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Abstract

It is anticipated that the most suitable alternative of conventional transformers in

the coming future will be solid-state transformers (SST), owing to its numerous

advantages, which have extensively been reported in the recent literature. SST

can operate at a much higher frequency and voltages, as compared to conventional

transformers, consequently results in reduced size of the transformer. Literature

review suggests that the researchers have mostly concentrated on the designs of

individual stages of SST, and missing a collective work required to demonstrate

the whole SST design and analysis. In previous literature, lack of intentions has

also been given to the harmonic reduction strategies. In this thesis, the design

and analysis of a three-phase 11 kV/415V, 100 kVA SST operated at 20 kHz fre-

quency,has been presented for the electric power distribution system. Shunt active

power filter is used to improve the stability and reduce the THD, along with multi-

stage dual active bridge (DAB) converters and sinusoidal pulse width modulation

(SPWM) inverter. A mathematical model of SST has also been developed, based

on analytical calculations, and has been implemented in MATLAB as well. The

proposed methodology reduces the overall size and offers precise power flow con-

trol. Additionally, can also maintain better power quality, high power factor, and

very low total harmonic distortion (THD) of current. Our simulation results verify

the design, showing an excellent power factor and performance by a reasonable

reduction in THD, from 130.09% to 1.2%.
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Chapter 1

Introduction

The power generation network has three major components categorized as power

generation, transmission, and power distribution. Among them, the power trans-

former plays a vital role. Power transformer step-up voltages at the generation side

at high efficiency as well as provide long-distance transmissions. The voltages step

down at the substation, that is further utilized for industrial as well as domestic

purposes, via a distribution system. Many enhancements have been implemented

to improve the performance of a conventional power transformer. Nevertheless, a

conventional power transformer (CPT) still exhibits many drawbacks; for exam-

ple, large size, heavy-weight, high cost, de-rating due to harmonics, poor power

quality [1] and poor voltage regulation [2].

Nowadays, power generation via renewable energy resources [3] has become a pop-

ular source for generating electricity. The integration of a CPT in a smart grid

[4] is also challenging, i.e. reactive power control, integration Storage and DC-

distribution. A possible solution to overcome all these challenges and drawbacks

is a solid-state transformer (SST) also called the power electronic transformer. The

solid-state transformer has some advantages over conventional power transformer

which are,

• Lighter weight and smaller in size [5, 6].

1
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• Harmonic elimination [6].

• Active and reactive power control [7].

• Voltage regulation and voltage Sag compensation [8].

• Power factor correction.

Although SST has many advantages over a conventional power transformer, still

SST technology is not mature enough to be implemented in our grid system. In

this chapter, the introduction of SST and topologies will be discussed.

1.1 Background

A device that transfers electrical energy from one circuit to another circuit through

magnetic coupling without any motion between its parts is known as Transformer.

A transformer is usually used to increase or decrease the voltage levels among its

circuits. It consists of two or in some cases more than two coupled windings or

coils and a magnetic core. When alternating current is applied at the primary

side of the transformer, it produces magnetic flux, due to mutual induction; this

alternating flux will induce an EMF in the secondary winding, which results in

current flow in the secondary winding.

Power quality is one of the most significant concerns in the power generation

network (i.e. voltage Sag and swell), to overcome these issues, smart-grid is a

possible solution, that operates in a way to ease or avoid problems related to

power quality [9, 10].

The solid-state transformer (SST) is an integral part of smart grids. SST not only

helps to handle electricity routing but also provides advantages when utilized in

a distribution grid. For example, it reduces the high current offered by the short

circuit voltage dip and reactive power. But a trade-off between these advantages

and the cost is required. One more thing that is of concerned while designing the

SST is its complexity [11–13].
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SST has low cost as compared to the conventional transformer, as SST designed

with high power and voltage semiconductors [5, 6]. Due to switching losses in

the semiconductor, the efficiency of SST is lower as compared to the conventional

transformer. Therefore, we need techniques that will reduce the switching losses

of semiconductors. These techniques are zero voltage switching or zero current

switching. To reduce or eliminate the switching losses, resonant switching tech-

niques are implemented by zero voltage or zero current switching.

The reliability of SST should be considered while designing SST, as it is not as

much reliable as compared to the conventional transformer due to its complex and

complicated design. Therefore, we need improvement in the design to make it

less complicated. Over the past decade, extensive research showed that SST is an

adequate possible solution that will replace the low-frequency bulky transformer

[14–19].

Power electronic devices are available in the market, which has much fewer switch-

ing losses and possess high power and frequency at a low price. Subsequently, for

a cost-effective and more reliable design, these switching devices must be used in

the SST design. In that way, SST can be used instead of a conventional power

transformer [20].

With immense advancements regarding electronic power device technology, their

competencies and advantages have also played a critical role in the notable research

related to the development of SST [21].

1.2 Solid-State Transformer

The ”solid-state transformer” technology was first brought to discussion during the

1970s. In which a design was proposed, that stepped-up and stepped-down the

applied voltages as a conventional transformer. The design was the same as that

of the conventional transformer, with AC as input and output. Another method

was proposed in the same year, which has an AC-AC converter that operates at
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high frequency. That art-of-the-work enlightened the idea of a basic solid-state

transformer with an AC-AC converter [22].

Later on, extensive work has been done on SST proposing different design method-

ologies, control strategies, topologies, and their operation [23].

During the past few years, SST technology has been progressing rapidly, and it has

also been reported that this technology is the best replacement for a conventional

low-frequency transformer in the modern power generation system. SST design

is compatible with all voltage levels (i.e. High, medium, and low) at any side of

the transformer (a primary and secondary side). Centralized power generation

network with SST shown in figure 1.1.

Figure 1.1: Centralized Power Generation Network With SST.

Pakistans generating electric power is 11-18 kV. To transmit power from generating

units to consumers, a power transformer is usually employed that steps up the

voltage up to 500/220/132/66 kV. At distribution substation, transformer steps

down the voltages back to 11 kV, from that point, pole-mounted transformers are

used to further drop the voltages up to 230/415 V for industrial and residential

consumption.

Numerous SST designs have been introduced based on isolated AC-AC conversion,
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which might be able to substitute the CPT in the distribution system. A few of

them have been suggested in some cited literature [21, 24, 25].

The primary purpose of SST is to attain the voltage transformation, which is done

by low to medium-frequency isolation and reduced weight and volume of SST as

compared to the same rated conventional power transformer.

The basic structure of an SST is shown in figure 1.2.

Figure 1.2: Basic SST Diagram.

In the basic structure of the SST, medium-frequency transformer (MFT) is used to

achieve isolation. The grid voltage is applied at power electronic-based converters

(PEBC).

PEBCs are used to transform a grid voltage into medium-frequency AC voltage

so that it can be applied at the primary side of the MFT. While at the secondary

side of the MFT, a reverse procedure is adopted so that AC is obtained for the

load.

1.2.1 Solid-State Transformer Topologies

According to [25] solid-state transformer has been classified into three significant

topologies, which are

1. SST with single-stage

2. SST with two-stages

3. SST with three-stages
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1.2.1.1 Single-Stage SST

The main functionality of single-stage SST (shown in figure 1.3) is based on a

transformer that has medium-frequency isolation, which can convert AC (Alter-

nating current) at a medium voltage to low voltage AC without using a DC link

(Direct current). A DC link is a link that provides the connection between the

rectifier and inverter.

Figure 1.3: Single-Stage SST.

1.2.1.2 Two-Stage SST

The second topology of SST has two stages, shown in figure 1.4. In the first stage

medium voltage, AC is converted to low voltage DC which is further converted

into low voltage AC at a second stage called the inverter stage. This topology uses

a DC link at a low voltage side.

Figure 1.4: Two-Stage SST With DC-link.

1.2.1.3 Three-Stage SST

The third topology of SST has three stages, shown in 1.5. The first stage acts as a

rectifier, the second as a DC-DC converter, and the third stage as an inverter. At

the first stage medium voltage, AC is converted into medium voltage DC, at the
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second stage medium to low voltage DC-DC converter is used that converts the

medium voltage DC into low voltage DC. In the third and the final stage, a low

voltage inverter is used to convert the low voltage DC back to low voltage AC.

Figure 1.5: Three-Stage SST.

Due to flexibility in design and the chance of performance improvement at all

stages, SST with a three-stage topology has the best potential to replace the

conventional power transformer [20, 21].

1.3 Harmonics In Power System

The occurrence of non-linear currents and voltages in power distribution systems

has recently increased due to the availability of inexpensive and reliable power

converters. The existence of harmonics in electrical systems results due to distorted

and deviation of current and voltage from the sinusoidal waveform.

Several non-linear power electrical devices caused non-linear currents and voltages

when used in the power distribution system. Devices that can generate non-linear

currents include transformers, induction motors, and power electronics devices

(i.e., rectifiers, inverters).

Harmonics affect the performance of the power supply system. The main dis-

advantages are the maximum likelihood of resonance, an overload of the neutral

conductor, increased losses in electrical machines, electromagnetic interference in

communication systems, and overheating.

By using filters, harmonics content from the system can reduce; different methods

are available for this purpose. These filters can be a passive filter or an active

filter.
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1.3.1 Harmonics Mitigation

By using filters, harmonics content from the system can reduce; different methods

are available for this purpose. These filters can be a passive filter or an active filter.

When passive elements are used to make the filter, then such a filter is called a

passive filter, i.e. the inductor and capacitors. In contrast, analogue electronic

filters are mostly active filters, which are primarily being used in high voltage

supply applications.

1.4 Power Converters

Due to the great possibilities of power electronic converters interfacing between

components and voltage levels in the power grid, power electronic converters are

regarded as important components for SST. One of the most critical requirements

for connecting two voltage levels in any design of a distribution system is galvanic

isolation. A transformer is a component that enables galvanic isolation by trans-

ferring energy between two voltage levels through the electromagnetic field of a

transformer without any electrical connection.

An SST comprises a combination of power electronic converters medium-frequency

transformers. With SST in the distribution system, the various voltage levels are

galvanically isolated using a medium-frequency transformer of the SST configura-

tion, which considerably reduces the size and weight of the converter compared to

conventional transformers having the same voltage and nominal power.

1.5 Motivation

Even though conventional transformers are very efficient, they still have many

drawbacks, i.e. they are bulky, the voltage drop under load, problems related

to the power quality, and sensitivity to harmonics. To overcome these problems,

an alternative device was required, which should also offer bidirectional power
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flow, reactive power compensation, volume and weight reduction, as well as the

harmonic reduction. The above functionalities can be attained by instigating the

idea of an SST.

SSTs have been recommended for several applications such as train traction, elec-

tric vehicle charging systems, offshore wind farms, and tidal power plants. Due

to continuous improvements in the field of power semiconductor devices and more

efficient converter topologies, more research has recently been devoted to the im-

plementation of SST in distribution systems and the intelligent power supply sys-

tems.

To overcome future problems related to the power supply systems and the recent

focus on SST applications in power distribution systems, the motivation for this

study is therefore to propose a three-stage SST topology based on the multi-level

structure of the converter.

1.6 Thesis Overview And Structure

This thesis comprises six chapters, distributed as follows:

In Chapter 1, an introduction covering background, SST technologies, Harmonic

mitigation, power converters, and thesis overview

Chapter 2 covers the extensive literature review on the stages and design of a

solid-state transformer, various strategies for controlling an active power filter,

and an isolated DC-DC converter. Literature research is deeply organized so that

each part is discussed separately.

Chapter 3 covers the three-stage of SST. This chapter is divided into four parts.

