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Distribution transformers are one of the pillars of the distribution grid. They are the interface between the medium and low-
voltage grid, stepping-down the voltages to a safe and usable range for the end-users.
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| 1. Introduction

Distribution transformers are characterized by being a highly-robust and low-cost solution, being available in different
winding configurations and power ratings according to the grid requirement and mounting type . Transformers have an
average lifetime above 35 years under rated conditions 2.

Power quality is a term employed when referring to the power system voltage and current waveform quality at different
points of the grid (1. Low power quality phenomenons can be generated by the users, for example when consuming
nonsinusoidal and unbalanced currents. Weak grids can be a source of low power quality, providing unbalanced and
variable frequency voltages, among others. IEEE Std 1159-2019 and IEEE Std 519-2014 give guides on power quality
measurements and recommended practice to comply and guarantee a good quality service ¥IB. Some effects of low
power quality are high voltage peaks that can damage equipment, heating, losses, acoustic noise, and lifetime reduction
in equipment. For utilities, low power quality is translated into additional losses on transmission lines and generators or
the failure of power systems elements that can jeopardize the correct grid operation 8. The abnormal grid operation can
cause considerable economic losses to the operator and end-user. Therefore, power quality problems must not be
neglected [,

Low power quality is more pronounced in distribution systems, due to the high number of variable, nonlinear and
unpredictable loads connected to them. As low voltage distribution grids are supplied by distribution transformers, these
can be highly affected by the low power quality presented in these systems. When operating under these conditions, the
transformer suffers higher core losses, which increase its hotspot temperature. This is a critical variable, as it relates to
the winding isolation degradation and, therefore, the decrease in transformer lifetime (8],

Distribution transformers can be subject to different power quality problems in distribution grids when supplying nonlinear
currents and nonlinear voltages 291 |ndustrial applications, such as elevators, rolling mills, arc furnaces, among others,
consume high amounts of current in shorts periods, worsening distribution grid operation. Power quality issues, such as
flickering, can be generated due to the operation of industrial machinery 1. Additionally, new kinds of loads establish new
operating conditions for distribution transformers and the grid, for which they were not designed. For example, high
penetration of wind and photovoltaic systems connected to the grid through power converters add a degree of uncertainty
to the grid operation due to the high variability of these resources and also due to the harmonics injected by the power
converters 12, The distributed characteristic of these systems makes it possible that the voltage profile on the distribution
grid can increase close to the connection points under high penetration periods 12|, This scenario can represent a
problem for grid control systems, such as transformer tap changers, making them switch when it is not required 4. On
the other side, the widespread of electric vehicles can overload the grid. Electric vehicles fast-charging algorithms tend to
delay the vehicle charging process to the night, due to economic incentives 22! This scenario can overload the distribution
transformers, reducing their lifetimes €. Several methods are proposed in order to reduce the impact on distribution
transformers—for example, utilizing the power converter of distributed renewable energy resources for volt-var control,
smart control system, intelligent and coordinated charging algorithms and including the distribution transformer hotspot
model into the power converter control systems, the use of battery energy storage systems in order to operate in periods
of high energy demand, among others [LEI[L7](18]



The regulating capabilities provided by a distribution transformer are limited. To deal with slow dynamic voltage variations,
they are provided with on-load taps commutating systems, which allow for modifying the winding ratio without
disconnecting the load. Nonetheless, these systems operate in a discrete manner and with dynamics in the order of
seconds. Additionally, they are the main transformer failure cause, which jeopardizes the distribution grid and adds
additional maintenance costs. The use of electronic assisted taps commutating systems is available, allowing one to
decrease the commutation times and losses. Nevertheless, they suffer additional conduction losses and operate in
discrete voltage steps as well 19, Distribution transformers do not have mechanisms to mitigate load current harmonics, it

being necessary to design them to operate under these conditions. These transformers are known as k-rated transformers
[20]

