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ABSTRACT

YAFENG WANG. Power Electronics Assisted Voltage Regulators for Modern
Distribution Systems. (Under the direction of DR. TIEFU ZHAO)

Step voltage regulator (SVR) has been utilized in power distribution systems for
decades. The induced arc from the conventional SVR tap change and the voltage instability
from the renewable energy penetration impose constraints on the conventional SVRs’
lifetime. With more distributed power generation and renewable energy penetration,
voltage fluctuation and power generation variation can be observed more frequently in the
modern power distribution network. More tap change operations are required for SVR to
regulate the line voltage. However, the tap changing mechanism of the conventional SVR
always generates an electric arc when tap changes, which imposes constraints on
conventional SVRs, such as lifetime and maintenance period. Meanwhile, the voltage
regulation accuracy cannot be guaranteed since the SVR regulates the voltage step by step.
The power electronics transformer solution was proposed but requires the power converter
capacity proportional to the voltage regulation range, which significantly increases the
system cost.

Motivated by the issues mentioned above, several PE-assisted arcless tap change
topologies are proposed to reduce the contact erosion rate of tap changers in SVR. The
system efficiency is the same with the conventional SVR in normal operation, while the
converter power rating is only 0.3% of the total system power, which also reduces the
system cost compared with the full power electronics solutions. Based on the proposed

arcless tap change mechanism, a hybrid voltage regulator is proposed. Stepless load voltage
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regulation is achieved while the tap changer mechanism remains in the system, which helps
to promote the upgrade to the existing power distribution systems.

A scaled-down prototype of the arcless SVR is developed to verify the proposed
arcless tap changing method. The hardware test results verified the proposed arcless step
voltage regulator can eliminate arcing during the tap change and reduce the contact erosion
rate by over 10,000 times the conventional arcing SVR. Other advantages of the novel
method over the conventional SVR, such as advanced load voltage regulation and volt/var
control, are also verified. The proposed hybrid voltage regulator was simulated and
experimentally validated. The experimental results demonstrate arcless tap change
operation, stepless voltage regulation, and load voltage continuity during the tap change.

For PE-based hybrid voltage regulators, many functions, such as fast voltage
regulation, flicker compensation, and var control, can be accomplished, which cannot be
achieved from the conventional SVR. This research also proposed a new topology of the
hybrid voltage regulation transformer (VRT). The feasibility and capability of var control
are investigated for different load power factors and input voltage percentage when the
voltage regulation does not exceed the power converter capacity. The simulation results
illustrate the feasibility of implementing var control while the load voltage is being
regulated.

This dissertation also proposed a new hybrid transformer based on interline power
converters for voltage regulation. The maximum power delivered by converters is reduced
in half compared with the conventional series compensation configuration for the same
voltage regulation range. Therefore, the proposed hybrid transformer exhibits a higher

overall efficiency covering a wide range of voltage regulation. Comparison between the



conventional series voltage compensation method and the proposed interline power
converter-based method is presented based on the operation principle, the converter power,

and the overall system efficiency.
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CHAPTER 1: INTRODUCTION

1.1  Background of Conventional Step Voltage Regulator

Step voltage regulators are widely applied to the distribution systems to compensate
for the voltage drop across the power lines and other types of voltage variations. The
conventional SVR is an autotransformer-based structure [1]. Conventional SVRs usually
have 9 taps and 10% voltage regulation range and the configuration in Fig. 1.1 has been
employed in the distribution systems for decades. The preventive transformer, also known
as the bridging reactor, limits the circulating current when the two contacts are at different
positions. The equalizer windings are coupled with the main transformer to reduce the tap
changer interruption duty. The voltage regulation is conducted by moving taps up and
down to adjust the transformer turns ratio, as a result, to regulate the load-side voltage

within the limit.

#8 .
Stationary
#7 Contacts
#5 Equalizer
#5 Winding  Preventive
4 Transformer
Movable Contacts

Figure 1.1 Conventional step voltage regulator

1.2 Issues with Conventional Step Voltage Regulator

For the conventional SVRs, electric arc can be frequently observed when the

contact separates from an energized tap in the conventional SVR configuration. In the tap



changing process, electric arc often occurs between metal contacts when they separate from
the energized contacts and large current is cut off. Carbide accumulation and transformer
oil degradation are also speeded up due to the frequent arc. Contact erosion and transformer
oil degradation result due to the frequent arc which can be detected and measured [2-3].

Induced maintenance leads to unpredictable system shutdown and capital loss.

Direction of wear

Arcing contact

100% wear

Vanished con-
tact material

Main contact

Figure 1.2 Worn arcing contacts taken from an aged
On-Load Tap Changer (OLTC) [3]

Another disadvantage of the conventional SVR is that the voltage is regulated step
by step, hence accurate and fast voltage regulation cannot be acquired between each step.
The tap change operation interval of the conventional SVR could be several minutes. And

the mechanical tap change movement speed is restricted by the tap changer mechanism.

1.3 Modern Distribution Systems Pattern Impacts on SVRs

More and more renewable energy generation facilities have been incorporated into
the modern power system during the last two decades, such as wind, solar and hydropower.
Renewable energy resources, as distributed energy resources (DERs), are highly
distributed, which heavily depends on the geological positions and local climate. The

instability of distributed power generation brings more voltage fluctuation and power



generation variation to the regional transmission systems due to the variable weather and
other unpredictable conditions. Studies in [4] and [5] show that both voltage fluctuation
and excessive transformer tap changes result from the induced fluctuations in photovoltaic
(PV) power. The phenomena become more severe under the high PV penetration condition.
Figure 1.3 shows an example of PV penetration impact on conventional tap changer

operations of SVRs.

Tap Position

@

® © 3
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0
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Figure 1.3 Substation transformer tap changer position without PV (left) and with PV (right) [4]

Another noticeable challenge is the increasing number of plug-in electric vehicles
(PEVs) which is a group of random and unpredictable loads in the modern power system.
Reference [6] addresses that PEV charging could decrease distribution transformer life by
93% where the impact of transient ambient temperature is not considered. There is no doubt
that the increasing number of random PEV's charging brings uncertainty as the load changes.
Voltage fluctuation can be caused by sudden and frequent load change as well. Based on
the above facts, SVRs contact erosion is further accelerated because of the frequent arc
erosion.

1.4 Technology Roadmap of the Proposed Research

Based on the existing technologies, many advanced PE-based solutions can be
implemented to mitigate the issues from conventional SVRs. The full PE voltage regulator,

such as Solid State Transformer (SST), has more functionalities, such as fast voltage



regulation, var control and voltage sag/swell compensation but the system efficiency will
be lower than conventional SVRs and costly due to the full rating of PE converter. Hybrid
Voltage Regulator (HVR), as an intermediate solution between conventional SVR and SST,
is a cost-efficient solution with a fractionally rated PE converter that can achieve arcless
tap change and accurate voltage regulation. With most components remained in the system,
HVR just needs a simple upgrade based on the conventional SVR as a retrofit with high
efficiency. Considering the great number of conventional SVRs that have already been
implemented in the existing distribution systems for decades, HVR can be easily promoted
into modern power distribution systems. Based on these facts, a technology roadmap of the
proposed research is proposed as shown in Figure 1.4.

The dissertation focuses on the development of HVR firstly to solve the arcless tap
change issue. Then, a hybrid PE solution with stepless and accurate voltage regulation is
investigated to achieve better performance compared with conventional SVRs. In the future,

our research scope is the full PE solid-state transformer with the full range of fast voltage

2010 and earlier 2018 2019 2020 2021 2022]2023]|2024|2026( 2027
Topology Hybrid Solution —
Development power flow control

and power qualify.

A -------- Full PE
Hybrid voltage Solid State

‘ regulator a Transformer

Inverter capacity vs.
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Functionalities

1T tap numbers
tap changer
Active shunt Inverter-based
diverter (2013) arcless tap changer
Vaccum switch,
SCR, hybrid switch .

A Milestones
+ Validated / tested
at UNCC
Stepless and Accurate Fast Voltage Regulation and
Voltage Regulation Var Control

Figure 1.4 Technology roadmap of the proposed research




regulation and var control capability. With the expected lower price and higher efficiency
of semiconductor devices applied to SST, the voltage regulator system cost and efficiency

are expected to be comparable to the conventional SVR.

1.5 Dissertation Organization

Chapter 2 presents the literature review on the existing technologies to mitigate
voltage regulator aging and PE-assisted voltage regulation methods. In Chapter 3, two
types of proposed arcless tap change solutions are introduced and validated by both
simulation and prototype tests. In Chapter 4, a hybrid voltage regulator is proposed to
achieve both arcless tap change operation and stepless voltage regulation and simulation
results and prototype test results are also presented. In Chapter 5, a series-connected
voltage regulator is investigated for the var control capability. Chapter 6 summarized the

publications and conclusion of the dissertation.



CHAPTER 2: LITERATURE REVIEW ON EXISTING TECHNOLOGIES

2.1  Existing Methods Based on Power System Planning and Control

Step voltage regulator erosion and distribution transformer aging exist widely in
power distribution systems. Power system operation control can be optimized to reduce the
tap change operation times in a given period to adapt to different voltage regulation patterns.
[7] - [10] proposed methods of electric vehicle smart charging and location planning to
mitigate the voltage problem in the distribution system with high PV penetration. Study in
[11] demonstrates Volt-Var optimization in the distribution system to extend the lifetime
of distribution transformers. Similarly, reference [12] presents the reactive power control
method for the parallel operation of transformers in distribution systems with PV
penetration. An adaptive method of upgrading different voltage control strategies based on

different PV penetration rates is proposed in [13].

2.2 Existing Arcless Tap Change Methods

Even though the voltage problem due to the variation of power generation and
consumption can be partially relieved by power system control and planning, a centralized
solution to eliminate the arc of each tap change is still fundamental from the power
electronics perspective. Advantages of arcless voltage regulators are discussed in [14].
Vacuum switches have been utilized for many years in most of the high current circuit

breakers and can be implemented for arc elimination of tap changes [15]. But the large



space requirement and high material cost for one or more vacuum interrupters and
associated mechanisms make it difficult for commercial deployment.

Semiconductors have been widely developed in recent years and exhibit better
switching performance to cut off current without arcing. Several configurations are
proposed, such as anti-paralleled SCRs and solid-state bidirectional switches [16]-[20].
However, the steady-state conduction loss of the semiconductor devices is significantly
higher than the metal conductors. Commercial substations and distribution systems cannot
afford voltage regulators with poor efficiency. For this reason, the idea of hybrid switches
is proposed in [21] and [22] to lower the conduction loss. Additional snubber circuits are
required to deal with hard switching of the semiconductor devices. The current redirection
method is proposed in [23] to prevent the energized contact separation. In this way, the arc
can be eliminated when the branch current is controlled to zero before the mechanical tap

change.

2.3 Existing PE-Assisted Voltage Regulation Methods

[24] and [25] use AC choppers or direct AC-AC converters to regulate the voltage.
The mechanical switches and taps are completely excluded in these topologies. Harmonics
generated by high-frequency switching need additional passive or active filter design and
are not suitable for applications with high power quality requirements. Power electronics
transformer is proposed in [26], [27] and [28] to compensate the load voltage fluctuation,
which can be accurate and continuous, through full-rated power electronics converter or

hybrid AC/AC solutions. Fig. 2.1 shows the general hybrid distribution transformer topology.



