VL@ VL@ | VL@ VL@
el IL=120A | 1.=60A | I_.=40A | 1.=30A | I.=24A | I.=12A | IL.=8A | I.=6A | I.=4.8A
1 0.94 1.93 2.93 3.88 4.75 7.29 8.98 8.10 8.09
2 0.99 2.02 3.08 4.15 5.23 10.06 14.96 1491 15.69
3 1.06 2.16 3.27 441 5.57 11.23 17.36 19.41 21.56
4 1.15 2.32 3.52 4.74 5.99 12.22 18.92 22.66 26.11
5 1.25 2.53 3.82 5.15 6.50 13.31 20.52 25.54 30.07
6 1.37 2.77 4.20 5.65 7.12 14.62 22.43 28.52 34.00
7 1.52 3.08 4.66 6.27 7.90 16.22 24.83 31.90 38.28
8 171 3.46 5.24 7.04 8.88 18.23 | 27.89 | 35.96 43.23
9 1.96 3.96 5.99 8.06 10.16 20.85 | 31.92 | 41.02 49.21
10 2.29 4.62 6.99 9.41 11.87 24.36 37.39 47.53 56.67
11 2.75 5.56 8.41 11.33 14.29 29.29 45.14 56.19 66.16
12 3.44 6.97 10.56 14.23 17.96 36.66 | 56.75 | 67.98 78.33
13 4.60 9.34 14.18 19.13 24.15 48.68 75.21 84.10 93.43
14 6.94 14.16 21.54 29.06 36.61 70.45 104.72 | 104.36 | 109.85
15 14.13 29.01 43.92 58.23 71.29 109.33 | 110.76 | 120.46 | 120.41
16 120.00 120.00 | 120.00 | 120.00 | 120.00 | 120.00 | 120.00 | 120.00 | 120.00

5.4.5 Resonant condition

The theoretical analysis of resonance is investigated. According to Figure 5.13, the
impedance of capacitors, Zg, at each level is found. Table 5.8 shows the impedance, Zg

value at each level.
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Table 5.8: The impedance value at each level.

Level Zs (Q) Level Zs (Q)
1 0.5194 - 8.8113j 9 4.674-79.3017j
2 1.0388-17.6226j | 10 5.194-88.113j
3 1.5582-26.4339j | 11 5.7134-96.9243j
4 2.0776-35.2452j | 12 | 6.2328-105.7356)
5 2.597-44.0565j 13 6.752-114.546j
6 3.1164-52.8678) | 14 7.271-123.358]
7 3.6358-61.6791j | 15 7.791-132.1695j
8 4.155-70.4904j 16 | 8.3104-140.9808j

The resonance can happen if the imaginary part of Zparaiel is cancelled by the imaginary
part of the Za. Therefore, to find whether there could be a resonance at 60Hz frequency,

Zparaliel Should be equal to the conjugate of the imaginary part of Za, which will be equal to

(16 —n)(j8.8113). Therefore,

Zparallel = (16 — n)(j8.8113)

By using equations (5-2) and (5-5), Zioadr Can be found as shown in equation (5-6). Zioadr

is the resonant impedance.

ZLoadR -

Considering equation (7), Table 5.9 shows the Zicadr, the impedance of resonance, value at

each level.

_ (n—16)><(j8.8113)><n><(0.5194—j8.8113)]
(16)%(j8.8113)—(n)x(0.5194)
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Table 5.9: The resonance impedance Zioadr Values at each level.

Level Zioadr () Level Zoadr (£2)

1 | -0456+8.262j | 9 | -0.893+34.724]

2 -0.795+15.425j | 10 | -0.729+33.069j

3 1.0285+21.88j 11 | -0.557+30.311j

4 -1.168+26.451j 12 | -0.388+26.451j

5 -1.227+30.311j 13 | -0.236+21.488j

6 -1.216+33.069j 14 -0.113+15.42j

7 -1.149+34.724j 15 -0.03+8.2627]

8 |-1.037+35.275] | 16 | -

At level 16, no resonant impedance is considered because the load voltage will be directly
connected to the input voltage. In order to avoid any resonance to happen, the impedance
seen by the CL-EVR when n" level is activated should not be close to the resonance
impedance at n™ level shown in Table 5.9.