There are several solutions based on power electronics converter to mitigate distribution grid power quality problems.
Custom Power Devices (CPDs) are power electronics-based solutions connected to the low-voltage grid that allow for
mitigating for different power quality problems. Among these solutions, the Distributed Static Compensator (D-STATCOM)
allows for compensating for current-based power quality problems. The Dynamic Voltage Restorer (DVR) injects a series
voltage to the distribution line, which compensates for voltage disturbances. Finally, it is possible to compensate for
voltage and current using a Unified Power Quality Compensator (UPQC) (8. The effects of low power quality problems on
distribution transformers, end-users, and utilities variate according to the selected solution. For example, the D-STATCOM
can mitigate current harmonics generated by the load, reducing the distribution transformer stress. Nonetheless, the load
can suffer from supply voltage disturbances, which can not be directly compensated by this unit. The latter is not the case
for the DVR, which provides fast voltage correction. Nevertheless, harmonics currents generated by the load are not
compensated by it, reducing the distribution transformer lifetime. As the UPQC combines both compensators in one single
solution, it can provide sinusoidal voltages and currents to the load and distribution transformer, respectively. Its benefits
on the distribution transformer depend on the connection points. For example, when the UPQC is connected to the
primary-side, it can actively regulate the transformer voltage. Meanwhile, when it is connected to the secondary-side, the
UPQC can provide harmonics mitigation and power factor correction, among others. Nonetheless, in both cases, one
variable is not compensated. Additionally, unless storage systems are included, CPDs can not mitigate inrush currents
generated by the transformer startup process or by sudden voltage variations. These systems are capable of mitigating a
variety of power quality issues, but the distribution transformer is not fully protected from the unpredictable distribution grid
operating conditions.

Solid-State Transformers (SSTs) are an attractive solution to cope with power quality problems, replacing conventional
distribution transformers. They are based on power electronics, which allows for fast and precise voltage and current
control 21, Nonetheless, the efficiency of these systems is lower compared to other existing solutions, due to the
necessity of operating with a high number of submodules, power conversion stages and the processing of the complete
power flow. Compared to a distribution transformer, the complexity of an SST, the additional power electronics, and
protection systems makes the SST a yet less reliable option 22, In addition, SSTs are far more expensive compared to
Low-Frequency Transformers (LFTs) of a similar power and voltage level. New power converter topologies, control
systems, and redundancy are reducing this gap 23!,

Hybrid distribution transformers (HDTs) combine a distribution transformer with one or more power electronics conversion
stages, which are designed to operate at a fraction of the distribution transformer rated power. Nowadays, the available
configurations, topologies, and control objectives are diverse. The HDT concept is presented in Figure 1. As can be seen,
the HDT is the interface between the medium and the low-voltage grid, where the HDT is any nonspecific combination of
power electronics modules with the distribution transformer 24, Compared to other solutions, as they are based on the
idea of the partial power converter, the control capabilities are limited to the power converter rating, which is typically
between 10% and 20% of the transformer rated power 25, Additionally, for the same reason, the efficiency of the power
converter stages has a low impact on the overall conversion efficiency. The use of protection systems, such as bypass
switches, varistors, and DC-Link clamping circuits, increases the power converter losses and volume. Nonetheless, due to
the partial power converter, the protection systems have an insignificant impact on the overall efficiency and volume 28
(27 There is no restriction on the power converter location, with works reporting several different connection possibilities,
i.e., medium and/or low voltage side connections, each with its own advantages and disadvantages. Therefore, the HDT
configuration and power converter location will determine the power converter topology, semiconductors rating, and the
provided compensation [28],
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Figure 1. Hybrid distribution transformer (HDT) concept.

One of the main concerns with the applicability of new technologies in the grid is power system reliability. LFT can operate
for several seconds under grid failures, such as short circuits. In contrast, power converters have a very limited short
circuit current supplying capacity. Therefore, solutions based completely on semiconductors, such a SSTs, are not
applicable to the actual power system yet (23, On the other hand, some HDT configurations can operate under faults, as
the HDT configuration allows for the power converter to be disconnected during the fault, letting the DT supply the short
circuit currents, preserving the grid reliability 281, We must be reminded that HDTs have attracted the attention of the
industry, where ABB has filed several patents relating to their control, configurations and applications [BB1I[32](33]

| 2. Ancillary Services Provided by Hybrid Transformers
2.1. Distribution Transformer Inrush Current Mitigation

There are several methods to reduce the impact of inrush currents at the moment of the distribution transformer
connection. For example, connecting the transformer phases in sequences at optimal moments. Nonetheless, it is
possible to use the shunt stage of HDTs to mitigate their impact. In this scenario and based on Figure 2, using a prefluxing
technique, in which the converter induces a magnetic flux equal to that induced by the grid at the connection instant,
reducing the impact on the inrush currents generation. Once the transformer is connected to the grid, the power converter
can be synchronized to the secondary side to initiate its normal operation, regulating the secondary side voltages and
currents. When it is desired to disconnect the transformer, it is possible to use the same technique in the reverse order
until the transformer flux is zero. This feature is proposed utilizing the configuration of Figure 2e along with a DC storage
system connected to the DC-Link to provide the necessary energy to magnetize the transformer 241,
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Figure 2. HDT configuration for inrush current mitigation.