However, the voltage regulation range is proportional to the inverter capacity which is directly
related to the system cost. For example, a hybrid distribution transformer of 10% voltage
regulation range requires the converter capacity to be 10% of the distribution transformer
power rating. Although solid-state transformers are a great candidate for the voltage
regulator in the next-generation distribution system, they still suffer from the poor system
peak efficiency of 97% and the conventional low-frequency transformer efficiency can

easily reach beyond 99% [29]-[31].

g AC
AC

Regulation

AC transformer | gad

Source

Distribution
transformer

Figure 2.1 Hybrid distribution transformer

Voltage regulation is necessary from portable electronic devices to the power
distribution systems to maintain the voltage magnitude. In recent years, voltage variation
can be observed more frequently due to renewable energy penetration and the power
generation variation from distributed energy resources (DERs). Dynamic voltage restorer
(DVR) at medium voltage level is discussed in [32] to compensate voltage sags as a cost-
friendly solution. And studies in [33]-[35] proposed other DVR functions, such as selective
harmonic compensation and fault current limiting. The configuration of DVR is shown in
Fig. 2.2. The DC side of the inverter usually consists of batteries, super-capacitors, or other
types of energy storage systems. Therefore, the DVRs are usually utilized to compensate
voltage deviation for a short time. In [36], DVR is integrated with distribution transformer

to achieve step-less voltage regulation, but the regulation speed is still limited by the tap



Distribution Regulation
—O transformer transformer
Grid
Load
| Energy |
i Storage : Inverter
system

Figure 2.2 | Dynamic voltage restorer (DVR)
changer mechanism. The static synchronous compensator (STATCOM) is integrated with
distribution transformer in [37] and [38] for the reactive power compensation with a cost-
effective method. The smart transformer with full power electronics solution in [27] is rated
at the feeder’s full power, which is not cost-friendly compared to the previous hybrid
solutions [36]-[38]. Study in [39] discusses the var control considerations for the hybrid
distribution transformer. But var control capabilities and limits are not investigated when

the voltage magnitude regulation is implemented and takes part in the converter capacity.
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CHAPTER 3: PROPOSED PE-ASSISTED ARCLESS TAP CHANGE

3.1 Circuit Configuration

3.1.1 Arcless Step Voltage Regulator Based on Series-Connected Converter

For the arcless tap change operation, two topologies are proposed based on the
conventional SVR. Series-connected and paralleled PE converters are able to assist the
arcless tap change operation. The proposed series-connected arcless step voltage regulator,
as shown in Fig. 3.1, includes the main transformer, equalizer, bias transformer, and back-
to-back converter. Both the shunt winding and the equalizer windings are on the same
magnetic circuit with the main transformer windings. The shunt winding provides the
voltage source for the power converter. The equalizer windings are connected in series in
the branch loop to balance the loading conditions of the power converter in the bridging
and non-bridging positions. The power converter generates a bias current through the bias
transformer to overcome the voltage difference between the two taps where the two
branches are connected. The net result of this bias current is to reduce one branch current
to zero current and the entire load current effectively flowing through the other branch.

Arcless tap changing is achieved by suppressing the target branch current to zero before

Main
transformer

Bias
transformer
L)

(,9 AC
Source

’ﬂ Inverter

Shunt
winding

Figure 3.1 Proposed arcless step voltage regulator based on series-connected converter
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the actual mechanical tap change. Therefore, the electric arc can be eliminated when tap
changes.

Fig. 3.2 illustrates two different tap contact positions. The two branch contacts are
on the adjacent taps separately at the bridging position. And the non-bridging position is

where two branch contacts are on the same tap.

Figure 3.2 Bridging position (left) and non-bridging position (right)

The equivalent circuits of the two branches are shown in Fig. 3.3.

W)\
© ;
Vbias1 Veq1

Vtap @ N

+
G,
Vbias2

Veq2 Load

(a)

Vbias1 Veql

Veq2 Load

(b)

Figure 3.3 (a) Bridging position equivalent circuit, (b) Non-bridging position equivalent circuit
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The relationship between Vi, Veqi, and Vey2 are represented by equation (1-3) and
they are determined by the transformer winding turns ratio. Vi is the tap winding voltage
between each adjacent tap. Vpius and Viias2 are the two secondary windings voltage of the
bias transformer. Ve,; and V.,2 are the voltage of the two equalizer windings which are
coupled with the main transformer core. To suppress the upper branch current, as an
example, the injected bias transformer voltage should meet equation (4) for the bridging
position. For the non-bridging position, the polarity of the bias transformer voltage should
be reversed as equation (5). The equations are derived when the windings leakage
inductance and the induced voltages are negligible compared to the major tap voltage

difference. More specified model analysis is provided in Section 3.2.

Veqr = Veqz = 3 Veap (1)
Vpias1 = Vbias2 (2

Veq1 + Veqz = 0.5V, 3)
Vias1 + Voiasz = 0-5Vzap @)
Vias1 + Vbiasz = —(0.5Vzap) (5)

3.1.2  Arcless Step Voltage Regulator based on Paralleled PE Converter

The proposed arcless voltage regulator based on paralleled PE converter, as shown
in Fig. 3.4, consists of the main transformer, shunt windings, equalizer windings, back-to-
back converter and preventive transformer. The shunt windings and the equalizer windings
are coupled with the same core of the main transformer. The back-to-back converter
generates a voltage to balance the voltage difference between the two taps and provides an

additional current path hence to reduce the current flowing through one of the branches to
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zero before the contacts separate. Then, the arcing can be eliminated when tap moves apart

from the metal contacts.

Main
transformer

Preventive

. transformer
Equalizer

windings

B2
AC Source ,.V.\W\-
g Rectifier J_ Inverter

Shunt
windings

Figure 3.4 Proposed arcless step voltage regulator based on paralleled PE converters

3.2 Tap Change Operation Principle and Sequence

Since the power electronics converter does not need to operate during the SVR
normal operation time and only works when one tap or multiple tap changes are required,
the transient performance is one of the most important metrics to evaluate the arcless tap
changing operation. The time needed to suppress the branch current and how the converter
adapts to different tap positions to maintain the current suppression will all affect the
voltage regulation performance of the distribution system.

For the series-connected arcless SVR solution, a typical tap lowering operation is
shown in Fig. 3.5. Two branches are previously on tap N and tap 1. Upper branch current
1 BI is suppressed to zero and then the upper branch moves from tap 1 to tap N. The detail
of the tap changing operation in Fig. 3.5 is:

(a) Tap branches are in bridging position and B1 and B2 share the load current

equally. DC bus is pre-charged by the rectifier and able to achieve the volt/var
control if necessary. The inverter is disabled, so the bias transformer acts as the

preventive transformer to limit the circulating current in the branch loop.
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(b) Inverter starts to work. The upper branch current / B/ is suppressed to zero
after a few cycles while the load current completely flows through the lower
branch. Tap change command can be given after the current suppression is

confirmed.
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Equalizer
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Figure 3.5 Circuit operations by time sequence

(c) The upper branch contact starts moving away from the original tap 1 without

arcing and connects to the tap N. The upper branch current is still regulated to
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zero to avoid the electric arc due to the mechanical bounce from the metal
contact connection.

(d) The inverter is shut down and stops suppressing the upper branch current. B1
and B2 share the load current again at the new position. During the whole tap
changing process, the rectifier keeps working to regulate the DC bus voltage.

For the paralleled converter-based arcless SVR solution, A tap changing operation

sequence is proposed to ensure the arcless operation with the assist of power converters.
Fig. 3.6 illustrates the proposed tap changing sequence from bridging position (taps at
position #1 and N) to non-bridging position (taps all at position N). The tap changing
operation sequence is described below.

(a) Tap branches are in bridging position and B1 and B2 share the load current. DC
bus is pre-charged by the rectifier while the inverter gate signals are disabled,
so there is no current flowing through the inverter. No voltage is injected into
the branch loop.

(b) The inverter gate signals are enabled and the inverter starts to work. Upper
branch current I B/ is suppressed to zero. All of the load current flows through
tap N and lower branch. Due to the current balancing function of the preventive
transformer, the load current is divided into two equal currents flowing through
the upper and lower parts of the preventive transformer. The dividing point is
the inverter connection point of the lower branch, so the inverter current is half

of the load current.
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(c) The upper branch contact starts moving away from tap #1 without arcing and
connects to tap N. Upper branch current is still regulated to zero after tap change,
so there is no arcing during the whole tap change process.

(d) The inverter is shut down and stops suppressing upper branch current, B1 and

B2 share the load current equally again at the non-bridging position.
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T winilngs

Preventive
Transformer

W v
1_B2 {
shunt |Rectifier| == | inverter
windings T
(@
M —
]
J I_B1 / Preventive
Equalizer T Transformer
4—‘ windings
W ’Y\X\(‘.
1_B2 { -
Shunt | Rectifier . Inverter
windings T
(b)
A —
J— .
I_B1 / Preventive
Equali Transformer
qualizer T
] windings
W V\X\f\.
1_B2 { -
Shunt  (Rectifier —I— Inverter
windings —I_
(©
]
I_B1 Preventive
Equalizer Transformer
] windings
/\/\/\ ’Y\X\(‘.

PR

shunt  |Rectifier =4 Inverter

windings TT

(@
Figure 3.6 Arcless tap change operations by time sequence

The operation of arcless tap change is achieved by suppressing the target branch
current to zero before and after the mechanical tap change, so that there is no arcing when

the metal contacts separate and connect.
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3.3 Control Stratety and Model Analysis

For the series-connected converter solution, the rectifier can hold the DC bus
voltage and compensate the reactive power for the main transformer and the rectifier
control algorithm is shown in Fig. 3.7. Var control can be achieved by adjusting the Ig ref
in the rectifier control to obtain unity power flow from the source side if the converter

capacity permits.

ap

DQ
T o

Single-¢
DQ

E

Modulation
Iq

Vref ot - PWM Gate
Iq ref =0

Figure 3.7 Rectifier control (/_rec: rectifier input current, V_ref: load voltage, V_dc: DC bus
voltage)

The inverter control block diagram is shown in Fig. 3.8 and the target of the inverter
output control is to suppress the upper or lower branch current to zero. Rectifier and

inverter are both H-bridge configuration.

Id ref=0

1 BVIB2
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DQ
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Single-¢
@) DQ
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Figure 3.8 Inverter control (I_B1/I_B2: upper/lower branch current, V_ref: load voltage)
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Although the branch current can be suppressed to zero for one tap position, the
voltage difference between the bridging position and non-bridging position after the tap
change still requires the inverter output voltage to be reversed according to equation (4)

and (5). Before and after the tap change, the inverter output voltage needed to suppress the
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target branch current must be analyzed more specifically. A more specified circuit model
is presented in Fig. 3.9 as the leakage inductance of all the windings are considered.
Resistance in these short sections of conductor winding is estimated to be small enough to

neglect.

Vbias2

(b)
Figure 3.9 (a) Bridging position equivalent circuit, (b) Non-bridging position equivalent circuit

Lp; and Lp, represent the upper branch and lower branch leakage inductance
respectively. Ly 1s the tap winding leakage inductance between each adjacent tap. Now
that the upper branch current is already suppressed to zero before the mechanical tap
change movement, all the load current flows directly to the load through the lower branch.
For this reason, only the induced voltage on the lower branch leakage inductance, which is
V1L B2, 1s taken into consideration as the tap position changes. And the induced voltage V7 52
is 90 degree leading to the load current.

Vector analysis is shown in Fig. 3.10 for different tap positions and power factor
(PF). Vs and V., are source voltage and equalizer windings voltage respectively and both
of them are in phase with each other since they are coupled with the same magnetic core.