The minimum CL-EVR current for the resonant creation is for level 8 which is around 12A.
However, the operating current of CL-EVR is 8.25 A which is selected to avoid any

resonance.

55 Theoretical analysis (Laplace transform)

This section provides the study on the transient behaviour of CL-EVR under different loads
using theoretical analysis. Laplace transform is used to consider both transient and steady-

state results. The results are used to validate the EMT simulation results.
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In this study, CL-EVR is considered to be directly connected to the load. In CL-EVR, there
are 16 different stages that each of them could be activated when the corresponding TRIAC
is at on state. In this study, different calculations will be performed for all sixteen
conditions. For example, if TRIAC T is at on state, the output voltage of CL-EVR would
be equal to the voltage of capacitor C1 as shown in Figure 5.17. Then, the calculation will
be performed accordingly.

Regarding the parameters of the calculation, Z; is the equivalent impedance between each
capacitor (Cz1- Cie) and parallel resistors. Z> is the impedance of the R-C snubber circuit.

Z; and Z> can be calculated by equations (5-7) and (5-8).

1= RP*’% T 14SRpC;  1+5X150x300x1076  1+0.045s
1 1 107

Z,=R;+—=3000+——==3000+— (5-8)
SCg $X0.1x10 N

For the theoretical analysis, the transfer function is calculated for each n condition, which

1
_ RpXser Ry 150 150 (5-7)

Vout(s)

Vi) Then the transfer function is multiplied by the input voltage to

is equal to H,(s) =

find the output voltage as shown in (5-9). The initial voltage values for the theoretical
analysis are considered to be zero.

Vout(s) = H,(s) X Vin(s) (5-9)
Table 5.10 shows the theoretical calculation parameters:

Table 5.10: The theoretical analysis parameters [83-84].

Parameters Value

Input Voltage 400V rms
R load 50 Q
R-L load R=38.09 Q and L=0.07578 H

L load 0.1263 H

Rs 3000 Q

Co 0.1 yF

C1-Cis 300 uF
CL-EVR output power 33 kVA
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Now, the first condition in which Ty is at on state. According to Figure 5.17, when Ty is at
on-state, the load voltage (Vou) is equal to the voltage of capacitor C1. The equations of

voltages are shown in (5-10) based on node analysis.

R C,
Vv T i
16
Rp i» C16 Rs Cs
L ¢ MW——
v Tis Vevr
15 . 9] °
VinN) Rp :’ Cls | . 15
: Load VLoad
R, Cs
Vi
. 4
R, 2 (= 1

Figure 5.17: The 16-level CL-EVR when it is directly connected to the load and T is at
on-state [83-84].
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(5-10) can be reduced to a single equation (5-11) relating the output voltage Vout to the

input Vin.
Vout(s) = H,(s) X Vin(s) (5-11)

Similar transfer functions Ha(s), Hs(s) ...Haie(s) are derived (not shown) for the other 15

levels (Note: Hie(s) =1).

Then, the transfer function Hi(s) when T is closed can be found as (5-12).
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So, the output voltage results when 400 V sinusoidal input is applied and Ty is closed to
the resistive, inductive, and pf=0.8 are shown in Figure 5.18, Figure 5.19, and Figure 5.20.
Also, the PSCAD simulations are shown only for level 1 to show that the results are very

close for both the transient and the steady-state condition.
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5.5.1 Comparing EMT simulation and theoretical results:

Now, the EMT simulation results are compared with the theoretical result to check the
validity of the simulations and calculations. Figure 5.1 is considered as a case study in this
comparison. For the theoretical results, the effect of the main winding, load, and booster
transformer is considered in Laplace transform as well. The load is 33 kVA (single-phase)
in this study. Figure 5.21 shows the comparison results for the steady-state condition

between EMT simulation and theoretical analysis.