First part is mathematical model of SST, in which voltage equations of all three

stages (AC-DC rectifier, DC-DC converter, and DC-AC inverter stage) are demon-

strated. The second part is AC-DC controlled rectifier, the third part is DC-DC

converter, in which the DC-DC converter stage is illustrated. DC-DC converter
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stage is based on a multi-level dual active bridge and medium frequency trans-

former. Furthermore, this chapter also focuses on the design of a medium fre-

quency transformer. The third and final stage DC-AC inverter of SST is pre-

sented. DC-AC inverter is based on a three-phase voltage source inverter. And

the methodology used to design an inverter is based on sinusoidal pulse width

modulation.

In Chapter 4, the harmonic mitigation technique is presented, which is one of

the main objectives of SST. The method used for harmonic mitigation is based

on Shunt active power filtering. The two main parts of SAPF, reference current

generation (based on p-q theory) and current injection control techniques (based

on hysteresis current control) are discussed.

Chapter 5 presents the results accomplished through the simulation of the pro-

posed design.

Chapter 6 The overall conclusion and the recommended future work of our thesis

are discussed in this chapter.

Figure 1.6: Thesis Overview.
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1.7 Summary

In this chapter, the Solid-state transformer (SST) introduction has been covered.

It is also suggested that SST will offer the best possible solution to replace con-

ventional transformer due to many advantages. An overview of SST topologies is

also carried out, in which three-stage SST is considered as the most acceptable

among them due to its design flexibility and performance. Power quality and its

issues were also pointed out, in which harmonics represent the major problem.

Afterwards, an overview of the power inverter devices is presented.



Chapter 2

Literature Review

2.1 Introduction

In this chapter, detail previous research work that has been done on the solid-state

transformer and its stages, have been provided with references. This chapter is

divided into four sections. In the first section detail, a general literature review of

SST is explained.

In the second section, the first stage of SST, which is an AC-DC rectifier, is dis-

cussed. DC-DC converter and its techniques are investigated in the third section.

While in the fourth and final section of this chapter, previous research work on

DC-AC inverter is presented.

2.1.1 Solid-State Transformer

Six topologies that are used for the implementation of SST have been introduced

and compared in reference [26]. These comparisons are not only based on regular

transformer performance but also include some extra characteristics (which are

voltage regulation and reactive power) that help in implementing of SST. The

comparison and simulation results show that SST with three stages is the most

suitable topology. Because of its control and other design parameters.

12
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A control scheme for power electronic transformer, based on its operation has

been established in reference [27]. The transformer has a control input stage that

controls the independent output stage, with the high-frequency link, results in

power factor correction, reduced harmonic injection, and voltage sags.

Detail review on SST previous research work has been introduced in reference [28]

the research work is based on technologies that are used in SST and have very

significant for their development. It covers high voltage devices, converters, and

high frequency required for transformers development. The research also provides

the SST applications used in the power distribution system.

The startup scheme for three-stage SST at high frequency has been discussed in

reference [29]. A comprehensive analysis of the current of the DC-DC converter

transformer during SST startup showed that the key solution for suppressing the

transformer current is to minimize the voltage difference between the primary and

secondary side of the transformer during the transition. Consequently, due to the

large voltage difference, the step-by-step process will result in a high transformer

current as the DC-DC converter is activated after the rectifier starts up.

The architecture of an electronic transformer (SST) in which harmonics are re-

moved by using power factor correction is explained in detail [30]. The proposed

architecture has neither used oil nor any other liquid as dielectrics. According

to design, faults are controlled in a way that they didn’t affect the distribution

system. The design is then simulated, and the result shows that the transformer is

self-protected and improved in power quality when compared to the conventional

transformer. The problem with the design is that it’s not only costly but also has

less efficient. Therefor needs to improve semiconductor switching for cost-effective

design.

A review based on SST that covers the research work on SST [31]. A complete

list of references is provided, which are based on SST, its application, design,

control strategies, modelling, testing, and topologies. It also includes the tables

on which prototypes and their models are implemented using real-time simulation

platforms and tools. It also points out some issues related to SST, which have low
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efficiency, a large number of semiconductor devices used, switching loss, filters,

and reliability. It is suggested that a three-stage SST configuration is the best

possible solution for the optimal design of SST.

SST uses and topologies, along with Pros and Cons, are reviewed in reference [32].

It also covers the analysis of these topologies concerning new demand and usage

of SST when integrated with renewable energy-based technologies. The analysis is

based on four properties which include the strengths of SST, i.e. its size and power

factor correction, its weakness, i.e. high cost and reliability, its opportunities, i.e.

integration with renewable energy and its possible threats, i.e. cost. The review

also includes the SST integrate with grid-connected wind turbines.

Conventional transformer, when operating at low frequency, became larger in size

and expensive. The use of an electronic transformer at high frequency can over-

come these problems without altering its conventional behaviour, i.e. Input and

output [33]. Static converters at both ends of the transformer (i.e. at primary and

secondary side) along with magnetic core are used. The design has the same con-

ventional core, which is of grain-oriented silicon steel. To overcome losses snubber

circuits along with capacitors filter are used, which follow a four-step switching

strategy. Experimental results show that an electronic transformer has high power

at high frequency.

An SST and its topologies are explained in detail [34]. These topologies based

on static converter along with magnetic circuits are linked with the primary and

secondary side of the transformer. The aim is to propose the design of SST, which

is smaller in size, has improved voltage regulation, efficiency, and reduced losses

produce in transformers. The proposed design, when operating at a high-frequency

process three-time more power as compared to low frequency.

Different type of auxiliary power supplies (APS) used for SST is introduced in

[35]. The main focus is on two APS, which are medium voltage and low voltage

per module. A static converter that has high voltage gain is used at a medium

voltage side while any static converter can be used at a low voltage side. The use
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of two APS per module results in more reliable SST when compare to one APS

per module. Power factor correction is also utilized in this technique.

Different topologies of SST are discussed in [36]. These topologies are classified

based on power electronic devices, high frequency, losses, size, and cost. These

topologies are based on a dual active bridge (DAB) and boost converters technolo-

gies. The result shows that SST with boost converter shows the highest efficiency

but with more power electronic devices. It also proposed the design equations and

calculation of current values for boost converter when used with SST.

The medium frequency transformer detail design parameter for their used in SST

is explained in [37]. The design is based on a water-cooled transformer that has a

high power density. The proposed transformer is a sub-part of a DC-DC converter.

The design is also proved with the help of the experiment. In this design water

cooling system has aluminium plates that are used to assert pressure in the core

and winding of the transformer; which results in transfer through heat skins. These

results are verified by using the finite element method (FEM) simulation, which

shows that this design not only cools the transformer but also reduces the eddy

current losses.

Solid-state transformer previous research work is reviewed [38], the research is

divided into three major categories which are medium-frequency transformer, AC-

AC converter, and SST applications. All these categories are explained in detail

in different sections..

Medium frequency SST efficiency and power are improved by investigating two

different available cores and copper materials [39]. It also includes practical aspects

of designing SST while using different cores and materials (Ferrite and Nano-

crystalline) and provides an optimal solution that also contains a cooling system.

The proposed analysis is called Pareto front analysis. The result shows that a

transformer with Nano-crystalline has higher losses as compared to Ferrite.

Different type of techniques used for solid stage transformer has been discussed

[40]. Most of the SSTs are not able to connect with the DC grid as they are
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compactable with high voltage DC (HVDC). It focused on modular technique

with a multi-level converter which is based on High voltage AC and DC and also

on low voltage AC and DC. Due to its compatibility HVAC, the proposed SST

easily connects with the DC grid.

SST with multiple cores PCB layout designs is proposed in [41]. The converter used

in the proposed is Dual active bride. The purpose design is to get the bidirectional

power flow and for switching devices to achieve zero voltage switching. For the

transformer, high efficiency at high frequency, a predicted method is introduced.

A cost-effective solution for SST, which uses AC-AC buck-boost converter is pro-

posed in [42]. The converter used in a way that it efficiently used semiconductors

devices and chopped AC links so that the transformer magnetic core size was re-

duced. The converter used only six devices for three-phase AC systems results in

a reduction of the size of the transformer as well as cost. The converter used in

the design is suitable for low power applications. The design needs for improve-

ment in converter design, which can be done by using a dynamic model based on

state-space averaging techniques. On a system in which periodic waveform is used.

A new design is proposed for SST by comparing a conventional transformer with

different models of SSTs [43].The main focuses are to introduce two topologies, one

in which the core size and weight of the transformer kept constant while change

the operating frequency to double. While in the 2nd case, the operating frequency

kept constant and reduced the size of the core. The result shows that option 1

is far better than 2nd one, due to low voltage drop, cost, and much better power

efficiency. The proposed design has one issue, which is humming noise, which

results due to keeping a core size constant while operating at high frequency.

Active power electronic transformer with improved power performance, when used

at high voltage, is introduced [44]. It has three stages with controllable input and

output. The module works on a single phase and provides galvanic isolation. So

that if there is any voltage fluctuation appears on the input side will not have any

effect on its output. The same is true if any disturbance happens at the output

side.
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2.1.2 SAPF And AC-DC Rectifier Stage

A review based research publications on active filters (AF) discussed in [45]. This

review is based on configurations of the active filter along with other control tech-

niques, components selections, and their uses. The focus is to provide complete

research to overcome the power quality issues using AF. The configuration based

on harmonic removal, compensating reactive power, and distorted current.

DC link voltage control techniques as a reactive current component are presented

in [46]. These techniques are compared with the conventional method in which

dc-link voltage control is used as an active component. The method used in these

techniques is based on the PWM method. When the PWM method with dc-

link voltage control as a reactive current component used as a startup process for

LC coupling hybrid active power filter it is noticed both dynamic reactive power

compensation, as well as the self-charging process, are achieved.

A shunt active power filters techniques which are based on a scheme called fast

response one cycle control presented in [47]. The improved method for one cycle

control strategy is explained in detail, along with its disadvantages. A triangu-

lar waveform is used in a design strategy along with a sensor to monitor current

and voltage. Due to fast response, it has improved response for non-linear loads

for eliminating harmonic contents. Through simulation results, it is shown that

performance and cost of design significantly enhanced when compared with con-

ventional strategies.

A scheme is proposed to eliminate the switching losses in [48]. To do this, the tech-

nique used is based on hysteresis band current control but has switching losses as

it operating at the high switching frequency. To overcome switching losses of con-

verter that is based on a hybrid active power filter a system is introduced called

adaptive fuzzy hysteresis band control, in which the fuzzy hysteresis band is de-

veloped by formalized the relationship between frequency and current harmonics.

A method is proposed to compute the upper as well as lower hysteresis bandwidth

[49]. The methodology used to control the current is adjacent to the current error
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zero-crossing time that computes the result when half the current error period is

passed. This methodology does not depend on load parameters therefor stable

switching frequency can be achieved. This methodology is implemented on hard-

ware which consists of an inverter that has three levels H-bridge. The advantage of

this strategy is that it overcomes the dead time effects without effecting different

parameters, i.e. bandwidth limits, current error, and switching states.

Two techniques are explained that are used to generate the reference current to

eliminate the harmonic contents [50]. These are instantaneous reactive power

(IRP) and synchronous reference frame (SRF) and for shunt active power filter.

In IRP theory, there is no need to remove the AC component as this theory does not

require a filter. For this reason, it is used in both states, i.e. steady and transient

state. The result shows that a later technique SRF has better performance in

terms of reducing harmonic contents form the system.

A method is proposed to design the controller for fundamental as well as for har-

monic contents, and the controller is based on an array resonant current to decrease

computational effort and act as a fundamental reference frame [51]. The technique

used to implement the controller, is pole-zero cancellation, to provide transfer

function with much better frequency response. For this, two design methodolo-

gies are proposed. Both techniques are designed in such a way that the overall

current controller is considered as a superposition of entire individual harmonic

controllers.