Vinv 1s the inverter output voltage. /1 is the load current. For better analysis, Vi, can be
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decomposed into Vi s and Viey 1. Viev s 1s to balance the voltages in the branch loop that

are in phase with the source voltage, such as Vi, and Veq. Viny 11z 1s to balance the induced

voltage on the leakage inductance, which can be represented by equation (6), but it is still

quite smaller than Vi, s. a is the angle between Viyy, and Viny s. f 1s the angle between Vipy 12

and the d axis. It can be noticed that V., 1 does not change when the tap position changes

since Vi 1z 1s always perpendicular to the load current /; when circuit resistance is

neglected. The bias transformer turns ratio is 4:1:1 for the inverter output side winding and

the series-connected bias windings in the branches.

i VmvilL va

, g-axis
H
H

Vinv_iL Vinv

Vinv

4 g\’fB d-axis -
Vinv_s \I Vs(Veq)
L
(d)
Figure 3.10 Vector diagram of the bridging position: (a)
PF =1, (b) PF <1 and the non-bridging position: (c) PF
=1,(dPF<1

But the equivalent inverter output
voltage that works in the branch
loop is the sum of both bias
winding voltage, so the relationship
of the equivalent inverter output
voltage is defined as equation (7).
Equation (8) and (9) define the
View s in the bridging and non-
bridging positions. Therefore, the
inverter output voltage component
on the d axis can be derived as
equation (10) and (11) for the
bridging and non-bridging position
respectively. However, the Vi
component on the q axis, as

represented by equation (12), does
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not change after the tap change. As a result, the only difference in the inverter output
voltage between the bridging and non-bridging positions is the difference between Vy; and
Va2. The inverter output voltage change on the d axis is always a fixed difference no matter

what the load power factor is. And its component on the q axis stays the same after the tap

change.
Vinvr = jwLpa1y (6)
Vinv = Vbias1 + Vbias2 (7
Vinvs = Veap = Veqr = Veqz = 0.5Vtap (®)
Vinvs = —Veq1 — Veqz = —0.5Viqp )
Var = [Vinw_s| + [Vinw_i|cosB > 0 (10)
Vaz = = |Vinw,| + [Vinw,, |cosB < 0 (11)
Vy = [Viny |sinB > 0 (12)

This finding shows a simple way of adapting the inverter or the controller to the
next status of the tap position, which is adding a compensation signal directly on the
controller Vd_ref output during the mechanical tap change. The mechanical movement also
provides the time window to implement the compensation in the control algorithm. Hence,
an improved inverter control is developed as Fig. 3.11. A step compensation signal is added

to the Vd ref signal of the inverter control.

Stair signal

IBUI B2

o] pq s o

Vref wt
Iq ref=0

Figure 3.11 Improved inverter control

For the paralleled converter solution, the equivalent circuits of the two branches are

shown in Fig. 3.12. The bridging position is where the two branch contacts are on the
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adjacent taps separately. The non-bridging position is where two branch contacts are on
the same tap. Vi, stands for the tapped winding voltage. Vyrevs and Vyrer2 are the two
voltages of the preventive transformer windings, which are induced while the preventive
transformer acts as a mutual inductance to suppress the circulating current in the loop. Vey:
and V42 are the voltage of the two equalizer windings which are coupled with the main
transformer core. The relationship between Vi, Veqs and Ve are determined by the
windings turns ratio, as represented by equation (13-15). To suppress the upper branch
current, for example, the injected inverter output voltage should meet the equation (16) for
the bridging position. For the non-bridging position, the polarity of the inverter output

voltage should be reversed as equation (17). The required inverter output voltage for the

Veqr = Veqz (13)

Vpreot = Viprevz (14)

Vgt + Vegz = 0.5Viap (15)

Vinw = Vipreot + Vprevz = 0.5V (16)
Vinw = —Veqa + Veqz) (17)

Load

Load

(b)
Figure 3.12 Equivalent circuit: (a) bridging position, (b) non-bridging
position
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bridging and non-bridging positions are opposite and the magnitude is half of the tap
voltage.

The rectifier and inverter control block diagrams are shown in Fig. 3.13 and Fig.
3.14. The rectifier can regulate the DC bus voltage and realize Var control for the main
transformer. The inverter controls the output voltage to suppress the upper or lower branch
current to zero. Rectifier and inverter are both H-bridge configuration. The step
compensation strategy mentioned previously in the series-connected configuration also
applies to the paralleled converter configuration for the contact making current suppression

after the mechanical tap change.
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Figure 3.13 Rectifier control
(I rec: rectifier input current, V_ref: source voltage, V_dc: DC bus voltage)
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Figure 3.14 Inverter control
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3.4 Simulation Results

3.4.1 Series-connected Arcless SVR Simulation Results
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A Matlab Simulink model is developed to resemble the proposed arcless tap
changing operation for the medium voltage SVR. The simulation specifications are listed

in Table 1. It should be noted that the bias transformer secondary winding voltage of the

Table I SIMULATION SPECIFICATIONS

Source voltage 7620 V
Load current 1750 A
Tap voltage (Vi) 9% V
Equalizer winding voltage (Veq) 24V
Bias winding voltage (Vias) 24V
DC bus voltage 400 V
Converter capacity 42 kVA
System rated power 13.3 MVA
Converter switching frequency 10 kHz

lower branch is rated at 24 V while it takes the full load current during the upper branch
current suppression. So, the inverter output power is only 0.3% of the system's full power
rating. The operation sequence is the same as the process in Fig. 3.5. And Fig. 3.15 shows

the arcless tap change without the improved compensation control method. Inverter starts

nmmnmmnn WW%
e

]iéé‘ J;‘;f; B =
'i'l'l,llt,t't‘l'A’lln'n'n'n’t'n'a’n'n‘x"'m'a,x‘t'n'a’n'n,n'n,x'4|||

Time (seconds)
Figure 3.15 Arcless tap changing without compensation when PF =1 (V_load: load voltage,
1 load: load current, V_source: source voltage, I BI: upper branch current, / B2: lower branch
current)
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to work at 0.05 s and the upper branch current is suppressed to zero after a few cycles.
Then, the mechanical tap change happens approximately from 0.41 s to 0.44 s. The source
and load voltage peak values are displayed in the middle waveform. The load voltage
change can be observed after the tap change. There is a measurement delay of the peak
value since it calculates the sinusoidal wave magnitude for each cycle. A large inrush
current can be observed in the upper branch as the contact makes to the next tap position
at 0.44 s and the inverter requires a few cycles again to suppress / BI. The inverter is
disabled at 0.7 s. Due to the mechanical bouncing when the contact makes to the next tap
position, the inrush current may cause an unnecessary bouncing arc on the contacts, which
contributes to the acceleration of the metal contact erosion.

Fig. 3.16 is the arcless tap change waveform with the improved compensation
control method. It can be noticed that there is no inrush current in the upper branch as the
mechanical tap change completes at 0.44 s. The controller quickly adapts to the new tap
position and the current is still regulated to zero. So, the inverter can be shut down earlier

at 0.5 s and the arcless tap change process is completed.

x10*

Time (seconds)
Figure 3.16 Arcless tap changing with compensation when PF = 1 (V_load: load voltage, I load:
load current, / BI: upper branch current, / B2: lower branch current)
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Fig. 3.17 shows the comparison of the improved control method with the same Vd
compensation value under the 0.8 load power factor. The results correspond with the
previous model analysis that the load power factor does not affect the performance of the
inverter control with the same Vd compensation value. The proposed controller

compensation method works for current suppression under different power factors.

<10

x.Hr‘ A
J JI#‘\IE ; ! {Ijlf\ ¥ i \J“ﬂ h N

\ \[ ‘rT++7 f Ir\“li! Y$F\

| v vV /M
ul H f l‘ ‘ !' —

'H‘ML

1 1 I
0.3 0.4 0.5 0.6
Time (seconds)

Figure 3.17 Arcless tap changing with compensation when PF = 0.8 (V_load: load voltage,
1 load: load current, I BI: upper branch current, / B2: lower branch current)

3.4.2 Parallel Converter Based Arcless SVR Simulation Results

A simulation model of topology in Fig.3.4 is developed in Matlab Simulink. The
simulation condition is listed in Table II. The emulated tap change operation sequence is
exactly the same as the illustration in Fig. 3.6 that the upper branch moves from tap #1 to
tap N. Based on equation (13) - (17), for the tap voltage Vi, of 96 V, the required inverter
output voltage for current suppression is 48 V and the inverter current is half of the load
current. The back-to-back converter power rating is 21 kW, while the total system power

is 6.67 MW. By comparing the power capacity requirements of both the voltage regulator
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Table Il SIMULATION SPECIFICATIONS and the back-to-back converter, it
Parameter Value is noticed that the required power
Source voltage 7620 V
Tap voltage 9% V capacity of the converter for
DC bus voltage 400 V . .

us vorag current suppression is only 0.3%
Load current 875 A
Converter switching frequency 10 kHz of the SVR total power capacity.

Therefore, the proposed method

only requires a fractional-rated power converter to achieve the arcless tap change operation.
According to the simulation results shown in Fig. 7, a complete arcless tap changing
operation is conducted and the target branch current can be suppressed to zero. To be more
specific for the timings, the inverter begins to work at TO. The target branch current / B/
can be suppressed to zero within a few cycles, which provides the condition for the arcless
tap changing for the upper branch, while / B2 takes all of the load current. From T1 to T2,
the upper branch moves mechanically from tap #1 to tap N. After T2, the two contacts are
in the non-bridging position and are both on tap N. The controller adapts to the new tap
status and the upper branch current is still suppressed to zero since the inverter is still on

at the time. When the inverter is off at T3, upper branch / B/ and lower branch / B2 share

T2 T3

YN | AL AR
LAk UL AR

1 | |
0 o1 0.2 4

5 06

Figure 3.18 Proposed arcless step voltage regulator simulation results
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the load current equally again. The arcless tap change operation is completed and the

proposed arcless SVR simulation is verified.

3.5 Prototype Test Results

3.5.1 Series-connected Arcless SVR Prototype Test Results

To further evaluate the performance of the proposed arcless voltage regulator, Fig.
3.19 shows the scaled-down prototype that is developed in the lab. The prototype has 5
taps with + 4 taps regulation range. The test specifications are listed in Table III. When it
comes to the inverter capacity ratio compared to the system power in the prototype tests,
the ratio is directly related with the ratio between the bias winding voltage and the source
voltage. This is the reason that the advantage of fractionally rated converter rating is not
reflected in the scaled-down prototype, but in the full-scale system simulation. An interface
board is also designed and manufactured to communicate between the back-to-back

converter, DSP controller and the tap changer controller.

Table III PROTOTYPE TEST SPECIFICATIONS

Source voltage 60V
Load current 10 A
Tap voltage (Vigp) 24V
Equalizer winding voltage (Veq) 6V
Bias winding voltage (Vbias) 6V
DC bus voltage 100 V
Converter capacity 60 VA
System power rating 600 VA

Converter switching frequency 10 kHz
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Figure 3.19 Proposed arcless s‘tep voltage regulator prototype

Tap lowering test is conducted with the same operation sequence in the simulation
and the transient performance can be seen from the results in Fig. 3.20 and Fig. 3.21. The
timing labels in the waveforms represent the same operations. The rectifier keeps working
to regulate the DC bus voltage. Inverter starts to work at TO. The target branch current can
be suppressed to zero after 6 cycles. When the upper branch current is suppressed to zero,
the mechanical tap change begins from T1 to T2, where there is a 33 ms time window for
the compensation signal implementation. The 33 ms is the time needed for the physical
movement of the mechanical tap change, which may vary for different types of tap
changers. The delay between the tap change trigger signal and the actual mechanical tap
change is caused by the control and motor drive delay in the tap changer controller and the
tap changing mechanism. Then, the inverter is shut down at T3. Inrush current is eliminated
by the improved inverter control. The compensation signal is implemented between T1 and
T2. The proposed Vd compensation method is verified by the hardware experiments. The

Vd compensation can help to suppress the target branch current after the tap change and
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avoid the electric arc due to the mechanical bouncing when the tap makes to the next
position.
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Figure 3.20 Tap change waveform without Vd compensation

Tek Prevy I I |

Lot tptad b LB

L !
o e
Tap change trlgggr‘ i |:B2:10 A/div 100:ms/diy
® & so0v 100ms 1.00MS/s i 2 Mar 2019
& 1o 10.0 & 1M points —-2.00 08:22:11

Figure 3.21 Tap change waveform with Vd compensation

The zoom-in waveforms are captured to investigate the arc details of the
mechanical tap separation. A detailed arc comparison with the conventional voltage
regulator when taps separate is also presented in Fig. 3.22. The contact voltage, Vcontact,
refers to the voltage between the upper branch metal contact and the tap 1 contact. The
criteria to determine the existence of the arc is when both the contact voltage and the upper
branch current / BI are non-zero. So, the arc in Fig. 3.22 (a) and the spark in Fig. 3.22 (b)

are indicated in the dashed circle. In Fig. 3.22 (b), it can be noticed that there is the / B1
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current re-conduction after it first goes to zero when contacts separate and a few electrical

sparks still exist. The reason is that it takes a distance and a short time for two metal contact

pads to completely separate, during which time there are mechanical friction and metal

contact bouncing. Therefore, the sparks are caused by the contact mechanical bouncing and

reconnection, which is unavoidable. According to [40], the electric contacts material

erosion caused by electric arc can be quantified as erosion rate in equation (18), where A;

is the erosion coefficient that varies for different materials, for example, & is 2.4 for copper.
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Figure 3.22 (a) Conventional SVR tap changing waveform, (b) Proposed arcless
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Since coefficient 4; is related to the contact material, a comparison can be made
based on the /% integration when Vcontact is not zero. By waveform import and calculation
in Matlab, the ampere-second number of the /% integration is 4x10° as for arcless tap
changing and 0.047 as for conventional tap changing which is 11,750 times of the arcless
tap changing. The difference can be even larger in the full-scale medium voltage
application since the load current is much higher. And the arc can be more difficult to
extinguish for the conventional SVR in the full-scale model. So, the arc is significantly
eliminated and the arcless tap changing is achieved successfully. The contact erosion rate
of the proposed SVR is significantly reduced by more than 10,000 times when compared
to the conventional SVRs.