The CL-EVR output voltage under the resistive load and inductive load

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Level

=@—PSCAD (L) Theoretical (L) ==@=PSCAD (R) ==@=Theoretical (R)

Figure 5.21: Comparing PSCAD and Theoretical Results (R and L loads)

5.6 Protecting the System: Failure detection methods

The TRIACs failure mode is a permanent short, which can create damaging currents in
other TRIACs. Assume that the main ac voltage is rising and just before t =2 s, in which
T1e IS conducting. The increase in the main voltage requires a reduction in injected voltage

or VcL-evr SO that the load voltage remains constant. This is achieved by stopping the gate
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pulse to Tie at t = 2 s and applying a gate pulse to T1s 1 cycle later (i.e., at t =2.016s).
However, Tie has failed during this interval in the shorted condition (i.e., continually
conducting). Now without any protection circuitry, when Tis is commanded, a high
circulating current would flow through Tis and capacitor Cis, which would cause this
TRIAC and most likely C16 as well, to fail. Figure 5.22 shows the condition in which T
fails. Different solutions have been proposed in the literature to detect a TRIAC failure

and isolate the faulted TRIAC.

R C,
)'%Tm"
Vv — R 400V
[ = ] Gis | I
Rp b3 C16 T R5 Cs : Vewr Vmain
: AN :: | G 17 G 18 8kV
Vis || _|4_Tl5_ Jl T Tis !ﬁ
R, <
2 CisT . ° 12 Load
. C
° lisu‘ ns G20 4G19 %
VVv T T T
A | T, 20 19
L L
RP 2 Ci G L B

Figure 5.22: The schematic of the circuit used in the failure detection method.

5.6.1 Failure detection method

This section presents a new method [83-84] to protect the system. It detects and isolates
the failed TRIAC from the CL-EVR so that the CL-EVR can still operate, albeit with a
reduced number of levels.

Figure 5.23 shows the proposed control method when TRIAC T fails for ensuring that the

failed TRIAC is removed from the circuit. The j TRIAC T;(j=1,2...16) are in series with
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microswitch MS; which is responsible for removing the failed TRIAC from the CL-EVR
circuit. The microswitch rating is 800V and 10A in the experiment. The TRIAC failure
detection and isolation system are next described.

When a change of voltage level is ordered, i.e., when TRIAC T; is to be turned off and
TRIAC T is to be turned on, there is a one-cycle period when no gate pulses are given to
any TRIAC. During this time, the CL-EVRs output voltage Vci-evk would nominally
drop to zero once the current in the TRIAC is extinguished at a zero-crossing. Hence, if
VcL-evr is larger than a certain threshold (found by simulation and experiment to be about
20V for the proposed rating and structure of the circuit) it indicates that the last conducting
TRIAC is faulted and not turned off. On TRIAC fault detection, the control system sends
a “turn-oft” signal to the microswitch in series with the failed TRIAC to isolate it so it is
no longer in the circuit. The CL-EVR can still keep working without any interruption,

although there is one-less level for the selectable voltage.

nnnnn

......

Figure 5.23: The proposed failure detection circuit.

5.6.2 Simulation results for the failure detection method

Figure 5.24 shows an EMT simulation demonstrating the operation of this detection and
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isolation controller. Assume Ty is on, thereby applying the cumulative voltage across
capacitors Cy thru Ci6 at VcLevr. At t=2 s, the gate pulses are discontinued and Tis is
commanded to turn on (after a 1 cycle delay at t= 2.016s. During the one cycle as shown
in Figure 5.24, the voltage of CL-EVR will be zero to keep the load voltage uninterrupted.
After the fault is cleared, the CL-EVR voltage stays at level 15" voltage. Figure 5.24 shows
the capacitor voltages during the fault time at which there is a transient voltage of 250V on
capacitor Cie, Which is less than the maximum rating of the capacitors, 480V, in the CL-
EVR. Also, Figure 5.24 displays the load voltage during the fault and protection operation
period. There is a slight momentary dip for about 1 Cycle, which is essentially
uninterrupted and close to the rated value. Figure 5.25 shows the load voltage for where
the supply voltage is changed from 90% to the rated value and back from 110% to the rated
value. The CL-EVR output voltage continues to behave as required and the load voltage
remains at the desired 8 kV setpoint during the simulation time. But of course, now there

are only 15 steps of control instead of 16.
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Figure 5.24: The CL-EVR and capacitor voltages during the fault time under the

inductive load.
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Experimental Results

5.7

A 33 kVA single-phase CL-EVR was prototyped and constructed and tested. To test the

CL-EVR only, the 8kV nominal voltage was not applied, and the CL-EVR was directly

connected to the load in the manner of Figure 5.1. Also, the experiment was conducted

with a 120 V laboratory source instead of the 400 V source to check the basic operation.