A shunt active power filter with a vector operation technique to overcome the

switching losses is introduced [52]. The method used for this technique is based

on a converter with sliding mode control. To do this two-dimensional frame is

used for voltage and current along with a modular and sliding mode controller.

The sliding mode controller is designed in a way that provides the sinusoidal wave

in which grid voltage and current are in phase, has a fast transient response,

eliminates device losses, and able to track the current.

A controller that has a fast response of tracking and accurate current and injects

the harmonic current into the grid is presented [53]. The method is based on
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adaptive fractional fuzzy, and the controller is based on the sliding mode technique.

The fuzzy system, when used with adaptive law, helps to find unknown controller

parameters. The proposed design is implemented on hardware, and real-time

performance is verified the result shows that when compared with the conventional

fuzzy system, it has more reliable performance, improved THD, and comparatively

fewer errors when tacking with more steady DC voltage.

An improved method for a predictive control algorithm in terms of waveforms har-

monic spectrum is introduced [54]. The improved modulated algorithm is based

on the cost function and eliminates the ripple current. The controller used in this

method is a single loop with self-synchronizing with a grid and has modulated

output but still provides better dynamic performance. To remove the harmonic

content from an active shunt filter, a reactive power compensation technique is

used. When compared with the classic algorithm, experimental results show that

the modulated predictive control algorithm has better control for the active filter-

ing system.

A design is suggested that control the harmonic produce in electric systems [55].

This consists of both types of loads, i.e. linear and non-linear. The recommended

design controls the distorted current and voltage waveform and reduces the in-

terference that appears at the source and load’s side. The design models with

steady-state limitations and power quality issues are also presented.

2.1.2.1 Reference Current Generation

In SAPF for reference current generation, a comparison of three control strategies

(IRP, SRF, and DFT) is proposed in [56]. At different load conditions performance,

these strategies are evaluated, which is based on THD in steady as well as in the

transient state. Among them, DFT shows the best performance both in steady

and transient states.

For reference current generation in SAPF, a comparative study is carried in [57].

The comparison is made between p-q and d-q theories, which are based on THD,



Literature Review 20

Power factor, and reactive power. Result suggests that d-q theory has better

performance as compare to p-q theory.

For optimal reference current generation in SAPF, a new algorithm is introduced

in [58]. This algorithm is based on Fourier series expansion, in which fundamen-

tal and harmonic currents are extracted. The simulation result shows that this

algorithm has generated an optimum reference current.

In SAPF for reference current generation, a recursive discrete Fourier transform-

based method is introduced in [59]. For the change in input frequency, the pro-

posed method accurately extracts the reference current, without effective system

performance. The proposed method is justified with the help of simulation results.

For reference current generation in SAPF, conventional methods for reference cur-

rent generation are reviewed in detail along with their advantages and disadvan-

tages [60]. These methods are divided into three groups which are time domain,

frequency domain, and other methods. In time-domain, p-q and d-q theories are

used for reference current generation. While in frequency domain FFT, recur-

sive DFT, short-time Fourier transforms, and wavelet methods are used. Other

methods, i.e. adaptive filtering and evolutionary computing, are also introduced.

2.1.2.2 Current Injection Techniques

Due to the presence of non-linear loads, current harmonics are generated which

need to be eliminated. One method that uses for such a process is SAPF. Current

injection is a technique that involves in SAPF design and is used to mitigate the

current harmonics by injecting reference current equal and opposite current in the

system parallel to the load, which results in making supply current wave shape pure

sinusoidal. In three-phase SAPF, for current injection, different control strategies

comparison has been made in [61]. These are delta modulation control, one cy-

cle control, and hysteresis current control. The performance of these techniques

depends on, how efficiently current is injected into the system and by calculating

the THD.
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A control algorithm based on a digital prediction of current injection, in SAPF,

has been proposed in [62]. When there is a change in voltage source and load

current has variation, the proposed method in a stationary state allows precise

compensation, using the FIR controller. The proposed design when the simulated

result shows improved behaviour.

2.1.3 DC-DC Converter Stage

A medium voltage intelligent universal transformer with its circuit and multi-level

converter is introduced in [63]. The transformer will isolate the disturbance caused

on both sides (Load side or Input side) due to its intelligent circuit. Therefore

transformer performance and quality are improved. The experiment result shows

that the output of the transformer is not affected by any kind of disturbance

produced by the load. Also, it generates an excellent sinusoidal waveform.

Five levels DC-DC converter to reduce losses that are produced by SiC devices are

presented in [64]. The primary purpose of this is to get a soft turn ON. This is

done by using three flying capacitors and run on a high frequency. Control logic is

also used so that loss in the duty cycle can be compromised. The overall advantage

of this converter is that the performance of SST is significantly improved.

A design in which a dual half-bridge (DAB) DC-DC converter is used is proposed

in [65]. The design consists of multiple DC-DC converters in series operate at low

voltage and high frequency in a way that switches losses will be minimal. In this

design, planar transformer coils are closed inside the PCB layers to reduce the

core loss and gain high power density.

An improved design of the DHB converter is proposed in [66]. In which adaptive

inductor is used along with phase shit DHB. In this design, the inductor controls

the phase shit as well as achieved the zero voltage switching when operated at

high frequency. An experiment shows that this design has improved efficiency

when used with both heavy and light loads.
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Multi-level inverter techniques and their control methodologies are introduced in

[67]. This includes diode and capacitor clamped and cascaded multi-level inverter.

The control scheme is based on PWM, removal of harmonics, and modulation,

i.e. vector space modulation. The purpose of this research work is to give an

idea of the selection of which technique and control scheme favours the most.

These methodologies and techniques didn’t include high voltage and high power

semiconductor devices, high-speed DSPs, and thermal management.

Transformer design in which high power DC-DC converter is used is presented

in [68]. The purpose of this design is to overcome three significant issues that

are facing when developing the transformer. These are voltage spike along with

losses caused by semiconductor devices, transformer winding loss, and the problem

caused by rectifier diode, i.e. voltage fluctuation. An improved snubber circuit is

used as a solution to voltage fluctuation, voltage spike, and switching loss.

Detail applications of the DC-DC converter, which has series input and parallel

output are explained in [69]. This converter is based on the current mode and

used a shared bus commercial off the shelf architecture for the DC-DC converter.

In this architecture higher side voltages (which are at the input of the system)

are converted into lower voltage (on output). So, the efficiency of the DC-DC

converter increased. It also explains in detail the topologies used for architecture

to control the voltage distribution. The final architecture still has a problem while

controlling the control distribution, which affects the converter performance hence

increased the power consumption.

The synthesis model of DC-DC converter running on medium voltage (4-40 kV)

with low voltage PWM and high-frequency converters is explained in [70]. The

model of converter simple in design and has high redundancy when compared

with previous models. All simulations are done when the converter is used in

closed-loop operation.

Overview of different topologies of power converter along with analysis of sinusoidal

PWM inverter is covered in [71]. There is also a comparison between different

types of PWM and sinusoidal PWM techniques. Sinusoidal PWM hardware is
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also implemented, and it’s shown that the total harmonic distortion of this type

of inverter is decreased when the modulating index is increased. .

Comparison of full-bridge DC-DC converter with half-bridge DC-DC converter

types on the biases of high power and voltage is explained in [72]. The main

focus is on high voltage IGBT when used in full-bridge and film capacitor when

used in half-bridge. The result shows that a full bridge will significantly reduce

the switching loss while in half-bridge, more controllability and protection are

achieved.

Power electronic transformer with improved efficiency and power factor has been

introduced in [73]. The converter used in this topology is, boost DC-DC converter

to reduce the harmonic performing active power factor correction. To get high

performance in DC-DC converter an isolated switch in introduce in the boost

converter. There is also a change in PWM at the output by some additional

logics. The simulation result shows that this design has achieved high efficiency

and power performance. This topology used variable hysteresis control for which

it has to be run on variable switching frequency which results in distortion at input

current.

A design in which a combined full-wave inverter, with converters at both sides of

the transformer, is suggested [74]. At input PWM based converter is used, and acts

as a low pass filter. The output converter used in this design is a matrix converter,

and it’s based on space vector PWM aim to eliminate harmonics produced at the

output. The main advantage of this design is that it uses less number of converters

as compare to other topologies. Also, there is no DC-link capacitor used in the

design. The purpose of this is to get better power factor correction. As this design

is based on space vector modulation, so more switching devices are required as

compared to conventional PWM.

SST performance analysis which is based on the modular converter so that losses

due to conduction, will be minimized [75]. For this, a dual active bridge along with

a full-bridge inverter is used. The topology used includes a multi-level cascade H-

bridge at the converter end, and DAB is at the DC-DC stage. A table with a
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manufacturing design condition is compared with hypothetical values and tries to

make the algorithm that finds the lowest conduction losses at every stage.

Introduce PWM inverter with neutral point clamped, and it compares with three

other inverters [76]. The experimental result shows that NPC PWM inverter has

less number of harmonic and has improved in performance and efficiency. It also

suggests that there is a need to remove 11th and 13th harmonic contact. NPC

PWM technique uses in series phase shift multiple inverters to eliminate these

harmonics.

For the medium-voltage converter used in SST, the three levels NPC converter

is the best possible solution [77]. The design consists of three stages of SST,

which are AC-DC (medium level voltage), DC-DC (galvanic isolation), and DC-

AC (Low-level voltage) converters. This multi-level voltage, methodologies are

used with a medium-level voltage range.

In this design at the AC-DC converter stage flying capacitors are replaced by

neutral point clamped (three levels).

A full-bridge is used to maintain the AC voltage, while in DC-DC converter half-

bridge is used to reduce the output voltage. To reduce the switching losses, two

methods are proposed, and their result is compared, these are Dual active bridge

and series resonant converter. And the result shows that DAB, when used in multi-

level voltages, has advantages over SRC. This three-level DAB, when used with

half-bridge, will result in high DC gain. The proposed design is more complicated

when compared to a conventional transformer.

An improved design of high-frequency transformer with DC-DC converters is in

series with the input and parallel with output for SST [78]. The main purpose of

this design is to overcomer switch losses when SST is operated at high frequency.

For this Phase shift, half-bridge is used along with zero voltage switching.

Another advantage of this design is that it has bidirectional power flow. To make

it more energy-efficient adaptive inductor is used in PSDHB. The overall design

has low current stress, high power density, less core and winding losses, and less

switching losses.
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A new technique to design the SST, which is based on a non-linear 2Fuzzy neutral

system is presented [79]. This research mainly focused on different stages (3 stages)

of SST, which includes their control parameters, of its input, isolation, and output

stages. For this type 2 and type 1 fuzzy neutral system used along with a PI

controller is used. The design is then simulated, and the result shows that more

stable performance when this design is used with SST, because of its ability to

perform much better in an environment when there is a disturbance in input and

output stages as well as uncertainties.

The sliding mode control method to enhance SST performance is presented in

[80]. To do this design is proposed, which has DC-link so that current and voltage

on primary and secondary sides can be controlled by using PWM. When this

design is compared with other design which uses PI controller and linear quadratic

regulator, results shows that the power factor correction, stability, and overall

dynamic performance of SST has improved when it’s used with SMC. Also, the

result indicates that SMC is far faster than the PI controller and LQR. When

compared with the PI controller and LQR, SMC is challenging to implement.