Fig. 3.23 shows the zoom-in waveforms from T1 to T2 in Fig. 3.20 and Fig. 3.21.
For the arcless tap change without compensation, the load voltage changes when the
contact makes to the next tap position. And the load voltage change point is advanced when
the Vd is compensated in the 33 ms mechanical tap change time window, which means the
inverter output voltage already helps the load voltage to make the transition to the next
status. Conventionally, the SVR switches tap very quickly. In the proposed arcless SVR
operation, the load voltage change does not need to wait for the mechanical tap change to
be completed. The compensation method makes it possible for advanced load voltage
regulation with very high resolution and faster response while only one contact carries the
load. On the other hand, the tap change mechanism in the proposed arcless SVR can move
slower to relieve the mechanical stress while the voltage regulation can still be

implemented with only one contact connected to the load during the tap change transient.
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Figure 3.23 Load voltage change timing: (a) without compensation, (b) with compensation

Additionally, with a rectifier coupled in the main transformer, reactive power can
be generated or absorbed from the rectifier by adjusting the /g ref in the rectifier control
algorithm. Var control functionality is verified by the waveforms in Fig. 3.24. The load is
an inductive load with power factor of 0.97. After implementing the proper rectifier current
control, the rectifier generates reactive power and compensates the source power factor to
1.

The detailed model analysis and improved control method are presented to achieve
better transient performance for tap position instant change. Simulation is firstly

implemented to verify the control algorithms. A hardware prototype is developed for
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further evaluation. Based on the hardware test results, the proposed arcless voltage
regulator can eliminate the arc by suppressing one target branch current before the
mechanical tap changing movement. Arc comparison with the conventional SVR is also
conducted based on the arc erosion rate. More practical functionalities, such as reactive
power compensation and advanced load voltage regulation, are verified on the proposed
arcless voltage regulator. This method is based on the conventional voltage regulator and
introduces a partial-rated power converter to achieve the arcless tap change operation. The
proposed method can extend the lifetime and the maintenance period of the SVR.
Furthermore, the proposed arcless SVR integrates more functionalities, such as advanced
load voltage regulation and volt/var control, in a single piece of equipment, so it shares the

function of other similar devices, such as static synchronous compensators, in the existing
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Figure 3.24 (a) Load waveforms PF = 0.97, (b) source waveforms PF =1




34

distribution systems, which can eventually bring more flexibility to the planning and
operation of the distribution system. The proposed topology requires minimum
modification of the conventional SVR and is focused on the arc elimination to extend the
lifetime of the SVRs, while most parts of the original tap changer configuration are kept
unchanged. The simple upgrade makes it easier for the proposed arcless SVR to be widely

implemented to the existing power distribution systems.

3.5.2 Parallel Converter Based Arcless SVR Prototype Test Results

To further evaluate the performance of the proposed arcless voltage regulator, a
scaled-down prototype is implemented in the lab. Hardware prototype tests are also

conducted. The test specifications are listed in Table I'V.

Table IV PROTOTYPE TEST SPECIFICATIONS

Parameter Value
Source voltage 60V
DC bus voltage 100 V
Load current 10 A
Resistive load 6Q
Converter switching frequency | 10 kHz

Tap lowering test is conducted and transient performance can be seen from the
results in Fig. 3.25 and Fig. 3.26. In Fig. 3.25, the mechanical tap change happens at the
dashed red line. After the mechanical tap change, both voltage and current of the load are
lowered. The proposed arcless operation does not affect the conventional voltage
regulation as the main function of the SVR. The power converter only affects the current
distribution in the upper and lower branches by injecting an additional voltage in the branch

loop. The operation sequence and the corresponding timing marks in Fig. 3.26 are the same
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as in the simulation. The inverter starts to work at TO and the upper branch current is
suppressed to zero after few cycles. The actual mechanical tap change happens from T1 to
T2. Then, the upper branch current I B1 can still be suppressed to zero after T2 to avoid
the arcing due to the metal contacts bouncing. The upper branch current I B1 can be
suppressed to zero before and after the mechanical tap change. What remains in the steady-
state waveform of the upper branch current I B1 are just small current zero-crossings under
the switching frequency, which is unavoidable due to the small leakage inductance in the
tapped winding loop. Eventually, the inverter stops at T3 and the upper and lower branch

share the load current equally again. Since the converter only operates during the arcless
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Figure 3.25 Load voltage and current waveform
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Figure 3.26 Branch and load current waveform
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tap changing operation and the load current is conducted by the metal conductor paths
during the normal operation, the proposed method does not influence the system efficiency.

Further investigation of the arc impact is conducted as the detailed arc waveforms
are captured when the two energized contacts separate, which is shown in Fig. 3.27.
Vcontact stands for the contact voltage between the upper branch metal contact and the tap
#1 contact. The criteria to determine the existence of arc is that both the contact voltage
and the upper branch current I B1 are non-zero. It can be observed in Fig. 3.27 (b) that the
electrical sparks still exist since the I B1 current is re-conducted after it first goes to zero
when contacts separate. This is because the two square-shaped metal contact pads require
a distance and a short time to fully separate. The mechanical friction and metal contact

bouncing may cause sparks and re-connection, which is unavoidable. The electric contacts
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Figure 3.27 (a) Conventional SVR tap changing waveform, (b) Proposed arcless
SVR tap changing waveform
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material erosion rate can be quantified by the equation provided in the previous subsection
where ki is the erosion coefficient that varies for different materials.

Comparison can be made based on the 1!

integration when Vcontact is not zero.
By waveform data points import and calculation in Matlab, the ampere-second number of
the I'® integration is 4.2 x 10°° As for the arcless SVR and 0.0465 As for the conventional
SVR which is 11071 times of the arcless SVR. The difference can be even larger in the
full-scale system as the load current is higher, where the arc can be more difficult to
extinguish for the conventional SVR. Therefore, the contact erosion can be significantly
eliminated with the proposed arcless tap change solution.

In this paralleled converter-assisted arcless SVR, simulation is firstly conducted to
verify the control algorithms and concepts. A hardware prototype is developed for further
evaluation. Based on the hardware testing results, the proposed arcless voltage regulator
can eliminate the arc by suppressing one target branch current before the mechanical tap
changing movement. By the arc impact analysis, the proposed method can significantly
reduce the metal contact material erosion rate, hence extend the lifetime and maintenance
period of the SVR. This method introduces a fractional-rated power converter to the system
and the system total efficiency is not affected during the normal operation. More advanced

functionalities, such as Var control and accurate voltage regulation, can be further

developed for the proposed arcless step voltage regulator in the future.
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CHAPTER 4: PROPOSED HYBRID VOLTAGE REGULATOR

4.1 Circuit Topology

The conventional SVR consists of the main transformer, preventive transformer,
equalizer windings, and the tap change mechanism. The preventive transformer acts as a
mutual inductance to suppress the circulating current in the branch loop. The upper and
lower branch shares the load current equally. The equalizer windings are on the same
magnetic core of the main transformer to balance the preventive transformer duty under
the bridging and non-bridging positions. The proposed voltage regulator topology is shown
in Fig. 4.1. Minimum modifications are made based on conventional SVR. The hybrid
voltage regulator combines the conventional SVR with a fractionally rated power converter.
Additional winding is added to the preventive transformer to become the bias transformer.
The regulation transformer is connected in series with the load to compensate for the load
voltage. The back-to-back converter, which consists of Converter 1 and Converter 2 in Fig.

4.1, can handle bidirectional power flow to support different functional requirements.

Equalizer
windings

Bias
transformer
L)

Regulation I
transformer  “load

Main
transformer Leonvi

Converter, Converter

1 T 2

Figure 4.1 Proposed hybrid voltage regulator with back-to-back power converter

The principle of arcless tap change is that the target branch current needs to be
suppressed to zero before mechanical tap change to avoid an electric arc. The equivalent
circuits of the branch loop are illustrated in Fig. 4.2. Equalizer winding voltages are Veq:

and Ve,2. And bias winding voltages are Vpias; and Viias2. Viap represents the voltage between
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adjacent taps. The bias transformer also acts as a mutual inductor to suppress the circulating
current in the branch loop. The leakage inductances of the upper and lower branch are Lp;
and Lp2, respectively. Lu2; and Lu;2 are the equivalent mutual inductance between the two
windings of the bias transformer to suppress the circulating current. The circulating current
is also necessary to balance the voltage difference in the branch loop. Converter 1 is
connected to the third winding of the bias transformer and Vcon is the input voltage of
Converter 1. Converter 2 is connected to the regulation transformer and Veon 2 is the output
voltage of Converter 2. Ve is the injected voltage for the load voltage regulation. The
voltage before the regulation transformer is V’jouda. Vioua and I.aq are the load voltage and

current.

Converterl Converter2

IBl +

Converterl J— Converter2

(b)
Figure 4.2 Equivalent circuits: (a) bridging position, (b)non-bridging position
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When Converter 1 works to suppress the branch current to zero in the arcless tap
change operation, the required output voltage polarities of the Converter 1 are opposite for
the bridging and non-bridging positions. The power flow directions of Converter 1 are also
opposite at the two positions. The current distribution difference between B1 and B2
determines the power flowing through Converter 1. The compensation for voltage sag and
swell also requires Converter 2 to have two opposite power flow directions. Under the
voltage regulation mode, Converter 1 works as the rectifier and Converter 2 operates as the
inverter to compensate for the load voltage. Under the arcless tap change mode, Converter
2 works as the rectifier, instead, to support Converter 1, which serves as the inverter, to
suppress the branch current. For this reason, Converter 1 and Converter 2 can provide power
for each other under different operation modes. Both arcless tap change operation and
stepless voltage regulation can be achieved with a fractionally rated back-to-back power
converter. Converter 1 and Converter 2 are designed to only compensate half of the step
voltage, which is 0.31% of the SVR’s output voltage. Therefore, the converter power ratings

can be minimized to reduce the cost and efficiency impact on the traditional SVR system.