The test verifies whether changing the voltage order to the CL-EVR results in it applying

the ordered voltage to the load. Figure 5.26 shows the measured load voltage oscillogram

when the load voltage order is stepped from level one to level sixteen (120 V) in 16 steps,

and then back from level sixteen to level eight (60 V) with an 11 A resistive load. Figure

5.27 shows the injected voltage for a 2 A inductive load with the same voltage steps. As is

evident, the voltage follows the order between the levels without significant overshoot.

Figure 5.28 gives a more detailed view of the injected voltage for the 2A inductive load

case when the voltage order changes only over one step from level 1 to level 2. Similarly,

Figure 5.29 shows the CL-EVR voltage when switching from level 2 to level 1. As can be

seen, the changeover from one level to the other is achieved smoothly without a significant

transient. Figure 5.30 demonstrates the results for the voltage across the TRIAC, as it is
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shown the voltage is around 1.2V close to what is mentioned in the datasheet of the TRIAC.
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Figure 5.26: The voltage across the resistive load up-stepped from level 1 to 16 and
subsequently down-stepped from level 16 to 8.
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Figure 5.27: The voltage across the inductive load being up-stepped from level 1 to 16

and subsequently down-stepped from level 16 to 8.
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Figure 5.29: The transition from level 2 to level 1 under inductive load.
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Figure 5.30: The input voltage showed with yellow color and the voltage across the

TRIAC T16 when it is on showed with purple color.

5.8 Chapter Conclusion

In this chapter, a new approach for the electronic voltage regulator to be used as a substitute
for the electromechanical tap changer is proposed. The proposed new topology in this
thesis can apply additive or subtractive (aka boost or buck) voltages to compensate for an
increase or decrease in system voltages. This regulator employs a ladder of power
capacitors which are in series and connected across the input voltage to apply different
levels of voltages to a controlled or regulated transformer. Considering this, the proposed
Electronic Voltage Regulator (CL-EVR) can be utilized as a replacement for conventional
electromechanical type on-load tap changers (OLTCs) commonly used in power
transformers and meant to compensate for voltage changes in a system. Electromechanical
tap changers have some significant issues, such as defined time durations when switching
to different taps, as determined by the spring-loaded mechanism’s operation; a high

malfunction rate due to mechanical switching when causing arcing, and thereby decreasing
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the operating lifetime of transformers. In this CL-EVR instead of electromechanical taps,
a combination of capacitors and TRIACs are used at each voltage level to eliminate arcing
effects while increasing the speed of the tap changing process. Furthermore, the electronic
regulator can improve the load power factor due to the presence of capacitors. Other
advantages over conventional OLTC’s are the elimination need for a reactor is used, and
the elimination of a tapped winding with its numerous taps leads, with a correspondingly
higher cost. This will reduce the overall size of the active part of the main transformers and
improve efficiency by reducing operating losses.

Any potential inductive load impedance ranges where resonance due to L-C oscillations
between the capacitor and inductive loads can occur were identified using phasor analysis.
This allowed for the capacitor values to be designed so that resonance is avoided in the
normal operating range of the CL-EVR.

The Laplace analysis was performed to consider the transient and steady-state behaviour
of the CL-EVR under different loads. This provided a sanity check on the EMT simulation
results as the two agreed almost perfectly.

A new failure detection method is included that detects a failed TRIAC to enable the system
to continue operating. The failure detection circuit is seamlessly incorporated within the
main circuit and has a high-speed detection rate.

Finally, a 33kVA single-phase CL-EVR was prototyped at the laboratory and examined
under different load conditions. The experimental results prove that the proposed CL-EVR
can provide the different portions of the voltage under different loads properly. The voltage
transition from one level to the other is smooth and without any significant transients under

the resistive and inductive loads.
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Chapter 6: Contributions, Conclusions, and

Future Work

In this chapter, a brief overview of this work, the main contributions, and conclusions of
the research are given. In the end, some suggestions are provided as directions for future

works.

6.1 Contributions and Conclusions

1. A thorough investigation of Electronic Voltage Regulators (CL-EVRS) including
electromechanical and solid-state tap changers was conducted. The upsides and
downsides of these tap changers were assessed, to improve CL-EVR
characteristics.