Detail advantages of using a half-bridge DC-DC converter when used with the

single-phase inverter explained [81]. The main advantage of HBD is to provide the

required isolation between source and load. Another benefit of using HBD is that

is used less number to devices, so result reduces in size of the converter and also

reduce the switches loses. In other HBD leading cause of the problem is capacitor

voltage fluctuation, which is overcome by using a phase shift control method (by

controlling switching timing).

A theoretical model of a variable inductor with a double E type core is explained

[82]. The model structure is in the way that there is no mutual coupling between

the main transformer winding and the variable inductor. The main scope of this

research is that, to make a variable inductor in a way that is can control the

current and later used as a resonant inductor when operated at high frequency.

A prototype design for medium frequency SST in which leakage inductance of

the transformer is reduced is introduced [83]. It’s also explained the methodology
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which does not depend on the dimension of the core. Detail Litz wire transformer,

and try to eliminate losses by reducing the diameter as well as numbers of stands

in winding; aiming to occupy the space in insulation is introduced [84]. To do

this method is introducing that finds the best possible solution to reduce the

eddy current losses. This needs the trade-off between DC resistance and space in

insulation.

Detail principles of the DAB model when they are in steady-state as well as pro-

posed the design based on how the converter able to control the reactive current

and switching of power devices is introduced [85]. With this model, one can

easily determine the switching frequency and phase shift that occur in bridges.

The model is based on non-reactive elements, first-order dynamics, and has low

switching losses.

2.1.4 DC-AC Inverter Stage

A new technique and design model to control PWM inverter are presented in

[86]. The proposed design controls the zero steady-state output voltage error by

controlling the output voltage of the controller. The design is based on a digital

resonant circuit which has minimum or no losses.

Boost DC-AC inverter design strategy is introduced in [87]. The design consists

of two boost inverters. The proposed design follows the double loop regulation

scheme, which controls the boost converts. The experimental result shows that

the proposed design is not only fast and more reliable but has not much effect on

the source and load variations.

An improved technique of switch-mode bidirectional DC-AC inverter in terms of

performance is introduced in [88]. The configuration used in this technique is based

on a buck converter. In this technique to get better performance, non-linear control

is combined with a bidirectional power circuit. The proposed inverter stabilized

its output voltage if variation appears at input voltage and output current. The
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other advantage of this inverter is to reduce the distortion that occurs at the

zero-crossing point.

A new methodology for full-bridge DC-AC inverter is introduced in [89]. In this

methodology, the full-bridge inverter output voltage is controlled by connecting

the switch at the lower arm of the full-bridge switch. This is done the increasing

or decreasing output voltage of the bride at the lower arm; which is controlled by

the switch at the lower arm of the full-bridge that controls the inverter output.

At the output of inverter a pure sinusoidal waveform is obtained; which is done

by operating the inverter with switching square wave and controlling the lower

arm of a switch by applying the sinusoidal PWM signal. The experimental result

shows that the inverter has less THD.

A proposed methodology to control the DC-AC inverter frequency, which is based

on the sliding mode control technique is introduced in [90]. In this technique for

power converter switching devices, a three-phase load is used based on SMC design.

The design overcome two significant issues that are appearing in SMC to improve

efficiency and minimizing the heat losses of the entire system. To overcome the

power dissipation in the power converter, the hysteresis loop switching frequency is

minimized. To improve the efficiency of system hysteresis loop switching frequency

width is limited at admissible value.

An inverter design is proposed for photovoltaic modules [91]. In this design, a

small film capacitor is used instead of a large electrolytic capacitor to improve

the lifetime of an inverter. The design also improved in circuitry, controllability,

and power processing. The inverter has two stages for power processing which

are DC-DC and DC-AC. One used for removal voltage ripple due to high DC bus

and boost PV panel voltage dual active bridge is used. To inject the sinusoidal

current into the grid 2nd stage is used. To control the DC bus high ripples, the

feed-forward controller is also presented.

Design issues of DC-DC converter when used to drive the inverter is introduced in

[92]. The proposed design overcome these issues which appear due to the higher

switching frequency of the inverter as compared to the DC-DC DAB converter;
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and PI controller limitations due to its low switching frequency. To overcome these

limitations, two designs are presented without adding a large DC bus capacitor.

One of them uses inverter information of feed-forward and bandstop filter, while

the second uses the resonant controller in a feedback loop. The experimental

result shows that both designs have reduced the ripples generation and improves

the power factor.

A prototype design of Cuk inverter based on the sliding mode control technique to

replace buck base SMPS is presented in [93]. The design has improved the closed-

loop design version of the classic Cuk inverter, which very difficult to design and

control, needs large capacitors, and has stability issues. Cuk inverter based on the

sliding mode control technique enables the passive element selection using only

one reference signal state while considering the ripple and reliability conditions.

As a result, a small and reliable capacitor can be used.

A new technique of grid-tie inverter is presented in [94]. In this technique, SST has

to stages for a photovoltaic system. To get the maximum power point tracking for

PV cell DHB converter used at the first stage. The second stage to get a sinusoidal

current waveform at an output and for steady DC bus voltage, a grid-tie inverter

is used.

A design and control strategies of isolated grid-tie PV inverter is proposed in [95].

The design is based on a structure that is pre-level high-frequency isolation, due

to which DC-DC converter efficiency increased and size reduction. This converter

includes the Cuk circuit, full and flies back half-bridge, and included forward

transformation. The inverter used the MOs tube instead of IGBT to control the

PWM signal and because of higher sampling and switching frequency, which helps

to eliminate output ripple current. The deadbeat control method is used in inverter

design instead of a PI controller, which provides better dynamic performance.

A design that overcomes the effects of input current distortion produce at the

output of SST is proposed in [96]. The method of a control system is such a way

that the current loop has a faster response than the voltage control loop. The

design control system is based on a current and voltage control loop that uses
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the PI controller that controls the current of an active rectifier and produces the

output voltage closed to a reference value. The value of PI has no set value as

it depends on the connected plant. Therefore values of both will be selected to

requirements.

A detailed three-level PWM inverter and propose the method to reduce the common-

mode voltage that by PWM inverter is explained in [97]. This method follows the

space vector and switches state relationships and improved the common-mode volt-

age. An improved vector reference is generated, which is combined with zero and

medium voltage vector, along with an advanced space vector modulation scheme.

A prototype of the double loop regulation system to control the boost inverters is

introduced in [98]. In this control, the strategy has an inductor current loop which

acts as an inner loop, and output voltage control act as an outer loop. To handle

the variable operational point of boost inverter both inner and outer loop includes

many compensations, and overcome the disturbances produced by inner as well as

outer loop, attain high performance, and handle other transient conditions. To get

a higher performance boost, inverters are also included feed-forward regulation.

The result shows that the proposed system is far better than sliding mode control;

SMC can’t handle transient conditions.

2.2 Problem Statement

The literature review suggests that the researchers have mostly concentrated on

the designs of individual stages of SST, and missing a collective work required to

demonstrate the whole SST design and analysis. In previous literature, a lack of

intentions has also been given to the harmonic reduction strategies.

In this thesis, the design and analysis of a three-phase 11 kV/415V, 100 kVA SST

operated at 20 kHz frequency, has been presented for the electric power distribution

system. Shunt active power filter is used to improve the stability and reduce the

THD, along with multistage dual active bridge (DAB) converters and sinusoidal
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pulse width modulation (SPWM) inverter. A mathematical model of SST has

also been developed, based on analytical calculations, and has been implemented

in MATLAB as well.

2.3 Research Methodology

The above-cited challenges have been resolved in this thesis. The main issues asso-

ciated with a conventional power transformer are its enormous size and harmonic

content. To reduce the size of the transformer the design of a medium frequency

transformer has been developed, in which the core material, core losses, winding

characteristics, efficiency and temperature of the transformer are considered. All

of these parameters have also been utilized in the simulations.

For harmonic mitigation, the shunt active power filter technique is employed, shunt

active power filter has two main parts reference current generation and current

injection. For reference current generation instantaneous reactive power theory is

used, due to its accuracy and simplicity. For current injection hysteresis current

controller is used.

The three-stage solid-state transform has been taken under consideration due to

flexibility in design and the chance of performance improvement at all stages. For

simulation verification, Matlab software has been used.



Chapter 3

Solid-State Transformer : SST

3.1 Introduction

In this chapter three-stage, SST and its mathematical model are discussed in

detail. The three-stages are AC-DC, DC-DC and DC-AC stages respectively. The

first stage is AC-DC rectifier stage, in which controlled rectifier is used. AC-

DC rectifier acts as a non-linear load and distorts the sinusoidal shape of source

current, caused harmonic in the system. therefore, Active power filter techniques

are used to mitigate the harmonics which are discussed in chapter 4. In the second

stage is a DC-DC converter in which DAB is used. DAB consists of three parts.

In the first part, DC-AC PWM inverter is used, in second stage MFT is used and

in the third and final part, AC-DC rectifier is used. In the third and final stage of

SST, and DC-AC low-frequency inverter is used.

This chapter is divided into four parts. The first part is based on a mathematical

model of SST. In which voltage and current equations of SST are defines. The

second part is AC-DC controlled rectifier which is also called the input stage of

SST, the third part is the DC-DC converter which is also called the isolation stage,

the third stage is the most important stage in which transformer design is done

using different equations and in the final part is DC-AC inverter which is also

called output stage of SST.

31
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3.2 Mathematical Model Of SST : Part 1

To evaluate the mathematical model of SST, three-stage SST considers, with first

stage act as an input stage in which a rectifier is used, seconds stage act as isolation

and third stage act as an output stage, in which an inverter is used.

Circuit diagram of three-phase three-stage SST is shown in figure 3.1 [79, 80, 99].

Figure 3.1: Circuit Diagram Of The Three-Phase Three-Stage SST [80].

In the first stage, three-phase supply voltage (11 kV) is converted into equivalent

DC voltage.

The second stage isolation stage in which DAB is used, in which two brides are

used at both primary and secondary side of MFT. At the primary side of MFT, the

DC voltage obtained from the input stage is transformed into medium frequency

square wave. At the secondary of MFT, a rectifier is used, that convert the medium

frequency square wave into equivalent DC voltage.

In the third and final stage an inverter is used, that converter medium frequency

DC voltage into low-frequency AC voltage.

The voltage equations of three state SST are given in 3.1-3.3 [79, 80, 99] can be

written by using a simplified form of a three-phase solid-state circuit diagram as

shown in figure 3.2

Figure 3.2: Simplified Form Of A Three-Phase Solid-State Circuit Diagram.
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The above equations are transformed into the differential equations are given below
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Where,

Va, Vb, and Vc are supply voltages.

VLa, VLb and VLc are output voltages.

Voa, Vob, and Voc output stage voltages.

Vla, Vlb and Vlc are input stage voltages.

Vdc input state dc voltage

m1 and m2 exhibit the amplitude modulating indexes of PWM rectifier and in-

verter respectively.

θ1 and θ2 are modulation angles of PWM rectifier and inverter respectively.

All the above equations are in a stationary reference frame and exhibit dynamic

model. To attain the time-invariant equations, these equations are needed to

transform into a rotating reference frame. Which can be done by using Park

transformation. Which are given by equations 3.8-3.13 [79, 80, 99].
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To represent the Parks transformation equation, the equation is symbolized as K

as given in equation 3.14.
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3.3 AC-DC Controlled Rectifier : Part 2

The first stage of SST is three-phase high voltage and low frequency AC-DC

rectifier. The circuit diagram of AC-DC rectifier is shown in figure 3.3 [100].

Figure 3.3: AC-DC Rectifier Circuit Diagram [100].
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The dc-link voltage is maintained at the desired reference value by using a feedback

control loop. It is measured and compared with a reference Vref . The error signal

switches ON and OFF the six switching devices of the rectifier. The power flow

from and to the AC source can be controlled according to the dc-link voltage

requirements. The voltage VD is measured at the dc-side capacitor CD. Controlling

the dc-link voltage so that the current flow is reversed at the dc-link can control

the power reversal.