4.2 Principle of Arcless Tap Change Operation

To achieve the arcless tap change, the current in the target branch needs to be
suppressed to zero before the mechanical tap change. Therefore, the arc can be eliminated
when the metal contacts separate and the contact erosion rate can be significantly reduced.
Fig. 4.3 illustrates a tap change sequence where the upper branch contact moves from tap
1 to tap N. The specific operations in Fig. 4.3 (a) — (d) are described below.Converter 1 is

disabled and there is no current flowing at the input. Converter 2 works actively with
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current flowing through the regulation transformer to hold the DC bus voltage and avoid
regulation transformer from core saturation.
(a) Converter 1 is disabled and there is no current flowing at the input. Converter 2
works actively with current flowing through the regulation transformer to hold the
DC bus voltage and avoid regulation transformer from core saturation.
(b) Converter 1 starts to work and suppress the upper branch current IB1 to zero. The

arrow between the two converters indicates the power flow direction.
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Figure 4.3 Arcless tap change operation sequence: (a) Converter 1 is disabled and Converter 2
regulates the DC bus voltage, (b) Upper branch current suppression, (c) Upper branch contact
moves from tap 1 to tap N, (d) Converter 1 is shut down.
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(c) Upper branch contact moves from tap 1 to tap N without arc while Converter 1
keeps working to ensure there is no current flowing through the upper branch. The
power flow direction of the power converter is reversed, so the output voltage on
the regulation transformer is also reversed.

(d) Converter 1 is shut down and the two branches share the load current again.

4.3  Principle of Stepless Voltage Regulation

In the proposed solution, the mechanical tap changer still makes tap changes to
regulate large voltage steps, and the power converter injects a compensation voltage to
regulate small voltage deviation between taps. As indicated in Fig. 4.3 (b) and (c), the
power flow direction is reversed from the bridging to the non-bridging position. The
current distribution difference between the upper and lower branches also requires different
values of the power supplied from Converter 1. For the same reason, the power supplied to
or absorbed from Converter 1 can also be utilized for Converter 2 to output different
voltage to the regulation transformer. Based on the transformer turns ratio design, as shown
in Fig. 4.4, there is certainly a regulation voltage range from Converter 2, but the output
voltage from the regulation transformer can bridge the gap between each step voltage
change. Fig. 4.5 (a) illustrates the conventional SVR load voltage relationship with the tap

position where the load voltage is changed step by step for fixed source voltage. In the

f

Bias Regulation
transformer transformer

1: 4:1

Figure 4.4 Transformer turns ratio
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Figure 4.5 Load voltage regulation principle for fixed source voltage V,: (a) The conventional
SVR with step voltage change, (b) The proposed hybrid voltage regulator with positive and
negative half step voltage regulation range for each tap position, (¢) The full range of the proposed
stepless voltage regulation

proposed hybrid voltage regulator, the voltage regulation range for each tap position is
from negative to positive half-step voltage as the blue-shaded area in Fig. 4.5 (b). The
regulation ranges for each tap position eventually combine into a continuous and stepless

load voltage regulation range of £10%, as shown in Fig. 4.5 (¢).

4.4  Circuit Analysis and Control

All the parameter and variable definitions are described in Section II and labeled in
Fig. 5. Based on the system design and transformer turns ratio in Fig. 7, the winding voltages
of the bias transformer are expressed by equation (19). The equalizer winding voltages are

designed to be a quarter of the tap voltage as equation (20). For each tap change operation,
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only one tap contact moves to the other tap and two tap contacts are either at the bridging
position or the non-bridging position. Therefore, the step voltage change Vi s half of the tap
voltage Vi as equation (21). Due to the existence of the circulating current in the branch loop,
the upper and lower branches do not share exactly half of the load current. So, the upper
branch current /z; and lower branch current /z> are derived as equations (22) and (23),
respectively. The load current is the sum of /p; and /2, as shown in equation (24). The injected
voltage from the regulation transformer, V¢, regulates the load voltage to the nominal value

as equation (25).

1
Vhias1 = Vbias2 = ZVconvl (19)

1
Veql = Veqz = ZVtap (20)

1
Vstep = EVtap 2D
1

I, = Elload + Icirculating (22)
Ip; = Elload - Icirculating (23)
Lioaa = Ip1 + Ip2 (24)
Vicaa = Vlload + Vreg (25)

When two tap contacts are at the bridging position, the voltage sum of bias windings
and equalizer windings is equal to the tap voltage as equation (26). By solving equations (19),
(20), and (26), bias winding voltages are derived as equation (27). The circulating current can

be expressed as equation (28).

Vtap = Vbiasl + Vbiasz + Veql + Veqz (26)
1
Vbiast = Vbiasz = ZVtap (27)

1
Icirulating = EVtap/w(LBl + Lpy + Lyz1 + Lyaz) (28)
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When two tap contacts are at the non-bridging position, the bias winding voltages are
equal to the equalizer winding voltages in a reverse polarity as equation (29). By solving
equations (19), (20), and (29), bias winding voltages are derived as equation (30). The

circulating current can be expressed as equation (31) and it is in the reverse polarity of which

in the bridging position.
Veql + Veqz = —(Vpias1 + Vpias2) (29)
1
Vhiast = Vbias2z = _ZVtap (30)
1
Icirulating = - EVtap/w(LBl + LBZ + LM21 + LM12) (31)

For the arcless tap change operation, Converter 1 does not change the voltage
distribution in the branch loop but regulates the target branch current to zero by injecting
current through the connected winding of the bias transformer under current control mode.

For the load voltage regulation, the maximum and minimum voltage injections to the
load are analyzed by the power balance law between two power converters. When the load
power factor is unity, only the active power delivered between two converters is used for the
load voltage regulation, which also applies to most SVRs in the distribution system. Since all
winding voltages in the branch loop are in phase with the source and load voltages, the
circulating current only affects the reactive power and it can be neglected for converter active
power analysis.

When all the load current flows through the upper branch, the active power absorbed
by Converter 1 is expressed as equation (32). The voltage and current relationships of the
regulation transformer windings are expressed by equations (33) and (34) based on the turns

ratio. Hence, the active power of Converter 2 is expressed as equation (35). Because of the
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power balance between two converters as equation (36), the maximum injected regulation

voltage is derived as equation (37) by solving equations (32), (35), and (36).

Peonn = Viiastl1 = Viiastlioaa = 7 Veaplioad 32)
Veonva = 4Vreg (33)

Ieonva = %Iload (34)

Peonvz = Veonvalconvz = Vreglload (35)
Peonv1 = Peonvz (36)

Vieg max = ZVtap = %Vstep (37

When all the load current flows through the lower branch, the active power generated
by Converter 1 is expressed as equation (38). By solving equations (35), (36), and (38), the

minimum injected regulation voltage is derived as equation (39).

Peonvi = —Vbias2Ip2 = —Vbias2lioaa = _ZVtaleoad (38)
1 1
Vreg_min = _ZVtap = _EVstep (39)

Two different control strategies are implemented for two converters under the
arcless mode and the regulation mode. Fig. 4.6 and Fig. 4.7 show control algorithms for
two converters under the arcless mode and regulation mode, respectively. Parameter names
in the control diagrams are marked in red in Fig. 4.1 correspondingly. V; is the source
voltage. Vg 1s the DC bus voltage. Icon and Ieon2 are the input current of Converter 1 and
Converter 2. Ip; and I3; are the upper and lower branch currents. Vo is the load voltage.
Under the arcless mode in Fig. 4.6, Converter 2 works as the rectifier to regulate the DC

bus voltage while Converter 1 works as the inverter to suppress the target branch current.
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Figure 4.6 Arcless mode: (a) Converter 2 control, (b) Converter 1 control

Fig. 4.7 shows control algorithms for stepless load voltage regulation. Under the
regulation mode, Converter 1 works as the rectifier to regulate the DC bus voltage while
Converter 2 works as the inverter to compensate the load voltage to the nominal value.
Different power draw from the bias transformer leads to different branch current
distribution for /z; and /..
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Figure 4.7 Regulation mode: (a) Converter 1 control, (b) Converter 2 control
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4.5 Simulation Results

The full-scale simulation model of the device is developed in Matlab Simulink.
The simulation parameters are listed in Table V. For the standard SVR ratings, the
distribution transformer power rating is 2.6 MVA and the voltage regulation range is +10%
with £8 taps in total. Every step voltage change is 48V which is half of the tap voltage. The
proposed hybrid voltage regulator only requires 8.16 kVA converter capacity to cover the
gap between each step voltage, which is 0.31% of the distribution transformer rating in the
proposed hybrid voltage regulator.

Table V. SIMULATION SPECIFICATIONS

Parameter Value
Source voltage 7620 V
Load current 340 A
Tap voltage (Vi) 9% V
Equalizer winding voltage (Ve,) 24V
Bias winding voltage (Vias) 24V
Regulation voltage range £24V
DC bus voltage 400 V
Converter capacity 8.16 kVA
System rated power 2.6 MVA
Converter switching frequency 10 kHz

Fig. 4.8 shows the simulation results of a successful arcless tap change operation
replicating the operation sequence shown in Fig. 4.3. The inverter, which is Converter 1 in
the arcless tap change operation, starts to work at 0.1 s. The upper branch current /5; is
suppressed to zero before and after the mechanical tap change which happens at 0.5 s and
ends at 0.54 s. The tap starts to move at 0.5 s when the upper branch current is suppressed to

zero so that the arc can be eliminated for the mechanical tap change, which shows the
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Figure 4.8 Arcless tap change mode simulation results

successful arcless tap change operation. The upper branch current /3; keeps being suppressed
to zero after the mechanical tap change to avoid possible tap contact bouncing arc. When the
upper branch current is zero, the lower branch current /3> is doubled when the load current
flows entirely through the lower branch. Converter 1 is disabled at 0.8 s. Converter 2 proceeds
to the next regulation range after the tap change.

System performance under the voltage regulation mode is presented in Fig. 4.9. To
verify the stepless voltage regulation function, open-loop control is implemented for
Converter 2. The output voltage of Converter 2 through the regulation transformer ramps up
from -24 V to +24 V from 0.5 s to 2.7 s. Converter 1 works as the rectifier to provide power
for Converter 2 under the regulation mode. During the voltage ramping-up, the load voltage
can be regulated continuously from negative to positive half step voltage. Therefore, the
stepless voltage regulation is achieved by the power converter injecting regulation voltage in
series with the load. At 1.7 s, the load voltage reaches the nominal voltage of 7668 V at the
bridging position. Load voltage increases as /z; and /> have different distributions in the

branches, which indicates the power flow change from the bias transformer. The load voltage
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Figure 4.9 Voltage regulation mode simulation results

is below the nominal tap voltage before 1.7 s while Converter 1 absorbs active power from
Converter 2, during which time /52 is larger than /z;. After 1.7 s, the load voltage is higher
than the nominal tap voltage while Converter 1 generates active power from the bias
transformer and supplies it to Converter 2, during which time /z; becomes larger than /5. It
is verified that different current distribution in the upper and lower branches can provide
power for the load voltage regulation. In short, the two converters can support each other to

achieve both arcless tap change and stepless load voltage regulation.

4.6 Converter Power Loss and System Efficiency

Since the power converter in the proposed hybrid voltage regulator works
continuously to regulate the load voltage, the system efficiency impact needs to be evaluated.
Based on the simulation specifications in Table V and the transformer turns ratio design, the
600V, 120A IGBT is selected as the device reference model [41]. The PLECS model of the

selected IGBT is imported in PLECS for converter power loss simulation. PLECS simulation
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uses similar mathematical modeling for electric circuits as Matlab Simulink and it is also
capable of device thermal simulation. The imported device PLECS model reflects the device
switching and conduction losses simultaneously during the simulation by matching the device
loss value accordingly with the instant device voltage, current, and temperature in a lookup
table The simulation conditions are the same as the parameters in Table V. The steady-state
IGBT case temperature is at 70 °C. The converter power loss is simulated for -24V, -12V, 0V,
12V, and 24V load voltage regulation, respectively. Different load voltage regulations
correspond to different converter power and power flow direction.