2. A major missing aspect in the previous academic literature was identified. Missing
in the previous work on electro-mechanical tap changers was the analysis of the
transient behaviour of the change-over switch. This thesis proposed a new model
to predict the transient behaviour of the change-over switch based on two important
factors related to transient studies— namely the recovery voltages and the magnitude
of the currents in the contacts during change-over operation. The new model
utilized Mayer’s arc model to simulate the floating condition of the change-over

switch while changing from one contact to the other. The proposed model was
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validated by theoretical analysis both with and without a tie-in resistor, and they

match each other with an error of less than 2.29%.

. After an in-depth analysis of the electromechanical and solid-state tap changers, it
was found that there are yet-to-be solved issues such as pitting on mechanical
contacts, arc issues, high maintenance cost, and high malfunction rate. Voltage
Source Converters (VSC) based taps injections have been proposed as a solution
recently. In this thesis, the previous literature on VSCs was investigated. Finally, a
converter-based on-load tap changer (COLTC) was proposed.

Based on the EMT simulation results, the proposed COLTC can manage the
problems associated with the traditional tap changers. The benefits of the proposed
COLTC include less transient voltage and current, no arcing and pitting on
mechanical contacts, no need to change-over switch and tie-in resistor, and the
ability to provide voltage with different phase angles because of Sinusoidal Pulse
Width Modulation (SPWM). Also, the presented COLTC can maintain the load
voltage in an acceptable range both under resistive and inductive loads. However,
the COLTC has some downsides such as the need for an L-C filter to reduce high-
frequency harmonics and the high implementation cost. The proposed converter-
based OLTC, can manage the problems corresponding to the traditional OLTCs.
Nevertheless, the COLTC has some drawbacks such as high implementation cost,
complicated control system, and high voltage stress on the power switches of the
VSC.

. To address the above drawbacks, a much-improved novel capacitive ladder-based

electronic voltage regulator (CL-EVR) topology was proposed. The proposed CL-
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8.

EVR is free of mechanical contacts and tapped windings. It utilizes a ladder of
capacitor and solid-state switches (TRIACs) instead of mechanical taps. The
elimination of mechanical taps gets rid of the arcing and pitting on contacts
experienced in the case with a traditional OLTC. An H-bridge circuit is included
downstream of the capacitive divider so that the voltage to be injected can be
applied in an additive or subtractive mode, thereby increasing the voltage
adjustment range of the overall CL-EVR. Also, the output of the CL-EVR is purely
sinusoidal, so no filtering is required as was the case with COLTC.
Electromagnetic Transient (EMT) Simulation is used to design and debug the
controls for operation under various loads for a 100 kVA (3-phase) capacitive
ladder-type CL-EVR. The simulation results showed that the proposed CL-EVR
can maintain the load voltage within a 0.5% deviation from the rated voltage of the
load. Also, for the operating load range, the maximum transient voltage across each
component is less than the manufacturer’s allowable maximum. This was also
confirmed with lab tests. For example, the maximum transient voltage across the
capacitor in the ladder is 50% less than the rating of the selected capacitor for the
experimental test.

To sanity-check the EMT simulation results, a thorough theoretical steady-state and
Laplace-transform-based transient calculation was performed. The theoretical
results matched the EMT simulation results very well, thereby validating the latter.
Any potential inductive load impedance ranges where resonance due to L-C

oscillations between the capacitor and inductive load can occur were identified
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10.

using phasor analysis. This allowed for the capacitor values to be designed so that
resonance is avoided in the normal operating range of the CL-EVR.

A new failure detection method and isolation controller was proposed that detects
a faulted TRIAC and isolates it so that the CL-EVR keeps working post-failure.
TRIAC failure detection is initiated when the main winding voltage changes due to
a system event (e.g., remote fault) triggering a change of voltage level by the CL-
EVR controller. During this time, the proposed method compares the CL-EVR
voltage with a pre-defined threshold. if the CL-EVR voltage is larger than the
threshold, it indicates that the last conducting TRIAC is faulted and has not turned
off. On TRIAC fault detection, the control system sends a “turn-off” signal to a
microswitch in series with the failed TRIAC to isolate it so it is no longer in the
circuit. Hence, The CL-EVR can still keep working without any interruption,
although there is a one-less level for the selectable voltage.