In the rectifier mode of operation, the current ID is positive, and the capacitor CD

is discharged through the dc load, and the error signal demands the control circuit

for more power from the AC supply. The control circuit takes the power from the

supply by generating the appropriate PWM signals for the switching devices. More

current flows from the AC to the DC side, and the capacitor voltage is recovered.

In the inverter mode of operation, ID becomes negative and the capacitor CD is

overcharged. The error signal demands the control to discharge the capacitor and

return power to the AC mains.

Due to this, the current waveforms try to maintain the sinusoidal, that result in

reducing the harmonics in the system.

3.4 DC-DC Converter : Part 3

The DC-DC converter must provide the highest possible efficiency, which can only

be possible by efficiently handling the energy transfer. Such DC-DC converter

must also be able to provide soft-switching without adding any auxiliary compo-

nents, bi-directional power from input to output and there should be a need for a

transformer either motivated by a need for galvanic isolation or if there’s a high

conversion ratio required, so that the transformer helps to utilize the semiconduc-

tor devices better.



Solid-Stage Transformer : SST 37

All these can be achieved by using a Dual active bridge which briefly explains in

this chapter along with a medium frequency transformer (MFT).

The MFT ( frequency ranges from 1 to 100 kHz) [39], which is part of the DC-DC

converter will help to achieve the main advantage, by reducing the core size, which

eventually reduces the overall volume of a transformer.

3.5 Dual Active Bridge (DAB): Design Challenge

The converter must be capable of providing galvanic isolation between the input

and output states through a medium-frequency transformer with the required

voltage conversion ratio as per the application. The converter must also operate at

high efficiency through inherent soft-switching methods like zero voltage switching

(ZVS) or zero current switching (ZCS), via input and output with or without the

requirement of additional parasitic components.

In the DAB, two full bridges are connected by a medium frequency transformer,

as shown in figure 3.4. All switches operate at a constant duty ratio of 50%.

The modulation of the switches produces medium-frequency square waves across

the primary and the secondary. These square waves are phase-shifted concerning

each other. This leads to power transfer from the leading leg to the lagging leg,

depending on the phase of the bridges.

The transformer provides the required galvanic isolation and the voltage conversion

ratio. The major advantage of this topology is that due to natural lagging current

in one of the bridges, the inductor stored energy passes zero voltage switching of

the lagging bridge switches and some switches of the leading bridge during the

dead time of the switches without any additional passing components [101–107].

One of the essential parameters of DAB is the transformer turns ratio. The turns

ratio is selected according to the application. In this design, the transformer turns

ratio is chosen to step down an AC voltage from 10 kV to 450 V,which gives us a

factor 23:1.



Solid-Stage Transformer : SST 38

Figure 3.4: DAB Circuit Diagram.

3.6 Medium Frequency Transformer

Transformer design considerations should be explored to attain the high perfor-

mance and power density that is desirable in the SST and to control difficulties

in operating at Medium frequencies. Therefore, the core theme of this chapter

provides design considerations for medium transformers to lay the foundations for

a transformer design method.

To achieve the above goal, this chapter describes the properties of the magnetic

core that determines the core material selection criteria, and the analysis of the

transformer windings under medium-frequency effects that lead to recommenda-

tions for wire selection..

3.6.1 Magnetic Core Properties

The choice of the core material has vital importance for the construction of the

transformer, as this affects costs, efficiency, performance, and volume [108–110].

Therefore, it is essential to understand magnetic material properties. For a partic-

ular application, in general, four properties of core material are considered. These
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are core loss density, relative permeability, saturation flux density, and Curie tem-

perature [111, 112]. Amorphous, Ferrite, Nano-crystalline, and Silicon steel are

the core magnetic materials that are generally considered for medium frequency,

high power transformers [25, 109, 111, 112].

Comparisons of selected magnetic materials concerning the above properties are

listed in Table 3.1 [108, 109].

Table 3.1: Magnetic Material Properties Comparison

Properties Amorphous Ferrite Nano-crystalline Silicon steel

Core loss density (W/kg) <40 <418 <48 <4400
Relative permeability 10-150 k 2 k 20 k 16 k
Saturation flux density (T) 1.56 0.47 1.2 1.53
Curie temperature(oC) 399 220 600 730

The amorphous material has earned great significance in higher-frequency, high-

performance applications, mostly because of its high saturation flux density ( 1.56

T), reasonable cost, and also a much lower core loss density compared to standard

silicon steel. Amorphous material, therefore, offers a right balance between cost,

efficiency, and power density [25, 110–112].

Due to relatively low cost and core loss density, in medium-frequency applications,

the most commonly used magnetic material is Ferrite. Still, it has one draw bag,

which is its low saturation flux density nearly equal to 0.4 T [113]. Therefore

when used for high-performance applications, Ferrite material based transformers

become heavy and bulky.

In high-performance applications, Standard silicon steel material (SSM) is quite

suitable due to its high saturation flux density approximately equal to 1.5 T, high

Curie temperature, and increased permeability [25, 114]. The major disadvantage

of SSM is its high-density core losses during operation at high frequencies due to

eddy current losses.

When comparing the efficiency and power density, the Nano-crystalline material

exhibits the best performance, due to its high saturation flux density ( 1.2 T)
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along with the lowest core loss density [114]. However, Nano-crystalline material

has significantly high costs. Besides, the standard form of Nano-crystalline core is

toroidal tape-wound which limits the design of the transformer [111, 112].

In conclusion, cores made of amorphous or Nano-crystalline material are best

suited for the SST applications. Though, the ultimate choice is determined on the

criteria of the designer when cogitating the compromise between cost, efficiency,

performance, and volume.

3.6.2 Core Losses In Transformer

In Magnetic material, core losses are generally included hysteresis losses and eddy

current losses [112]. The reorientation of magnetic domains associated with hys-

teresis loss. When on magnetic material, a magnetic field Intensity H is applied;

it follows the route (1) in figure 3.4 Till it reach the saturation flux density Bsat.

The magnetic material will follow the route (2) when the field decreases. Magnetic

material maintains a small portion of the magnetization when the field becomes

zero, known as remanence flux density Br. To bring the flux density to zero a

coercive field, Hc has to be applied. The material saturates again (in the opposite

direction) if the field continues to rise in a negative direction. In this case, the

material will follow the route (3) and closes the hysteresis loop.

In magnetic material energy is required to reorient the domains, whenever a mag-

netic field changes direction [108, 112, 115]. This energy results as a hysteresis

loss, which is proportional to the hysteresis loop area shown in figure 3.5.

Eddy current loss is another type of core loss that occurs in the magnetic core

due to the induced voltage, in a similar manner as voltage induced through the

windings, as described by the Faraday law. Reduce the losses due to eddy current,

the responsible paths for the current flow through the core should be minimized

[115]. To do so, laminations are employed for the magnetic core, which reduced

the current’s path (1).
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Figure 3.5: Hysteresis Loss [112].

3.7 Medium-Frequency Effects In Transformer

Windings

Winding loss is generally because of the DC resistance related to the windings

[108, 109]. Effects of medium frequency in the winding, which are the leading

cause of AC loss, consist of skin effects and the proximity effect as depicted in

figure 3.5, and are discussed in this section. The skin effect and the proximity

effect lead to an increase in the losses in the conductors due to the non-uniform

current distribution in the conductors. These effects are a direct consequence of

Faraday’s law, according to which eddy currents are induced to oppose the flux

generated by alternating currents in the windings.

The DC resistance Rdc of windings associated with a particular conductor carrying

either a direct current or an alternating current having low frequency can be

evaluated as follow.

Rdc =
NρMLT

Aw
(3.15)

Where the area of the conductor is represented by Aw, while the mean length

of turn is denoted by MLT, the number of turns of the winding is represented
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by N and ρ signifies the conductor’s specific resistance, therefore to calculate the

winding loss,Rdc, and square of current are multiplied.

Generally, to calculate the losses in a winding, the DC resistance of the conductor

is taken into account. Due to current flows only in the circumference of the wire

and not over the entire surface of the conductor which results in increases in

resistance of the conductor at high frequency. Hence, the conductor’s effective

area decreases; consequently, the AC resistance RAC ascends [116].

This phenomenon is called the skin effect illustrated in figure 3.6.

Figure 3.6: Skin Effect.

In the case of skin effect, the term skin depth (symbol) can be defined as equivalent

conductors thickness having resistance equals to that of a solid conductor under

skin effect. Skin depth can be calculated with the help of the given formula

[108, 109, 116].

δ =
1√

πfµoσ
(3.16)

Whereas;

f = Operating frequency

σ = Specific conductivity of the conductor material

µo = Permeability of the free space

The skin effect is associated with the individual/single a conductor; high-frequency

effects arise when there are multiple intertwined conductors.
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This phenomenon is regarded as the proximity effect, as demonstrated in figure

3.7. Resistance to alternating current ascends due to the interaction among the

opposite conductor’s magnetic field, which is near with each other (i.e. the flow of

current is in the opposite direction). Such interaction results in the confinement

of each conductor are current into a smaller region.

Figure 3.7: Proximity Effect.

To minimize the skin effect as well as the proximity associated with the windings,

generally, stranded wires having insulated conductors are utilized, which is referred

to as the Litz wire [108, 109].

This suggests the adoption of the foil plates for the same purpose, but such a

technique may not be the best option regarding medium-performance applications

because the plate’s width may be too big [116]. Therefore, the Litz wire is strictly

recommended for the SST’s applications.

Table 3.2: Skin Depth Of Copper Litz Wire For Different Frequencies

Frequency Skin depth (δ) (mm)

10 kHz 0.66
20 kHz 0.46
50 kHz 0.30
100 kHz 0.21

Table 3.2 shows the skin depth values at different frequencies, from the table it is

clear that at high-frequency skin depth is decreased, so the frequency selection is

very critical as the components selection at the higher frequencies become different.



Solid-Stage Transformer : SST 44

3.8 Design Methodology

3.8.1 Medium Frequency Transformer Design Methodol-

ogy

One of the main components of an SST is medium-frequency transformers. To get

maximum efficiency and power density from the transformer, a few requirements

must be considered while designing a transformer [117–121]. In this section, the

basic methodology of the transformer will be presented.

3.8.1.1 System Specification

The first step of the MF design methodology is to specify the system specifica-

tions. I.e. Primary and secondary voltages, Output power, expected efficiency,

temperature rise, duty cycle, and operating frequency. In this thesis, the proposed

design as the following specifications given in the table.

Table 3.3: System Specification

Parameter Value

Primary Voltage 15 kV
Secondary Voltage 450 V
Output power 100 kVA
Expected efficiency 98%
Temperature rise (∆T ) 70oC
Duty cycle (D) 50%
Frequency (f) 20 kHz

3.8.1.2 Material Properties

For the selection of the core material, specific properties of the material illustrated

in chapter 3 must be taken under consideration. Based on the core materials,

saturation flux density (Bsat) as well as the coefficients K, alpha, beta (Steinmetz

coefficients) is taken according to the data advised by the manufacturers.
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3.8.1.3 Flux Density Optimization

One of the most important properties related to the MF transformers for SST is

the high efficiency, because the overall system losses, contrasting a conventional

transformer, including losses in the transformer and losses in the power converter.

Therefore, the design process of the transformer should be accompanied by criteria

for optimizing the flux density, as described in [108].