Based on the PLECS simulation results, the converter power loss breakdown is shown

in Fig 4.10. For the load voltage regulation mode, Converter 1 is the rectifier while Converter
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2 serves as the inverter. Since the regulation transformer secondary side is coupled with the
inverter (Converter 2) load current, the inverter conduction loss and switching loss do not
change much when the load voltage regulation varies. However, the bias winding is a voltage
source for Converter 1. The conduction loss and switching loss of the rectifier (Converter 1)
change significantly when the load voltage regulation varies. The reason is that the Converter
1 input current from the bias winding changes along with the load voltage regulation.

The simulated total system efficiency is presented in Fig 4.11. The estimation assumes
that the conventional SVR efficiency is 98%. Although the total converter power loss is up to
1 kW, the maximum converter power loss is less than 0.04% of the total system power.
Therefore, the system efficiency impact from the power converter power loss can be
negligible in the load voltage regulation. While the converter is at light load condition with
poor converter efficiency at zero load voltage regulation, the absolute power loss is at the

Simulated System Total Efficiency (%)
ANpmin = 0.02 %

98.00

97.95
97.90
o Conventional SVR
97.85 Efficiency
Proposed Voltage
Regulator Efficiency
97.80

-24v -12v ov 12V 24V
Load Voltage Regulation
Figure 4.11 Simulated system total efficiency
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minimum value for the system. So, the system peak efficiency of 97.98% happens at zero load

voltage regulation condition, where the efficiency impact is only 0.02%.

4.7 Prototype Test Results

A scaled-down experimental platform is developed in the lab to evaluate the prototype
performance, as shown in Fig. 4.12. The main transformer is a tap changer transformer with
5 taps. A tap changer mechanism and an Eaton CL-7 voltage regulator controller are utilized
to make tap changes in the experiment. The source voltage is 240V and the load is rated at
288V, 10A, and 3 kW. The power converter DC bus voltage is designed as 200 V as the
maximum injected voltage at the inverter side is 96 V. Other detailed parameters of the scaled-
down prototype test are listed in Table. VL. It is noted that only the current rating and SVR’s
primary-side input voltage are scaled down in the experimental platform while the tap voltage

and other winding voltages are the same with the medium-voltage model including the

Table VI PROTOTYPE TEST SPECIFICATIONS

Parameter Value
Source voltage 240V
Load voltage 288V
Load current 105 A
Load power 3 kW
Tap voltage (Vtap) 9% V
Equalizer winding voltage (Veq) 24V
Bias winding voltage (Vbias) 24V
Regulation voltage range 24V
Maximum required converter
250W/8.4%
power/percentage of the system
DC bus voltage 200 V
Converter switching frequency 10 kHz
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regulation voltage range. Therefore, the converter power percentage is 8.4% in the scale-down
prototype. A DSP TI 28379D controller is used to implement the proposed arcless tap change
and voltage regulation control. An interface board is designed to communicate between the
DSP controller and the power converter.

Arcless tap change function is validated first when Converter 2 operates as the
rectifier to regulate the DC bus voltage and provides power for Converter 1. The hardware
tests show the full operation process of arcless tap change in Fig. 4.13 (a). When Converter
1 is started, the upper branch current /; is suppressed to zero after a few cycles and the
lower branch current /2 is doubled as the full load current is flowing through the lower
branch. It can be observed that the upper branch current keeps being suppressed to zero
before and after the tap change, which is contributed by the inverter output voltage

compensation strategy proposed previously in the Section of Arcless Tap Change. As
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Converter 1 is disabled after the tap change, the upper and lower branch share the load
current equally again and the load voltage lowers down to the next step range. The load
voltage and current waveforms during the arcless tap change are shown in Fig. 4.13 (b).
After the mechanical tap change, the load voltage and current are lowered down. The upper
and lower branch current distribution variation and the current rebalancing process do not

affect the load voltage Viyua and load current /joqq sinusoidal waveforms.
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Figure 4.13 Arcless tap change waveforms: (a) full operation process, (b) load voltage and
current waveform during the arcless tap change

To further evaluate the advantage of arcless tap change operation, the detailed

electric arc impact comparison is shown in Fig. 4.14. The contact voltage Veonwcr represents
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the voltage between the upper branch metal contact and the transformer tap contact. When
tap contacts are separated from each other, Veone: changes from zero to a non-zero value.
Therefore, the criteria to determine the existence of the electric arc is when both the contact
voltage and the upper branch current /3; are non-zero. And the electric arc in Fig. 4.14 (a)
and the sparks in Fig. 4.14 (b) are indicated accordingly. In Fig. 4.14 (b), I5; is re-conducted
after it first goes to zero and a few sparks also exist. The reason is that it takes a distance

and a short time for two metal contacts to completely separate. And it is unavoidable to
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Figure 4.14 (a) Conventional SVR tap change waveform, (b) Arcless tap change waveform
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have the contact mechanical bouncing and reconnection during the mechanical tap
separating movement.

The current data are collected from the oscilloscope and processed in Matlab. And
the ampere-second number of the //'% integration, in Equation (18), is 0.077 As for the
conventional tap change with arc and 7.3 x 10 As for the arcless tap change. Based on the
scale-down experiments, the contact erosion rate of the arcless tap change is significantly
reduced by 1055 times compared with the conventional mechanical tap change with the arc.
The erosion rate difference can be even more significant in the medium voltage SVR since
the load current is much higher than the scale-down prototype and it is more difficult to
extinguish the electric arc.

Therefore, the electric arc of the mechanical tap change is eliminated and the
proposed arcless tap change operation is achieved successfully.

For the voltage regulation function, Fig. 4.15 (a) illustrates the load voltage is
regulated to 288 V while the source voltage ramps up from 220 V to 260 V. The equivalent
load voltage variation is +24 V. Close-loop control is achieved in the load voltage regulation
hardware test. As the source voltage changes below and beyond the nominal value of 240
V, the injected regulation voltage changes from +24 V to -24 V. It determines the power
flow direction between the power converters, which eventually influences the current
distribution in the upper and lower branches. Therefore, different /z; and /> distribution can
be observed as the source voltage changes. As indicated by the dashed line in Fig. 4.15 (a),
the source voltage increases from 220 V to 260 V maximum value. When the source voltage
is below 240 V, the upper branch current /3; is larger than the lower branch current /3> and

Converter 1 provides active power for Converter 2 to increase the load voltage to the



nominal value of 288
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V. When the source voltage is beyond 240 V, the upper branch current

Ip; becomes smaller than the lower branch current /> and Converter 1 absorbs active power
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from Converter 2 as Converter 2 lowers down the load voltage to the nominal value of 288
V. The load voltage can be regulated continuously while the source voltage varies
continuously so long as it is within the regulation range. The residual currents of /> at the
beginning of the voltage regulation process and /Ip; at the end, respectively, are the
circulating current in the branch loop which is necessary to keep the voltage balance in the
branch loop and the voltage between the two adjacent tap contacts. Fig. 4.15 (b) and Fig.
4.15 (c) are the zoom-in waveforms of Converter 2 voltage and current when the source is
under-voltage and over-voltage, respectively. The different polarity of Converter 2 voltage
and current indicates the opposite power flow directions of the converters under different
voltage regulation conditions, where the branch current distribution also varies as seen from
the upper branch current /p;.

Based on the hardware test results, arcless tap change operation and load voltage
regulation function are both verified. And the experimental performance matches the
simulation results of the full-scale system. The power flow direction and current distribution
correspond to the circuit analysis under different operation modes and conditions

Due to the partially rated power converter in the proposed topology, the efficiency
impact to the conventional tap changer is much smaller compared to power electronic
transformer and hybrid transformer. The scale-down prototype system's total efficiency is
calculated by measuring the source and load active power for different voltage regulation
conditions. The prototype's total efficiency is presented in Fig. 4.16. For the scale-down
prototype of the conventional SVR, the measured efficiency is 97.2%. For the proposed
hybrid voltage regulator, the prototype's highest total efficiency is 96.6%. As shown in Fig.

19, the maximum power loss due to the converters is 2.2% of the system's total power. Since
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both converters are industrial power assemblies where the switching devices are 1200V/100A
IGBTs, the efficiency of the over-sized converter is relatively lower than the custom-designed
converter.

The highest total efficiency is 96.6% when the source voltage is at 240V nominal
voltage and no voltage regulation is required. As the source voltage deviates from the nominal
voltage, a larger regulation voltage is injected and lower efficiency is observed. As the
converters deliver more power at 220V and 260V source voltage, the converter efficiency
becomes higher, but the absolute power loss of the converter becomes larger. Therefore, the
total system efficiency becomes lower when the source voltage deviates from the 240V
nominal voltage. It matches the total system efficiency analysis in Section IV which is based
on the PLECS simulation results.

As shown in Table V, the converter is rated at 0.31% of the total system power in the
full-scale medium voltage model. Considering the maximum converter power is 8.4% in the

scale-down prototype due to lower input voltage, the medium voltage total system efficiency

Prototype Total Efficiency (%)

98
97.2%
97 96.6%
95.82%
96 95.35%
95% 95.12%

95

Anmax =2.2% — Conver)t!onal SVR
94 Efficiency

Proposed Voltage
Regulator Efficiency

93

220 230 240 250 260

Source Voltage (V)

Figure 4.16 Measured prototype system efficiencies
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can be much higher than the scale-down prototype. And most commercial low-frequency
transformers present at least 98% efficiency. Since the maximum converter power loss is less
than 0.04% of the total system power based on the full-scale model PLECS simulation results,
the projected efficiency of the proposed hybrid voltage regulator in the medium voltage
application is at least 97.96%.

To conclude, the proposed hybrid voltage regulator is a high-efficiency solution to
achieve both arcless tap change and stepless voltage regulations. Longer operation lifetime,
accurate voltage regulation, and high efficiency are the advantages of the proposed hybrid
voltage regulator.

In this chapter, a hybrid voltage regulator based on conventional SVR and a
fractionally rated (0.31%) power converter is proposed. The new device achieves both
arcless tap change and stepless voltage regulation functions. Simulation and experimental
results verify that the electric arc can be eliminated when tap changes. This reduces the
contact erosion rate by 1055 times and significantly extends the lifetime of the voltage
regulator. Fast and accurate voltage regulations are also guaranteed by the proposed hybrid
voltage regulator. Both functions are achieved by a back-to-back power converter with
different control strategies, which are validated by the scaled-down experimental results.
The power converter capacity of the proposed solution in the full-scale distribution system
is only 0.31% of the distribution transformer power rating, which significantly reduces the
additional power converter cost and achieves a high system efficiency in the medium
voltage applications. The proposed solution requires minimal changes to the existing SVR,
but eliminates the arcing nature of these tap changers and achieves accurate and stepless

load voltage regulation. The proposed solution will significantly enhance the reliability and
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lifetime of the voltage regulators, meanwhile, improve the voltage fluctuations in the

distribution system due to renewable integrations.
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CHAPTER 5: HYBRID TRANSFORMER BASED ON INTERLINE POWER
CONVERTERS

The hybrid transformer is mostly used for voltage regulation and var control with a
fractionally rated power converter, which reduces the device cost and increases the overall
efficiency compared with the Solid State Transformer (SST). Conventionally, the voltage
is compensated by injecting voltage in series with the load. This paper proposed a new
hybrid transformer based on interline power converters for voltage regulation. The
maximum power delivered by converters is reduced in half compared with the conventional
series compensation configuration for the same voltage regulation range. Therefore, the
proposed hybrid transformer exhibits a higher overall efficiency covering a wide range of
voltage regulation. Comparison between the conventional series voltage compensation
method and the proposed interline power converter-based method is presented based on
the operation principle, the converter power, and the overall system efficiency.