Alternatively, the same configuration can be applied to reduce magnetizing flux DC offsets, which generate inrush
currents. The mitigation is carried out by the power converter module connected to the auxiliary winding, modifying the
core flux 23],

2.2. Distribution Transformer Additional Capacity

By means of a parallel connection of an SST, such as configuration of Figure 2j, and by utilizing active and reactive power
control, it is possible to increase the capacity of an LFT. This scenario is represented in Figure 3. The power control is
designed to supply a desired load proportion, while being able to provide power quality problem mitigation services. This
solution is carried out without a considerable volume or complexity increase. Proposed solutions integrate a full rated
power converter in parallel to the conventional transformer [281I371(38],
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Figure 3. Increase in an LFT capacity by means of a HDT.
2.3. Hybrid Transformers to Provide Virtual Inertia

In DC-Link configuration-based HDTSs, it is possible to employ DC storage systems or distributed generation systems,
which can be used to provide grid frequency support. This is highly attractive in low-mechanical inertia grids, where the
use of HDTs can be exploited 2, Additionally, if multiple units are employed in a power system, they can have an
important effect even in stiff grids. Figure 4 shows the DC system integration to the HDT DC-Link to provide grid
frequency support.
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Figure 4. HDT with virtual inertia.

By means of an external control loop, it is possible to improve the grid inertia, which allows us to soften the frequency
dynamic behavior under contingencies, providing primary frequency support. The control is based on modifying the

converter injected power according to the grid frequency variation, emulating the synchronous generator mechanical
equation [49[41],

2.4. Renewable Energy Systems and New Kind of Loads Integration

Photovoltaic or wind generation systems can be integrated into the grid through conventional transformers. Their
electromagnetic characteristic has a high impact on power quality, especially during low radiation and low wind speed
periods. This operating scenario is translated into low injected active power by the renewable generating units and makes
the magnetizing transformer currents considerable with respect to load currents. The generated harmonics by this
phenomenon mainly depend on the winding connection type and the harmonic content presented on the grid voltage.

Figure 5a shows the presented scenario employing a HDT, which uses the configuration of Figure 2j. It allows for the
attenuation of the renewable systems impact on the power electric system through an appropriate control system, which
accounts for the transformer currents into the model. By doing this, the grid current on the medium voltage side is
proportional to the current injected by the renewable generating units for all radiation and wind speed range. Additionally,
it is possible to design the controllers to operate with unit power factor if the converter rated power allows it 421,
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Figure 5. HDTs for the integration of renewable systems and new kind of loads. (a) Renewable systems integration. (b)
Electric vehicle charging station.

New kind of loads, such as electric vehicles, can produce additional stress on distribution transformers, for instance during
multiple charging processes occurring at evening and night-time, specially at the domiciliary level 8. The use of a HDT,
such as exemplified in Figure 5b, can be beneficial for the HDT lifetime, as the power converter can be used to dampen
the power consumption and also avoid LFT overloading.

2.5. Decentralized Control of a HDT for Voltage Regulation in Active Networks

The expansion of distributed generation on the grid adds several challenges into the distribution network planning. One of
the main challenges is the effect of the intermittence of the renewable sources, which can have a big impact on the
voltage profile of the distribution network. Therefore, the use of smart devices and control techniques are required in order
to cope with these challenges.

Active distribution network can take advantage of HDTs in order to improve the voltage profiles. For example, the HDT
configuration of Figure 2e can be utilized to provide voltage control to the low-voltage side by means of the series
converter. On the other hand, the power converter connected to the auxiliary winding can absorb/inject a limited amount of
reactive power which, in conjunction with other HDTs or smart devices, can provide voltage regulation to the medium-
voltage buses.

Multiple HDTs, as shown in Figure 6, can be coordinated in order to regulate the voltage magnitude of the medium-voltage
buses, while optimizing the reactive power injection/consumption of the HDTs. This task can be done in a decentralized
manner, utilizing HDTs controlled with local variables, exclusively (43],
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Figure 6. Active distribution grid voltage regulation by means of HDTs.
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