There are two principles regarding the optimization criteria; the core loss (pcu)

and the winding loss (pfe). The losses in the winding as given by the following

equation are inversely proportional to the associated flux density B as well as the

square of the frequency.

pcu ∝
1

f 2B2
(3.17)

And conferring to the Steinmetz equation, core losses are directly proportional to

the associated flux density B and the frequency f.

pfe ∝ fαBβ (3.18)

These principles are represented in figure 3.8.

Figure 3.8: Flux Density Vs Losses [108].

Based on the above data, optimum flux density (Bo) can be found by using equa-

tion 3.9 [108].

Bo =

[
[hckα∆T ]

2
3

2
2
3 [ρwkwku]

1
12 [kcKcfα]

7
12

] [
[
Kvfkfku∑

V A
]
1
6

]
(3.19)
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Bo in the core is not limited by Bsat; the relation between them is given in the

figure 3.9. Based on this designer can change Bo to increase the power density, by

keeping in view that will be effect efficiency.

Where pfe is core loss, pcu is winding loss and optimum design is at A, hc is heat

transfer coefficient and typically taking 10 W/m2 oC, ka, kc, and kw, are cores

dimensional coefficients.

Generally, the dimensionless coefficient ka, kc, and kw values are 40, 5.6, and 10,

respectively [109, 110]. ∆T is temperature rise, Kv the waveform factor, whose

value if 4.44 for a sinusoidal waveform and 4 for a square waveform [108, 110, 120],

f is transformer frequency, kf is the stacking factor, and recommend value is 0.95,

the value of the window utilization factor ku varies in between 0.2 to 0.8; however,

the recommended value is taken as 0.4, ρw is the wire resistivity, and ΣV A is the

total transformer power rating.

3.8.1.4 Core Dimensions

Based on area product Ap, core size is selected. The area product is the relation-

ship between the cross-sectional area of a core and window area. This can be seen

from the datasheet of the manufacturers

Ap =

[ √
2
∑
V A

KvfBokfKt

√
ku∆T

] 8
7

(3.20)

Where Kt is found by using equation 3.21 [118, 121].

Kt =

√
hckα
ρwkw

(3.21)

After calculating the Ap, the core with a larger Ap as compared to the calculated

one, must be selected using the manufactures datasheet . If calculated Ap is larger

than the value given in the datasheet, then to obtain the required Ap stacked cores

can be used.
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3.8.1.5 Winding Characteristics: Wire Size

After core selection, the designer can select wire, bare area of primary and sec-

ondary, which is based on current density jo expression given in equation 3.22,

which depends on winding temperature rise and Ap.

The influence of the medium frequency on the windings is taken into account with

the Litz wire; the skin depth is therefore calculated from equation 3.23. Equation

(3.22) gives the stands that the selected wire should have. Now based on this from

the manufacture datasheet, a wire gauge can be selected.

Jo = Kt

√
∆T

2ku

1√
Ap

(3.22)

Later, the necessary strand’s number along with the essential overall wire area as

well as the adopted area of the strands is calculated based on the skin depth.

δ =
6.62√
f
K (3.23)

Where K is a coefficient of skin depth, by using the equation, the maximum area

that Litz wire stands should have can be found.

Ddepth = 2δ

MaximumAllowableArea =
(π)(Ddepth)

2

4

Primary and secondary turns can be expressed by using Faraday law as

Np =
Vp

KvBmaxAcf

Bmax = 2Bo

Ns = Np
Vs
Vp

Where Ac is the cross-section area of core.
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3.8.1.6 Volume Calculation

In some cases, the priority may be to achieve a high power density; in other cases,

the efficiency may be of high importance as compared to the power density.

Therefore, this calculation is important to estimate the volume of the transformer.

The design engineer then able to access whether the outcome is appropriate or not.

To calculate the core volume as well as the volume of the windings, the following

equations can be used

Vc = lmAc

Vw = MLTwα

Where the mean length associated with the core is denoted by the lm while the

mean length associated with a turn is represented by MLT.

Where lm and MLT can be found using a datasheet.

3.8.1.7 Losses Calculations

Winding or copper losses is inversely proportional to the square of flux density as

well as the square of the frequency, as per equation 3.24.

Pcu = ρwVwku

[
∆V A

KvfBmaxkfkuAp

]
(3.24)

Core Losses:

For core losses, the iGSE method is used [117, 118, 121], given by equations 3.25.

Pv = ki|∆B|β
1

Tα
[
D1−α + (1−D)1−α

]
(3.25)

where ki is found by using following equation

ki =
Kc

2β−1πα−1(1.1044 + 6.8244
α+1.354

)
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The total loss is made up of the combined core and winding losses.

3.9 Proposed Design

Proposed calculated medium frequency transformer design data (using above equa-

tions 3.15-3.25) is given in the table below.

The table shows the following specification along with their rating. All the cited

specification are designed via an accurate manufacturing datasheet.

Table 3.4: Proposed Medium Frequency Transformer Design Parameters

Specification Rating/values

Transformer power rating 100 kVA

Primary voltage (Vp) 15 kV

Secondary voltage (Vs) 450 V

Transformer frequency 20 kHz

Primary current 6 A

Secondary current 128 A

Window utilization factor 0.4

Material properties Amorphous 2605SA1, two core stack for AMCC-1000

Wire size (Litz wire) AWG # 18

Minimum primary Strains 5

Minimum secondary Strains 93

No. of primary turns 100

No. of secondary turns 5

Total loss (Copper + Core) 332.6158 W

Ambient temperature 30oC

Temperature rise 70oC

Efficiency 98%
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3.10 DC-AC Inverter : Part 4

The third and final stage of SST is a three-phase DC-AC inverter. Ideally, the

output of inverter should be sinusoidal; however, in practice, the output of the in-

verter is not only non-sinusoidal but also contains harmonics. For low and medium

power applications square wave voltages are acceptable. While in case of higher

power applications, low distorted sinusoidal voltages are desired. The square wave

voltage inverter has some drawbacks i.e. the magnitude of fundamental voltage

is constant and the output consists of low order harmonics. That makes them

complex and expensive, as to eliminate the harmonics large size of inductor and

capacitor required. Both these problems can be solved by using sinusoidal pulse

width modulation or SPWM.

SPWM are easy to implement and has two major advantages. One of them is

controlled output voltage magnitude and in other, harmonics are pushed around

multiples of switching frequency, therefore lower harmonics are disappearing in

the output voltage. Also, higher-order harmonics can be easily removed by using

low size inductor and capacitor.

In this chapter brief introduction of a three-phase voltage SPWM inverter, trig-

gered by a gate pulse along with an LC filter has been presented. The filter

generates a sinusoidal three-phase voltage at the inverter output with a harmonic

distortion of almost zero. In SPWM, the method involves comparing three-phase

reference modulation signals with a common triangular carrier wave to generate

pulses for three phases.

3.11 Pluse Width Modulation (PWM)

In PWM technology, time period modulation generates pulses with constant am-

plitude, but with different duty cycles. This modulation is achieved by using a

reference and a carrier signal. Based on the comparator logic, the corresponding
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signals are generated, when the carrier and reference signals are fed to a compara-

tor. The output signal is the desired reference wave, which can be a square or

sinusoidal wave. On the other hand, the carrier wave is usually a saw-tooth or

triangle wave with a frequency considerably greater than the reference signal. To

eliminate the higher-order harmonics a series inductor is used. The selected range

of lower harmonics can be reduced by appropriately selecting the number of pulses

per half cycle. PWM techniques are divided into three major techniques which

are

• Single-pulse.

• Multiple pulse and

• Sinusoidal.

In this research, only the SPWM technique is discussed.

3.12 Sinusoidal Pulse Width Modulation (SPWM)

With sinusoidal PWM, the width of each pulse changes in proportion to the am-

plitude of the sinusoidal wave, which is estimated in the center of the same pulse.

Which result not only reduced the distortion factor but also significantly reduce

the lower order harmonics. By comparing a triangular carrier wave having fre-

quency fr with a sinusoidal reference wave having frequency fc, gating signals

can be generated as shown in figure 3.9. Output frequency fo of an inverter is

determined by Fr, and Modulation index (Ar/Ac) can be controlled with the help

of its amplitude Ar. In this way output voltage Vo(RMS) can be controlled. A

comparator is used to compare the reference signalVr (which has the desired fre-

quency) with the high-frequency carrier Vc. The output will be low if the sine

wave has a lower magnitude and will be high if the sine wave magnitude is higher.

The output of the comparator is processed in the trigger pulse generator so that

the output voltage waveform has a pulse width corresponding to the pulse width

of the comparator.
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Figure 3.9: Sinusoidal PWM.

3.13 Switching Techniques

The inverter uses two types of switching techniques to provide gate signals to

switches, one is unipolar and other is Bipolar voltage switching. A switching is

said to be in unipolar control mode if the SPWM wave remains only in polar

range. I.e. triangular carrier wave is in the range of +Ve or -Ve polarity. On

the other hand, if the triangular carrier wave remains in between positive and

negative polarity i.e. in a continuous range, then the resulting SPWM wave will

be in between +Ve and Ve changes. Such a switching technique is called bipolar

control.

This is shown in the figures 3.10 and 3.11.

Figure 3.10: Uni-polar Control Technique [122].
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Figure 3.11: Bi-polar Control Technique [122].

3.14 Three-Phase Inverter: SPWM

In many industrial applications, three-phase inverters are used to deliver the vari-

able frequency. In a three-phase inverter, SPWM deploys to control the inverter

voltage. The corresponding gating signals of a three-phase inverter are illustrated

in Figure 3.12. In Three-Phase SPWM the three reference sine waves (U, V, W)

with compared with the triangular carrier wave, which is shifted 120o with each

other[122].

Figure 3.12: Switching Gate Pulses Of SPWM [122].

The Standard circuit of the three-phase inverter with six IGBTs that act as con-

trolled switches is shown in figure 3.13. In this model, the desired output voltage



Solid-Stage Transformer : SST 54

can be regulated, and the line currents can be sinusoidal with a power factor of

unity.

Figure 3.13: Three-Phase Inverter: Basic Circuit.

The inverter is fed with dc voltage (output of the second stage of an SST) and

has three phase-legs each containing two IGBTs. To avoid the short circuit and

undetermined line voltages and states, in each leg, the upper and lower switches

cannot be closed simultaneously, so that their ON and OFF states are not same

in order.

In the SPWM control, the inverter switches are controlled by comparing the sine

wave and the triangle wave. The sine wave determines the desired fundamental

frequency at the inverter output and the triangle wave determines the inverter

switching frequency. Each transistor conducts for 180o. At any instant of time,

three of transistor remains ON. When S1 is ON, the A terminal is connected to

the positive terminal of the DC supply voltage. When S4 is ON, the A terminal

is connected to the negative terminal of the input voltage. There are six modes of

operation and each mode operates for a period of 60o.

Inverse gate signals of S1, S3 and S5 are made to get the gate pulses for gate pulses

S4, S6 and S2 respectively. This can be achieved by adding a NOT gate after each

comparator and then the resultant signal is given to the remaining three switches.
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In this thesis, SPWM is implemented with 120o mode of operation to ease the

simulation. With 120o mode of operation only the amplitude will vary without

changing any other vital characteristics, therefore the inverter output waveforms

will not alter much. In 120o mode of operation, each transistor will conduct for

120o and only two transistors will conduct simultaneously.



Chapter 4

Harmonics Mitigation And Shunt

Active Power Filter

4.1 Introduction

AC-DC rectifier is the first stage of SST, which is also non-linear and leads to a

higher harmonic content in the source current. Owing to these harmonics, the

source current waveform gets distorted. SAPF’s are utilized for modification of

distorted source current via injection of a compensating current in parallel with the

load current. The injected current will reshape the source current into a sinusoidal

form. In this chapter, harmonics mitigation techniques are presented along with

SAPF, SAPF has been achieved through instantaneous reactive power theory (p-

q theory) and hysteresis current controller to generate and inject the reference

current respectively, in parallel to the load. Consequently modifying the distorted

source current into a sinusoidal waveform.