In power distribution systems, distribution transformers are widely applied to
provide isolation between different voltage levels. The voltage drop across distribution
lines and power delivery variation can be frequently observed in distribution systems.
Therefore, some voltage regulation devices are implemented to regulate the load voltage.
Step voltage regulator (SVR) has been utilized in power distribution systems for decades
to regulate the voltage step by step while the voltage regulation speed is limited by the tap
changer mechanism. In recent years, voltage variation can be observed more frequently
due to renewable energy penetration and the power generation variation from distributed
energy resource (DER). Arcless tap change technologies and other accurate voltage

regulation methods are discussed in previous chapters. However, distribution transformers
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are expected to achieve fast voltage regulation with cost-efficient solutions. Dynamic
voltage restorer (DVR) at medium voltage level is to compensate voltage sag and swell for
transient voltage variation. Solid-state transformer is an advanced technology rated at the
feeder’s full power. Hybrid transformer solutions present the advantages of high efficiency
and low cost. The distributed var control is also available for the hybrid distribution
transformer. The controllable network transformer in [42] and the interline power flow

controller in [43] provide new configurations for voltage regulation.

5.1 Proposed Hybrid Transformer Based on Interline Power Converters

The configuration of the proposed hybrid transformer is shown in Fig. 5.1. An
additional winding which is placed in series with the secondary winding covers the
complete load voltage regulation range. Two series transformers are connected in series

with top and bottom branches, respectively. An interline back-to-back power converter

Vtop |
° + 2 - ;top
Inverter
DC
AC
Rectifier
1
AAAS o
) IbOt
2 >
- +
Vot Y IIoad
Vsec
Load Vload

Figure 5.1 Proposed hybrid transformer
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connects two series transformers in the middle. The converter regulates the DC bus voltage
while the inverter controls the bottom winding voltage Vo, so the load voltage can be
regulated and the top winding voltage Vi, changes accordingly. The load voltage can be
expressed by equation (40) and the nominal load voltage, as equation (41), is acquired
when Vo and Vior are both half of the additional winding voltage V,unge. Equation (42) and
(43) show the current and voltage distribution relationships in the top and bottom branches
where /;p and Ipo are top and bottom branch current respectively. Rectifier power P;.. and

inverter power Pj,, can be calculated by equation (44).

Vioaa = Vsec + Vot (40)
Vioad(nominat) = Vsec + 0.5 Viange (41)
Ltop + Ipot = lipaa (42)

Viange = Viop + Vbor (43)

Brec = Vtopltop = Pinw = Vpotlpot (44)

For the same voltage variation between AV from the source, the top and bottom

branch voltage and current curves are illustrated in Fig. 5.2. As the regulation voltage

V N N AN AN
top Itop Vbot Ibot
MPP MPP
0 0 0 0
-AV VS_nom +AV -AvV VS_nom +AV
Top winding V/I curve Bottom winding V/I curve

Figure 5.2 Top and bottom winding V/I curve (MPP: maximum power point)
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changes from —AV to +AV, the branch winding voltage and current change with different
slopes. However, for the conventional series voltage compensation strategy, the series
transformer winding current is constant as the load current but the series winding voltage

varies linearly with the regulation voltage AV.

5.2 Comparison Between The Proposed and The Conventional Methods

To compare the proposed hybrid transformer and the conventional hybrid
transformer based on series voltage compensation, a reference distribution load model is
provided in Table VII. To simplify the model, an 80-kW resistive load is used for both
transformer models. Both systems target on 10% load voltage regulation range for the 4
kV/20 A nominal loading condition. Based on the same reference load model, the hybrid
transformer parameters of the two solutions are listed in Table VIII and Table IX. For the

conventional series regulation solution, the maximum converter power is proportional to

Table VII REFERENCE LOAD MODEL SPECIFICATIONS

Parameter Value
Source voltage 4kV
Nominal load voltage 4kV
Load current 20 A
Resistive load power 80 kW
Voltage regulation range +400 V
Voltage regulation percentage +10%
Pseries(max) = AV - lipqa (45)
V;*ange =2-AV (46)
Pinterline(max) = 0-5Vrange ) O-Slload (47)

= O.SPSeries(maX)
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Table VIII PROPOSED HYBRID TRANSFORMER SPECIFICATIONS

Parameter Value

Primary winding voltage V. 4kV
Secondary winding voltage Vi, 3.6kV
Additional winding voltage Vunge 800V

Nominal branch current o/ Ipor 10 A
Nominal branch voltage Viey/ Vio: 400 V
Maximum converter power 4 kW
DC bus voltage 800V

Series transformer turns ratio (N) 1:2

Converter switching frequency 10 kHz

the voltage regulation range. Specifically, 10% converter power is required for 10% load
voltage regulation range. In the proposed interline-based hybrid transformer, it is noted that
the additional winding voltage V,anee needs to cover the entire voltage regulation range of

800 V while the nominal branch current is just half of the load current. Based on equation

Table X CONVENTIONAL SERIES HYBRID TRANSFORMER SPECIFICATIONS

Parameter Value
Primary winding voltage V. 4kV
Secondary winding voltage Vi 4kV
Nominal load current /jpaq 20 A
Regulation voltage range AV 400 V
Maximum converter power 8 kW
DC bus voltage 800V
Series transformer turns ratio (N) 1:1
Converter switching frequency 10 kHz
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(45)-(47), the maximum converter power of the interline hybrid solution is 4 kW which is
half of the maximum converter power in the conventional series solution.

For the conventional series solution, the rectifier is connected with a shunt winding
on the main transformer and only provides power for the inverter to regulate the load
voltage. However, for the proposed interline solution, the rectifier participates in the top
branch voltage control as well to change the voltage distribution in the top and bottom
branch loop, which contributes to the lower maximum converter power and the higher

overall transformer efficiency.

5.3 Simulation Results

The proposed hybrid transformer based on interline power converters is developed
in MATLAB Simulink to verify the operation principles. The system parameters are the
same as in Table VII and Table VIII. Rectifier and inverter are both H-bridge configuration.
In the simulation, the load voltage close-loop control is implemented. The simulation
results are shown in Fig. 5.3. From 1s to 2s, the source voltage increases from 3.6 kV to 4
kV, and the load voltage is regulated to 4 kVrms nominal voltage. The top winding voltage
increases while its current decreases. On the contrary, the bottom winding voltage and
current change in a reverse pattern. Meanwhile, the total of the top and bottom winding
voltages is the same with the regulation range voltage V;ange. The total of the top and bottom
winding currents equals the load current. Equations from the previous analysis are verified

by the simulation results. The voltage and current changes in the simulation results match
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the previous model analysis in Fig. 5.2. The operation principles are verified by the

simulation results.
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5.4 Converter Power Loss and Overall Efficiency Comparison

To further investigate the converter power loss and the transformer overall
efficiency, simulation models of the conventional series solution and the proposed interline
solution are developed in PLECS. The transformers are ideal in the simulation. Based on
the converter ratings, Infineon IGBT IGW60T120 rated at 1200V and 60A is selected as

the switching devices in the converter. The operation temperature is 70 degrees Celsius.

Loss Breakdown (Watts) - Interline Solution

519
500 464
400
300 232 252
200 188
100
0
Source Voltage 3.6kv 3.8kvV 4 kY 4.2 kV 4.4kV
Inv Cond. Loss 3.48 9,93 24,97 33.51 118.02
= Inv Sw. Loss 63.52 67.54 94,64 147.38 281.17
M Rec Cond.loss  138.68 30.01 13.27 7.29 2.74
® Rec Sw. Loss 313.46 124.88 55.47 64.07 63
Loss Breakdown (Watts) - Series Solution
500
429
400 393
332 324
300
259
200
100
0
Source Voltage  3.6kv 3.8kv 4kv 4.2 kv 4.4kv
Inv Cond. Loss ~ 46.73 47.07 4736 47.65 47.92
w Inv Sw. Loss 156.88 157.5 157.38 157.47 158.02
mRec Cond. loss  55.02 20.97 1.01 17.69 40.87
M Rec Sw. Loss 170.17 106.37 53.4 101.37 146.74

Figure 5.4 Converter loss breakdown. (Up: proposed interline solution, down: conventional
series solution.)
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The converter total power loss and the loss breakdown are shown in Fig. 5.4 based on
different source voltage while the load voltage is regulated to 4 kV. It is observed that the
rectifier and inverter switching loss and conduction loss are highly related to the current
flowing through the converter. Therefore, in the conventional series solution, the inverter
power loss does not change much since the inverter current is constant as the load current
while the rectifier power loss increases when the source voltage deviates from the nominal

voltage. For the proposed interline solution, the rectifier loss decreases, and the inverter

Converter Power Comparison (Watts)
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e |nterline Solution ~ ======Series Solution

Figure 5.5 Up: converter power comparison, down: transformer overall efficiency.
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loss increases when the source voltage increases from 3.6 kV to 4 kV, which is also related
to the top and bottom branch current distribution. It is noted that the absolute converter
power loss of the proposed interline solution is lower than which of the conventional series
solution across a wide range of the load voltage regulation, so the transformer overall
efficiency of the interline solution is also higher than the series solution as shown in Fig.
5.5. Meanwhile, the maximum converter power of the interline solution is half of which of

the conventional series solution.

5.5 Conclusion and Future Work

In this chapter, a new hybrid transformer based on interline power converters is
proposed for voltage regulation. The operation principles are analyzed and validated by the
simulation results. The proposed hybrid transformer presents a higher overall efficiency
covering a wide range of voltage regulation and requires half maximum converter power
compared with the conventional series voltage compensation configuration for the same
voltage regulation range. For future work, a scale-down prototype will be developed to
further verify the voltage regulation function and operation principles and a more detailed

comparison between the two solutions will be included in the future.
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CHAPTER 6: INVESTIGATION ON SERIES-CONNECTED VOLTAGE
REGULATION TRANSFORMER

In modern power distribution systems, power electronics-based devices are
expected to solve issues, such as fast voltage regulation, flicker compensation, and var
control, which are not able to be achieved from the conventional step voltage regulators
(SVR). This chapter proposed a new topology of the hybrid voltage regulation transformer
(VRT). The feasibility and capability of var control are investigated for different load
power factors and input voltage percentage when the voltage regulation does not exceed
the power converter capacity. The simulation results illustrate the feasibility of
implementing var control while the load voltage is being regulated. The var control
implemented on the VRT can regulate the reactive power for each feeder in the distribution

system in addition to the voltage regulation function.

6.1 Proposed Series-Connected Voltage Regulation Transformer

The configuration of the proposed VRT is shown in Fig. 6.1. The inverter injects
regulation voltage in series from the primary side of the VRT through the upper and lower
series transformers. Due to the special inverter output connection and series transformer
polarity as shown in Fig. 6.1, the source current /s is divided equally through the upper and
lower paths as /i and /7, as shown in equation (48). With a shunt winding on the VRT
supplying energy to the power converter, the series voltage regulation can be implemented
constantly without energy limitation.

To analyze the voltage relationships, the upper and lower series transformer

injected voltages are denoted as Vy and V. The series transformer turns ratio is N;. The
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Figure 6.1 Proposed voltage regulation transformer
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source voltage, load voltage, and inverter output voltages are Vs, V7 and Vi, respectively.
From the transformer winding flux linkage relationship, equation (49) can be derived and
the load and source current relationship can be derived as equation (50). In the series
transformer loop, the inverter output voltage multiplied by the series transformer turns ratio
is the sum of Vy and Vi, as shown in equation (51). In equation (52), the load power is the
sum of the source power and the inverter output power. By solving equation (48)-(52), the

voltage relationships in the proposed VRT can be derived as equation (53).

Iy =1, = 0.5 (48)
0.5n.Is + nyls = n3ljp0q (49)
loaa = "5 I (50)

Vg + Vi, = NViny (51)
Vioaalioaa = Vsls + 0.51s(Vy + V) (52)
Vioaa = 7oz (Vs + 2Vimy) (53)

np +0.5n1
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6.2 Investigation on Var Control Capability

As the power converter regulates the voltage, there is also var control capability of
the power converter if the converter's active power does not exceed the power capacity of
the converter. The system parameters are listed in Table X. The power converter capacity
and the voltage regulation range are rated at 10%. The var control capabilities and the limits
are the focuses of the investigation besides the voltage regulation function. The benefit of
var control from the power converter is that the power converter can share the reactive
power control responsibilities of the conventional var control components in the
distribution systems, such as STATCOM and other types of synchronous compensators.
At the same time, the distributed var control can be implemented for each feeder in the

distribution system.