The proposed CL-EVR was experimentally tested and investigated. The results
proved that the CL-EVR can provide different voltage levels to the load properly.
According to the experimental result of the load voltage, the transition from one
level to the other is smooth both under the inductive and resistive loads without any

significant transient.

6.2 Limitations and Future works

There are some possible paths for continuing this work which are itemized here:

1.

The CL-EVR can perfectly work in the 100 kVA rating. However, the load effect

on CL-EVR because of the capacitor ladder is an important factor. When the load
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current increases, a phase shift will happen, which can negatively affect the voltage
regulation. Using different capacitor sizes for each level could be investigated as a
solution to more optimally manage the load effect issue.

2. During the field test of the CL-EVR, the H-bridge TRIACs failed to turn on at very
low voltages (below 14 V on the 400 V full scale). The problem could be solved by
lowering the gate resistor. However, reducing the gate resistor could make the
TRIAC more susceptible to failure resulting from a high inrush gate current. The
design could be further optimized by investigating other solid-state switch elements
such as Insulted Gate Bipolar Transistors (IGBTSs) in the H-bridge circuit.

3. The proposed model for the change-over switch transient behaviour can provide a
very precise result when the change-over switch starts to move. However, the
modelling is not precise as we have not used an arc model to precisely model the
situation when an arc is initiated as the contact comes close to its final position. An
improved model considering arc initiation could be developed in the future.

4. Another path to future work can be decreasing the failure detection processing time
to detect the failed TRIAC faster than the proposed method, which requires at least
a cycle.

5. Implementing the proposed CL-EVR in real-time power system simulation tools
(e.g. RTDS®) could be beneficial to investigating larger system-level impacts of the

proposed device.

® Real time Digital Simulator
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6.3 Publications and patents resulting from the thesis

6.3.1 Publications:

1. Abolfazl Babaei, Waldemar Ziomek, Aniruddha M. Gole, “A Multi-
Level Inverter Based On-Load Tap Changer Transformer Topology for
Harnessing Photo-Voltaic Energy,” 2021 IEEE Electrical Power and
Energy Conference (EPEC), Toronto, Ontario, October 22-24, 2021.

2. Abolfazl Babaei, Waldemar Ziomek, Aniruddha M. Gole, “A New
Approach for the Failure Detection and the Self-healing Process in A
Solar-based Tap Changing Transformer,” 2022 IEEE International
Conference on Electrical, Computer and Energy Technologies
(ICECET), Prague, Czech Republic, July 20-22, 2022.

3. Abolfazl Babaei, Waldemar Ziomek, Aniruddha M. Gole, “The
Improvement of Power Quality in an ac-ac Direct Matrix Converter by
Using Hybrid Filters,” 2022 IEEE International Conference on
Electrical, Computer and Energy Technologies (ICECET), Prague,
Czech Republic, July 20-22, 2022.

4. Abolfazl Babaei, Waldemar Ziomek, Aniruddha M. Gole, “A
Comparative Study on Solar-Based Multilevel Inverters as A Substitute
for Existing OLTCs,” 2022 IEEE Canadian Conference on Electrical
and Computer Engineering (CCECE), Halifax, Canada, Septmeber 20-

22, 2022.
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6.3.2 Patents

Abolfazl Babaei, Waldemar Ziomek, Aniruddha M. Gole, “Transient
characteristics of on-load tap changers during change-over operation,”
Electric Power Systems Research Journal (ELSEVIER), Volume 197,
2021, 107296, ISSN 0378-7796.

Abolfazl Babaei, Waldemar Ziomek, Aniruddha M. Gole, “A
Capacitive ladder Based Power Electronic Ac Voltage Regulator,”

Submitted to IEEE Transactions on Industrial Electronics.

George Partyka, Waldemar Ziomek, Abolfazl Babaei, Greg Parson,
Aniruddha M. Gole, “Electronic Voltage Regulator Apparatus and
Method,” U.S. Patent 17/703,369. March 24, 2022.

George Partyka, Waldemar Ziomek, Abolfazl Babaei, Greg Parson,
Aniruddha M. Gole, “Electronic Voltage Regulator Apparatus and

Method,” Canadian Patent Application 3,153,423. March 24, 2022.
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