4.2 Harmonics Mitigation

The extensive use of power electronic converters (PEC) in the power system during

the past few decades has been witnessed, due to their high efficiency, fewer losses,

56
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small size, highly reliable, and capacity to handle the large current [123]. When

these converters are used with non-linear loads, they cause harmonics in the power

system due to non-sinusoidal waveform. These harmonics are the main cause of

different power quality problems [124, 125]. Due to these unwanted harmonics,

a large current is drawn from a system that is considered to be the major issue

for the three-phase system [126]. These non-linear loads are not only causing

resonance problems but also result in harmonics into the system; therefore, a

mitigation solution is required to overcome these issues. Whereas many techniques

are presented in [127] as a solution to these problems.

By using filters, harmonics content from the system can be reduced, different

methods are available for this purpose. These filters can be a passive filter or an

active filter. When passive elements are used to make the filter, then such a filter

is called a passive filter (PF), i.e. the inductor and capacitors. PF does need an

external power source. The main benefit of PF is its low cost; for harmonics, this

filter provides the low impedance path. They can be used in many applications,

such as in power distribution networks, bypassing power supply, and many more.

In contrast, analogue electronic filters are mostly active filters, which are primarily

being used in high voltage supply applications. While comparing the active filters

with passive filters, active filters are expensive and have a complex circuit, but

they possess many advantages over passive filters [128].

4.2.1 Passive Harmonic Mitigation Techniques

To reduce the harmonics content from the power systems, different passive tech-

niques are usually implemented such as line reactors, tuned filters, and multi-pulse

converter circuits. The common purpose of all these methods is to block the un-

wanted harmonic currents that flow into the system.

This can be achieved by either adding the high impedance in series with the path

so that it can prevent the harmonic current flowing into the system, or by using
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a low impedance parallel to the path, so it can divert the harmonic current flow

[129].

For power factor correction, harmonics mitigation techniques use two methods to

improve the performance of the system. One approach is to set a limit on the

power factor value for the load; for example, many appliances have fixed power

factor 0.75 lagging and 0.8 leading. In another method, absolute maximum limits

are defined for the current harmonic [130].

In single and three-phase rectifiers, typically a current waveform is non-sinusoidal.

The line current contains high harmonic content, subsequently, the power factor

becomes low. In rectifiers, the input current is highly discontinuous due to small

source reactance; therefore, the power drawn from the grid has a low power factor

[131, 132].

4.3 Active Harmonic Mitigation Techniques

In active harmonic mitigation techniques, to cancel the distorted waveform, an

equal and opposite voltage or current waveform is injected into a system, which

results in improved power quality.

To generate such a waveform in the AC line, which cancels the effect of the orig-

inal distorted waveform, the insulated gate bipolar (IGBTs) are used in active

harmonics filters (AHF’s). The main part of AHF is the controllers. To improve

filter stability and performance, AHF uses control strategies, which have a crucial

role, with the help of the controllers.

There are two types of control strategies used in AHF design. In the first method

to calculate the amplitude as well as phase angle of harmonic order, the Fourier

transform is used. In this method, the current waveform is generated, which has

the same amplitude as the original distorted waveform but has the opposite phase

angle. While the second method filter uses a controller that generates a full current
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waveform that eliminates the fundamental frequency component and allows the

filter to generate the waveform, which is inverse of the remaining waveform [130].

Active power filters have two significant configurations, which are series and shunt

active power filters [133].

4.3.1 Shunt Active Power Filter

Shunt active power filter (SAPF) installed in parallel with the non-linear load

as in figure 4.1. To eliminate the current harmonics and to make the source

current waveform pure sinusoidal,i.e. free from harmonics, SAPFs are generally

used in most of the power factor correction techniques. When considering the

performance and functionality, SAPF is superior to the series AHF. In SAPF, only

load harmonic current content is carried out, which makes SAPF more beneficial

as compared to series AHF, in which full load current is carried out [133, 134].

Figure 4.1: SAPF Basic Diagram.

4.4 Shunt Active Power Filter Working Princi-

ple

To reduce the harmonic content, a reference current is generated and injected into

the system at the point of common coupling (PCC) using controlling techniques

is referred as the working principle of SAPF [135]. Voltage source inverters (VSI)
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that use a controller for generating the pluses are used to inject the reference

current. SAPF block diagram is shown in figure 4.2.

Figure 4.2: Shunt Active Power Filter Block Diagram.

Current generation and injection are the two main parts of active power filters

(APF). To cancel the harmonic content in the load current an equal and opposite

current is injected into the system in parallel. A reference current that should

have a magnitude equal to harmonic current but possesses the opposite phase has

to be generated first. To do so, many techniques are available in time as well

as in the frequency domain. Current and voltage coordinated transformations

are considered in time domain-based methods. In contrast, Fourier analysis is

considered in frequency domain-based techniques.

These techniques are d-q theory, p-q theory, and discrete Fourier transformation

(DFT). In d-q theory, source voltage, frequency, and phase detail are required, i.e.

synchronize reference frame. While in DFT and p-q theory, frequency and phase

detail are not necessary i.e. in instantaneous reactive power theory.

The first stage of APF is the generation of the reference current. After the gen-

eration of reference current, the next stage is injecting a reference current using

the controller at PCC. To inject the reference current at the PCC, the controller
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needs to track the reference current via generating pulses, these pulses are used to

control IGBTs of VSI.

Due to this injected current, harmonics are eliminated, which results in a pure

sinusoidal waveform. For precise current injection, DC link voltage regulation is

required, which can be achieved with the help of a controller, that not only injects

precise reference current but also helps in retaining the required level of current.

Source current is of SAPF can be expressed in mathematically form as in equation

4.1

is = ic + il (4.1)

In the above equation,il represents load current while ic represents compensating

current. By measuring total harmonic distortion (THD), Harmonics compensation

ratio (HCR), and power factor (PF), APF performance can be evaluated.

The mathematical form of THD is expressed in equation 4.2 [136].

THD =

√
I22 + I23 + I24 + ...+ I2n

I21
x 100% (4.2)

The mathematical form of HCR is expressed in equation 4.3. [137].

HCR =
THD after compensation

THD before compensation
x 100% (4.3)

4.5 Reference Current Generation

The reference current plays an important role in SAPF. Accurate measurement

of the load current confirms the precise generation of the reference current. The

generation of the reference current must be performed correctly to get a good
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filter performance. Reference current generation methods are generally classified

as time domain and frequency domain, as shown in figure 4.3

Figure 4.3: Generally Used Reference Current Generation Methods.

4.5.1 Instantaneous Reactive And Power Theory

The p-q theory is based on a set of instantaneous powers that are defined in the

time domain. There are no restrictions on voltage or current waveform, and it

can be applied to a three-phase system without neutral. It is therefore not only

valid in a steady-state, but also in a transitional state. This theory is beneficial

and flexible in choosing controllers to improve power quality. The block diagram

of p-q is shown in the figure 4.4.

Figure 4.4: Block Diagram Of p-q Theory.

This theory uses the αβθ transformation, also known as the Clark transformation,

which consists of a real matrix that transforms three-phase voltages and currents

into stationary reference frames αβθ [56]. Clark’s transformation, transforms the
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three-phase instantaneous voltages Vsa, Vsb and Vsc (in the abc phase) into the

instantaneous voltages Vα, Vβ, and Vθ (on the axes αβθ ).

The Clark transformation for three-phase instantaneous voltages are given by

equation 4.4.
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 (4.4)

Similarly, the Clark transformation for three-phase instantaneous currents, Isa,

Isb, and Isc, transformed on αβθ axes is given by equation 4.5.
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In a three-phase system, a zero-sequence current component does not exist. In

this research, a three-phase system is considered; therefore, I0 can be excluded

from the equation, which leads to simplification and given by

Iα
Iβ
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√
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 (4.6)

The instantaneous power can be defined from instantaneous source voltages and

currents, as in a three-phase system, zero-sequence current didn’t exist, the zero-

sequence power is always zero; therefore, the instantaneous power is expressed

by p
q

 =

Vα Vβ

Vβ −Vα


Iα
Iβ

 (4.7)
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Where p is an instantaneous real or active power, and q is instantaneous imaginary

or reactive power.

This can also express in oscillating and average parts, i.e. in AC and DC parts

given by

Real power:

p = p̄+ p̃ (4.8)

Where p̄ is average part of p and p̃ is an oscillating part of p.

Imaginary power:

q = q̄ + q̃ (4.9)

Where q̄ is average part of q and q̃ is an oscillating part of q.

To obtain constant instantaneous power from the source, the SAPF must be in-

stalled close to the non-linear load as much as possible that should compensate

for the oscillating real power of this load.

Therefore, p̃ and p̄ must be separated from p, which can be done by passing

the active power through the LPF. The LPF and its cut-off frequency should be

carefully selected. In [56], it is suggested that the fifth-order Butterworth LPF

with a cut-off frequency between 20 and 100 Hz has been successfully used in

practice to separate p̄ from p.

Now the reference current can be calculated by using a given equationIα∗

Iβ∗

 =
1

Vα2 + Vβ2

Vα −Vβ
Vβ Vα


p
q

 (4.10)

In the final step, the reference current can be calculated in abc coordinates, by

using 
Ia∗

Ib∗

Ic∗
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2
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 (4.11)
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4.6 Current Injection Control

To make the source current sinusoidal, generated reference current should be in-

jected precisely in parallel to the non-linear load. Therefore, the current injection

controller (CIC) is one of the main parts of SAPF. The main objective of CIC

is to make sure that the actual compensating current should track the reference

current, which is done by generating the gate pules for voltage source inverter.

Therefore, CIC must be selected very carefully, as it significantly affects the SAPF

performance. In this research, the hysteresis current controller technique is used

for current injection, due to its simplicity and accuracy. Another parameter that

must be considered while designing SAPF is DC-link voltage control.

4.6.1 DC-link Voltage Control

A voltage source inverter (VSI) and DC-link capacitor are often used to design

the SAPF power stage. The main advantage of VSI-based SAPFs is its capaci-

tive energy storage, which is a more effective, smaller, and less expensive solution.

The primary function of the DC-link capacitor is to act as a constant DC stor-

age for the inverter, to generate an injection current to the source current. A

suitable DC link capacitor voltage should be more than two-thirds of the mains

voltage to ensure that the correct injection current is generated. In this thesis,

Proportional-Integral Control (PI) technology is used to regulate the voltage of

the DC-link by comparing the actual voltage of the DC link with the reference

level, thus creating an error that is processed by the PI controller. This concept is

shown in the figure. To regulate and maintain the constant voltage of the DC-link

capacitor, it is necessary to control the active power. Injection currents can only

be generated accurately if the voltage in the DC-link in the SAPF is maintained at

the required reference level, which results in improving the performance of SAPF.

This small amount of active current is controlled by the PI controller, and then

this current is regulated by the current regulator to maintain a constant voltage

across the DC-link capacitor. For this purpose, the actual voltage of the DC-link
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Figure 4.5: DC-link Voltage Control.

is sensed and fed to the PI controller together with the reference voltage of the

DC link. Therefore, the magnitude of the reference current generated must be set

accordingly by controlling the Idcknown as the instantaneous DC charging current.