Table X SIMULATION SPECIFICATIONS

Parameter Value
Power rating 50kVA
Source voltage 7200 V
Nominal load voltage 120V
Load current 417 A
Converter capacity 5kVA
Voltage regulation percentage 10 %
DC bus voltage 400 V
Series transformer turns ratio (Ny) 8:1
Converter switching frequency 10 kHz

Fig. 6.2 is the voltage regulation vector analysis for different loading conditions
and voltage regulation angle conditions. The blue dashed circle is the target load voltage
magnitude, while the brown dashed circle is the injected regulation voltage range. The

intersections of the two circles mark the range of the regulated load voltage which can fall
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on the dashed blue circle between the two intersections. Ve, is the injected regulation
voltage. V'’ is the original load voltage at the VRT without voltage regulation. ¢ is the
angle between Vioas and Ij0as which is determined by the load power factor. ¢, is the angle
between Vi,ua and V'’ which is determined by the injected regulation voltage. The equations
of the two dashed circles can be expressed as equation (54) and (55). By solving (54) and
(55), the coordinates of two intersections are (56) and (57). The coordinates are the points
where the maximum var control is obtained. The load active power and the active power
provided by the source can be expressed as equation (58) and (59), respectively. With the
exact coordinates of the maximum reactive power points, the angle ¢, can be calculated by
equation (60). As the inverter injected active power is the difference of the source and load
active power, as equation (61), the maximum reactive power can be expressed as equation
(62). It is noted that the var control capability is doubled because the rectifier and inverter

can both inject reactive power to the system shown in Fig. 6.1. The active power going

x? +y? = 12072 (54)
(x—=V"H2+y%2=122 (55)
7128 vr
= + - (56)
y:qui 1202 — x?| (57)
P, = Vipaalioaacos(@L) (58)
P = V,Iloadcos (oL — @r) (59)
i |1202_(7128+£)2|
— cin~-1( Y\ = cin-1 vi_ 2 (60)
@, = sin (Vload) = sin™ (. -
Piny = P, — By = Vigaalioaacos (1) — V,Iloadcos (oL — @r) (61)

Qmax = 2 ’O-lsszys - Pi%w = 2\/0-15523/5 = [Vioaalioaaos (@) — V'Iipaqcos (@1, — )] (62)
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through the rectifier and inverter is the same, hence the residual reactive power capacity is
also the same for two converters.

Based on equation (62), the relationship between the maximum var control
capability, load power factor and the input voltage percentage Vi, can be plotted in
MATLAB, as shown in Fig. 6.3. It can be observed that the var control capability range is
the same when the power factor is 1. And the inductive load and capacitive load shows an
opposite trend of the maximum var control range when the power factor is not unity.

For cases that the load voltage is only required to be regulated within a band limit,
Fig. 6.4 gives an example of vector analysis when the load voltage is regulated within +5%

band limit. The shaded area in Fig. 6.4 is where the load voltage can be regulated. The

@ ©
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Figure 6.2 Voltage regulation vector analysis: (a) inductive load (+¢r) leading regulation (+o;),
(b) inductive load (+¢r) lagging regulation (-:), (c) capacitive load (-pr) leading regulation (+o;),
(d) capacitive load (-¢v) lagging regulation (-o;)
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Figure 6.3 Var control capabilities for fixed load voltage magnitude (120V): (a) inductive load
(+@v), (b) capacitive load (-@r)

maximum var control capabilities are illustrated in Fig. 6.5. It is indicated in Fig. 6.5 (c)
that the converter can obtain maximum var control when Vi, is within £5% range.
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Figure 6.4 Voltage regulation with +5% load voltage band limit
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Figure 6.5 Var control capabilities: (a) inductive load, (b) capacitive load, (c) 2-D plot when
power factor is 1

6.3  Simulation Results on Var Control Capability

Based on the proposed VRT in Fig. 6.1, a simulation model is developed to verify
the previous analysis on the var control capability. The simulation condition is the same
with the parameters listed in Table XI. As the source voltage changes, the voltage of the
50kW resistive load is regulated to 120 V and the power converter utilizes the residual
capacity to achieve maximum var control points. In Fig. 6.6, the source voltage is at 7.2
kV rated value. The inverter maximum var control of 5 kVar is achieved from 1 to 1.5 s
and the rectifier maximum var control of 5 kVar is achieved from 1.5 to 2 s. As a result,
the power converter absorbs the reactive power from the source, which is 10 kVar in total.

In Fig. 6.7, the source voltage is at 7.92 kV which is the maximum rated voltage
regulation of +10%. The load power is regulated to 50 kW while the power converter has
no residual capacity for the var control. Therefore, the source reactive power is zero during
the voltage regulation. The var control capacities when the source voltage is at 0 and +10%

regulation correspond to the previous analysis in Fig. 6.3 when the load power factor is 1.
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Figure 6.6 When Ve 1s at rated 7.2 kV, the active and reactive power of: (a) the load, (b) the

source

In this chapter, a new voltage regulator topology is proposed for the hybrid voltage

regulation transformer. The var control capabilities and limits for different input voltage

percentage and load power factor are analyzed, which helps to fully understand the

capability of the reactive power compensation for conventional voltage regulation devices.

The simulation results validate the feasibility of implementing var control while the load



81

Pload(W)
O R, N W DA U O

1000 T T
800

Qload (Va r)

0.6 0.8 1.0 1.2 1.4
Time (Seconds)

16 18 2.0

P_source

Psource (W)
O R N W H U O

X10°

QGUTCE(Var)
N W A

o
L

e

0 0.2 0.4
(b)

L
0.6 0.8 1.0 1.2 1.4
Time (Seconds)

1.6 1.8 2.0
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voltage is being regulated. Var control capability of the VRT can expand the reactive power

control capacity of the distribution system. The distributed var control from the VRT can

relieve the stress of the conventional var control devices in the power distribution systems,

such as STATCOM, Static Var Compensator.
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CHAPTER 7: CONCLUSION AND FUTURE WORK

7.1 Publications

The following list is a summary of my main publications.
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and Exposition (ECCE), 2020, pp- 4857-4863, doi:
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Regulator Based on Series-Connected Converter for Branch Current Suppression,”
in IEEE Journal of Emerging and Selected Topics in Power Electronics, doi:
10.1109/JESTPE.2020.2989164. [45]

Y. Wang, X. Xu and T. Zhao, “An Arcless Step Voltage Regulator based on
Paralleled Power Electronics Converter Configuration,” 2020 IEEE Applied Power
Electronics Conference and Exposition (APEC), 2020, pp. 1006-1011, doi:
10.1109/APEC39645.2020.9124495. [46]

Y. Wang, X. Xuand T. Zhao, “An Arcless Voltage Regulator Based on Hybrid Tap
Changing Topology,” 2018 9th IEEE International Symposium on Power
Electronics for Distributed Generation Systems (PEDG), 2018, pp. 1-4, doi:

10.1109/PEDG.2018.8447789. [47]
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7.2  Conclusion

This dissertation introduces the background of conventional step voltage regulators

and the related issues with the conventional SVR. Challenges from the modern power

distribution system are analyzed, such as arcing of tap change, voltage fluctuations, voltage

sag and swell and voltage flickers. Based on the analysis, a technology roadmap of the

proposed research work is presented to solve the related issues step by step. The literature

review is also presented on the existing technologies for system-level solutions, arcless tap

change methods, and PE-assisted voltage regulation. Multiple research works are

conducted to solve the pre-existing issues. The main contributions are listed below.

The proposed arcless voltage regulator can eliminate the arc by suppressing one
target branch current before the mechanical tap changing movement. Arc
comparison with the conventional SVR is also conducted based on the arc
erosion rate. More practical functionalities, such as reactive power
compensation and advanced load voltage regulation, are verified on the
proposed arcless voltage regulator.

The proposed arcless SVR integrates more functionalities, such as advanced
load voltage regulation and volt/var control, in a single piece of equipment, so
it shares the function of other similar devices, such as static synchronous
compensators, in the existing distribution systems, which can eventually bring
more flexibility to the planning and operation of the distribution system.

A hybrid voltage regulator based on conventional SVR and a fractionally rated
power converter is proposed. The new device achieves both arcless tap change

and stepless voltage regulation functions.
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Arcless tap change operation reduces the contact erosion rate and significantly
extends the lifetime of the voltage regulator. Fast and accurate voltage
regulations are also guaranteed by the proposed hybrid voltage regulator. The
power converter capacity of the proposed solution in the full-scale distribution
system is only 0.31% of the distribution transformer power rating, which
significantly reduces the additional power converter cost and achieves a high
system efficiency in the medium voltage applications.

The proposed solutions above require minimal changes to the existing SVR, but
eliminates the arcing nature of these tap changers and achieves accurate and
stepless load voltage regulation. The proposed solution will significantly
enhance the reliability and lifetime of the voltage regulators, meanwhile
improve the voltage fluctuations in the distribution system due to renewable
integrations.

A new hybrid transformer based on interline power converters is proposed for
voltage regulation. The proposed hybrid transformer presents a higher overall
efficiency covering a wide range of voltage regulation and requires half
maximum converter power compared with the conventional series voltage
compensation configuration for the same voltage regulation range.

For the proposed voltage regulation transformer, the var control capabilities and
limits for different input voltage percentage and load power factor are analyzed.
Var control capability of the VRT can expand the reactive power control

capacity of the distribution system. The distributed var control from the VRT
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can relieve the stress of the conventional var control devices in the power

distribution systems, such as STATCOM, Static Var Compensator.

7.3  Future Work

For future work, it can be addressed from two perspectives,

From the research and development perspective, the proposed voltage regulation
transformer based on the interline topology needs to be further investigated. Hardware
testing needs to be continued and completed for functional validation of voltage regulation
and var control capabilities. In all proposed solutions and circuit configurations, the back-
to-back power converter is an over-sized commercial power assembly. IGBT devices are
over-qualified for the scale-down prototypes. Therefore, the design of power converters
needs to be customized with the proper power rating, multi-level topologies, and wide-
bandgap (WBG) switching devices, which will further reduce the power loss and efficiency
impacts from the power converters [48] - [49]. Due to the existence of DC bus in the AC-
DC-AC stages, all proposed topologies can be interconnected with local DC microgrids if
necessary, which enables more different types of applications of the smart distribution
transformers. Power flows are more flexible with local DC microgrids. Furthermore, local
low-voltage DC loads can be supplied from the DC stage.

From the utility application perspective, the reliability and efficiency of the
distribution transformer are always prior concerns. For the fractionally rated power
converters, reliability enhancement and efficiency improvement are necessary for the

proposed hybrid voltage regulator to be comparable to the conventional SVR. The
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reliability is not limited to the tap changer mechanism itself but is the reliability of holistic
systems including the power converters. Other measures that actively monitoring the
reliability and working status of the power converter are required. The proposed smart
distribution transformers or voltage regulators should be investigated further at system
levels since the smart transformers are capable of distributed advanced functions, such as
flicker and sag/swell compensation, distributed var control, etc. Especially for the
distributed var control capability, the stress of conventional var control devices, such as
static var compensator (SVC) and STATCOM, will be relieved as var control can be
implemented at multiple nodes where SVRs are located. The proposed hybrid voltage
regulator and the proposed voltage regulation transformer are promising solutions to
benefit the modern distribution systems in voltage regulation, var control and power flow
control. The development of smart distribution transformers is as important as the
development of Distributed Energy Resources (DERs), distributed power generation, and

renewable energy technologies for modern power distribution systems.
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