The Idcvalue results from the difference between the actual DC link voltage and

the desired reference value so that the SAPF can draw an accurate amount of

active power to compensate for its potential losses. Based on this method, the

voltage error E, which results from the difference between the Vdc and Vdc(ref.), is

controlled directly by the PI controller to approximate the value of Idc.

To maintain a power balance in which the active power of the power supply should

be the sum of the active load power and the inverter losses. The active power

consumed by the SAPF throughout the switching process must be controlled to

regulate the DC-link voltage. Thus, the active power consumed by the SAPF

is made equal to the switching loss to complete the regulation process. In this

process, the magnitude of the reference current is adjusted so that the SAPF can

draw an accurate amount of active power to compensate for its potential losses.

4.6.2 Hysteresis Current Control

In SAPF Hysteresis current control (HCC), is the most commonly used method for

current injection. HHC method offers the advantages of simplicity, good accuracy,

reliability, and fast dynamic behaviour. The basic concept of HHC is shown in

the figure 4.6. As in this research, a three-phase system is considered; therefore,

this method should be applied separately for each phase. This method is used
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Figure 4.6: Basic Concept Of Hysteresis Current Control[49] .

to control VSI, in a way that the generated output current follows a reference

current. This is done by limiting the actual current within a fixed hysteresis band.

Therefore to restrict the actual current, two limits that are evenly shifted from the

reference are set. To generate inverter switching pulses, a fixed hysteresis band is

set with upper and lower limits and compared with the current error signal. The

hysteresis controller detects an error between the actual current and the reference

current and compares it with the assigned band, which generates the gate signals

from the VSI.

It also noted that a short circuit might appear across the voltage supply of DC-link.

Therefore simultaneously ON and OFF of switches of VSI should not be allowed.

If the actual current remains within band limits, then there are no switching pulses

required for an inverter. Whenever the actual current increases as compared to

the reference current and the upper band limit is reaches than the current should

decrease and if the actual current decreases and the lower limit of the band are

reaches than the current need to be increased. So that current remains within the

fixed hysteresis band.
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AC-DC converter is the first stage of SST, which makes the load non-linear. There-

fore, the source current gets distorted. To overcome this problem the SAPF tech-

nique is used. In which firstly, the reference current is generated, and then injected

parallel to the load thus to make the distorted source current sinusoidal. To gener-

ate the reference current p-q theory is used, while for injection of reference current

hysteresis current controller is used. The simulation results of these techniques

are shown in chapter 6.



Chapter 5

Simulation Results

5.1 Introduction

To evaluate the performance of the proposed design, the design was simulated by

using MATLAB/SIMULINK. Simulations have been done with and without using

the SAPF, and their results have been compared too. A balanced load and a

three-phase wire system are used for simulation. The performance of SAPF is also

evaluated by calculating the source current THD.

A complete model of the SST has been shown in figure 5.1(a).

In figure 5.1(a), the three-phase 11 kV grid AC voltage is applied with 50 Hz

frequency.

Before 1st stage AC-DC rectifier, a SAPF in installed in parallel which helps to

remove the unwanted harmonics, present due to non-linear load.

The output of the 1st stage AC-DC rectifier is DC voltage approximately equal to

14200 V. The 2nd stage is DC-DC converter as shown in figure 5.1(b) and 5.1(c),

in which three modules of DAB are used.

Equation 4.11 is used to estimate the core loss of the transformer. To verify this

estimated result, open circuit transformer test in Simulink has been done, and the
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values of magnetization, inductance and resistance have been calculated which are

later on implemented in the Simulink model of the transformer. The combined

output voltage of DC-DC Converter is approximately 419 V.

Figure 5.1a: Simulink Model Of SST.

Figure 5.1b: Multi-Stage DAB Converter.

Finally, in the last stage, as shown in figure 5.1(d), the output of three-phase DC-

AC inverter is approximately 396 V, which is within the range permissible to the

consumer end voltages i.e. 380-415 V.
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Figure 5.1c: Circuit Diagram Of DAB-I Converter.

A pulse signal in SPWM methodology (control switching) is generated by com-

paring a sinusoidal reference signal with a triangular carrier signal.

When the reference sinusoidal signal becomes greater than the carrier triangular

wave, the switching devices will turn ON.

Sinusoidal reference signal has a phase difference of 120o relative to each other.

The switching gate pulse is generated when the sinusoidal reference signal (U, V,

and W) intersects triangular wave, the control switching circuit diagram is shown

in figure 5.1(e).

Figure 5.1d: SPWM Inverter With LC Filter.

Overall, the simulation results have verified the proposed design.
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Figure 5.1e: Control Switching Circuit Diagram.

When the system was simulated without using the SAPF technique, THD of source

current was found to be 130.09%, as shown in figure 5.2(a), while the load current

results are shown in figure 5.2(b).

Figure 5.2a: THD of Source Current Without Using SAPF.
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Figure 5.2b: THD Of Load Current Without Using SAPF.

Similarly, the same system, when simulated using the SAPF technique, the THD

of source current was reduced to 1.20%, as shown in figure 5.2(c).

The result depicts a significant improvement in THD as well as in the efficiency

of the system, consequently, verifies our model of SAPF.

Figure 5.2c: THD Of Source Current With SAPF.
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Simulation results of the proposed SST design at various stages using SAPF have

also been illustrated. The supply voltage and current of Phase A, at the grid side,

are shown in figures 5.3 and 5.4 respectively.

Figure 5.3: Supply Voltage On The Grid Side (11 kV, 50 Hz).

Figure 5.4: Source Current On The Grid Side.

From figure 5.5, it is clear that both voltage and current at the grid side are in

phase.
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Figure 5.5: Source Voltage And Current Of Phase A At The Grid Side.

SAPF implementation in Simulink is shown in figure 5.6.

Figure 5.6: SAPF Simulink Model.

In the figure shown above, the reference current generation block is used to gen-

erate the reference current which is 180o out of phase to the harmonics current.
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The reference current generation is based on instantaneous reactive power theory

or p-q theory.

The current injection controller block is used to inject the reference current using a

hysteresis current controller to make the distorted source current sinusoidal. The

operation of the injection current regulator is to generate the gate pulses of the

VSI to force the actual compensation current to follow the reference current.

The DC source regulator is used as constant dc storage for an inverter.

The output of the first stage of SST, AC-DC rectifier is shown in figure 5.7.

Figure 5.7: First Stage AC-DC Rectifier Output Voltage.

In the DAB circuit, a square wave is generated using a full-bridge inverter that is

fed into medium-frequency transformer (20 kHz frequency), the transformer then

steps-down the voltage level.

At the other end of the DAB, a full-bridge converter is used which rectifies the

voltage at MFTs secondary side.

The combine output of the multi-stage DC-DC Converter is shown in figure 5.8.

Voltages at the primary side of MFT and at the secondary side of MFT of first

module of DAB are shown in figures 5.9 and 5.10 respectively.
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Figure 5.8: DAB Output.

Figure 5.9: Transformer Input Voltage At The 1st Module Of DAB.

Figure 5.10: Transformer Output Voltage At The 1st Module Of DAB.
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SPWM pulses are used to generate the three-phase voltage at the consumers end

with having a 50 Hz frequency. The results of the output voltage with the LC

filter are shown in figure 5.11.

Figure 5.11: Load Voltage Output with the LC Filter.

5.2 Characteristics Of Performance Compression

Characteristics of performance compression between SST and CPT [138] are sum-

marized in Table 5.1.

Table 5.1: Characteristics Performance Compression

SST CPT

Transformer power rating 100 kVA 100 kVA

Efficiency[%] 98 98.16

Volume[m3] 0.0131 1.1025

THD 1.20% 11.50%

Losses 999 W 1715-2779 W

Table 5.1 depicts the comparison between our generated SST values and the con-

ventional values with several parameters. This comparison illustrates that our
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implemented mechanism shows better performance regarding all the cited param-

eters.

Where,

The total volume of SST is the sum of the core Volume and the Window volume

which can be found out by using equations (5.1) and (5.2) respectively.

Core Volume:

Vc = lmAc (5.1)

Window Volume :

Vm = MLTwa (5.2)

Total Volume :

VT = Vc + Vm



Chapter 6

Conclusion and Future work

6.1 Conclusion

The alternative of bulky transformers, reduce sized, three-phase 100 kVA, 20 kHz

solid-state transformer for energy distribution system has been proposed in this

research, which also eliminates the harmonic content. With the help of analytical

calculations, the SST model is developed and then implemented in the MATLAB

simulation program.

The proposed design has three stages, the first stage is AC-DC rectifier, at the

input of AC- DC rectifier, 11 kV AC voltage is applied which is then converter

into approximately 15 kV DC voltage at the output of the rectifier. Nevertheless,

the shape of the current at the output of AC-DC rectifier is distorted. Due to

which the shape of source current does not remain sinusoidal.

The simulation results show that the total harmonic distortion value of source

current is 130.9%. Shunt active power filter technique is utilized for the modifi-

cation of distorted source current by injecting a compensating current in parallel

with the load current. The injected current will reshape the source current into

a sinusoidal waveform. The power factor has been significantly improved using

SAPF technique based on instantaneous reactive power theory. Simulation results

show that when SAPF technique is used, the THD value of source current reduces
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from 130.9% to 1.2%, which is far better than the THD value (11.5%) of the source

current of conventional power transformer.

The second stage of SST is DC-DC Converter. The input of the DC-DC converter

is 15 kV DC, which is an output of the 1st stage of SST. To work at high volt-

age, multi-level DC-DC converter topology is used, as modern power electronic

converters are mostly feasible for voltages ranging from 3.3 to 6.9 kV.

The efficiency of SST is highly depended on the DC-DC converter stage. DC-DC

converter has three important parts, DC-AC inverter, medium frequency trans-

former and AC-DC rectifier. Among them, MFT is the most vital part. One of the

main advantages of SST is its reduced size, which highly depends on MFT. The

DC-DC converter must be highly efficient as well as capable of providing galvanic

isolation, and must have a soft- switching method. All of these can be achieved

by using a dual active bridge. In the DAB, two full bridges are connected by an

MFT.

The core of a transformer is made of amorphous material. As the amorphous

material has a high saturation flux density ( 1.56 T), reasonable cost, and a much

lower core loss. Amorphous material, therefore, offers a right balance between

cost, efficiency, and power density. An analytical calculation shows that our new

designed transformers size (core and window volume) reduced to 0.0131m3, while

the size of the conventional transformer reported previously was 1.1025m3.

Hence proposed design offers 84% reduction in the size. From the calculations, the

efficiency of the design turns out to be approximately 98% with much fewer losses.

Our design bears losses approximately equal to 1 kW, while the conventional power

transformer losses range from 1.7 to 2.8 kW approximately.

The third and final stage of SST is DC-AC inverter. The output of DC-AC inverter

is low voltage AC. Ideally, the output of the inverter should be sinusoidal; however,

in practice, the output of the inverter is not only non-sinusoidal but also contains

harmonics. Therefore, to overcome both the upper cited problems, the sinusoidal

pulse width modulation technique is used.
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The overall simulation results confirm the performance reliability and correctness

of the proposed design topology with effective improvements, which ensures the

theoretical analysis.

6.2 Future Work

For future perspective, our designed transformer can be employed in the existing

power grid network system.

The work presented in this thesis could be extended as per the following recom-

mendations:

The development of the hardware setup for the proposed SST topology, thus to

check the validity of the proposed SST model on real-time industrial applications.

Economical viability such as lifetime cost analysis of SSTs vs. conventional trans-

formers.

Nanocrystalline and Amorphous magnetic core materials are the most suitable

consideration for medium frequency transformer, however, new advanced magnetic

cores materials (i.e. silicon steel with thin laminations) can be considered.
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