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Abstract

High frequency AC link based converters offer several desirable features such as
improved power density, galvanic isolation and improved reliability due to the absence
of an electrolytic capacitor. The power conversion happens through a high frequency
link which operates in the tens of kilohertz range and consequently, the size of magnetic
components is reduced. An AC or DC voltage source is ’chopped’ by a converter to
generate the high frequency voltage which is applied to a transformer that can be used
to provide the necessary voltage transformation. On the secondary winding of the
transformer, the high frequency voltage is directly converted to synthesize the desired
output voltages which are at a much lower frequency than the AC link. Unlike DC bus
based topologies, there is no need for a power stage to first rectify the AC link before
generating the output voltage.

Despite several advantages, transformer isolated single stage power conversion re-
quires the use of a voltage clamping circuit across the AC link for its operation due
to the presence of transformer leakage inductance. When high frequency AC link volt-
age is directly used to synthesize the output voltages, the link currents exhibit sudden
polarity reversals. Due to the presence of leakage inductance, which is unavoidable in
transformers, large voltage spikes result during the current reversal instants and neces-
sitate the use of additional circuitry to limit such overvoltages. This limitation, which
is termed the problem of leakage energy commutation, needs to be overcome to pre-
vent the link voltage from exceeding the breakdown voltages of the switches, damaging
winding insulation or causing unwanted distortion in the output voltage.

This thesis proposes two implementations of transformer isolated high frequency
link inverters that overcome the problem of leakage energy commutation. The inverters
consist of a H-Bridge to generate the high frequency voltage from a DC voltage source
and a cycloconverter to generate the output voltages. In the first implementation,
a parallel LC tank is proposed to be connected across the secondary winding of the
transformer to ensure the current through the leakage inductance does not have sudden
reversals. The high frequency transformer along with the LC tank results in a sinusoidal

voltage which is applied across the cycloconverter. A discrete space vector modulation
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technique is used to synthesize three phase output voltages and any change of switch
states in the cycloconverter is restricted to the zero crossing regions to avoid switching
losses. The second approach proposes using an additional leg across the cycloconverter
to induce a resonant current transition when the current flowing through the transformer
has to reverse its polarity. The additional leg, comprising of a bidirectional switch and
a small capacitor, is only used for a short interval during which it resonates with the
leakage inductance. The operation and analysis of the proposed ideas are discussed
in this thesis and have been validated through computer simulations. A hardware
prototype was constructed to demonstrate the operation of a high frequency link inverter

using the LC tank and the results are found to be in agreement.
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Chapter 1

Introduction

The effects of global warming and climate change have strongly influenced the ways in
which electric energy is being generated and consumed [I]. Rising global temperatures
have forced us to look for sustainable and cleaner ways to supply the ever increasing
energy demands of the world. At the same time, there has been increasing emphasis
to develop highly efficient products that minimize losses. As a result, every stage of
the power system, starting from the source of generation to end use has witnessed the
proliferation of state of the art power electronic technologies. FEven the automobile
industry, which has traditionally used fossil fuels to power internal combustion engines,
is seeing a rising interest in electric vehicles.

Power electronics has played a major role in transforming the electric power system
[2]. Today, several countries have plans to install large scale solar farms and reduce
their dependence on coal fired power plants. Solar inverters serve as the connection
point to the electric grid and are an essential component of such systems. Advances
in power semiconductors over the years have made it possible to design inverters that
run cooler and consequently improve the lifetime and reliability of solar installations.
The development of smaller string inverters has made rooftop solar panels an attractive
option at a residential level. The high switching frequency made possible in these string
inverters results in a compact form factor and easy installation.

Wind energy has similarly seen improved adoption rates. Several power electronic
architectures which facilitate the use of high frequency transformers in the nacelle of

the wind turbine have helped reduce the size of long cables that carry power to the
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base of the wind turbine. Large scale offshore wind farms are now feasible due to the
availability of HVDC transmission technology that offers several advantages. Batteries
and flywheels serve as buffers to compensate for the variability in these renewable sources
by storing energy and making it available when needed. This kind of bidirectional power
flow can be easily achieved using power converters that can be controlled to precisely
meet the active and reactive power requirements. Electric motors find widespread use
in a variety of industries and are a major consumer of electric power. The efficiency
of such motors is enhanced by the use of variable frequency drives which can generate
flexible voltage outputs. By using an active front end interface comprising of controlled
switches, it is possible to regulate the injection of unwanted harmonics into the grid.

Electric motors have also been proposed for use in ships, aircraft and electric cars.

TRANSMISSION
SYSTEMS

SOLAR DISTRIBUTION

ARRAYS SYSTEMS

SMART CUSTOMER
WEATHER SYSTEMS LOADS

ENERGY
STORAGE

Figure 1.1: The role of power electronics [3]

All these examples demonstrate the versatile roles played by power electronics in
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helping transition to cleaner ways of generating and consuming electric power. High ef-
ficiency, adaptability and improved power density are some of the salient characteristics
that have enabled power electronic converters to be so effective. All these benefits are
easily combined in high frequency AC link power inverters which are described in this
thesis. As the name suggests, these converters use a high frequency AC link instead of
the commonly used DC link. The AC link makes it possible to employ a transformer to
achieve galvanic isolation and voltage transformation while the high frequency reduces
the size of such magnetic components. The reliability of the converters is improved by
avoiding the use of electrolytic capacitors and using single stage conversion. However,
the leakage inductance of the high frequency transformer can cause large over voltages
in the AC link when single stage conversion is used. This thesis presents techniques to
overcome the problem of leakage energy commutation and describes them in detail with

the goal of making three phase high frequency AC link inverters practically feasible.

1.1 DC-AC power conversion

Voltage source inverters(VSIs) are a very well researched topic and find extensive use in
several single and three phase applications. A DC voltage with a constant magnitude is
switched to generate AC voltage at the desired frequency and magnitude. Power semi-
conductors such as IGBTs or MOSFETSs are used to switch the DC voltage according
to a switching pattern given by a modulating signal. A variable AC voltage is generated
from a fixed DC voltage by controlling the width of the voltage pulses and as such, this
technique is called pulse width modulation(PWM).

VDC -T- C =/~ b @

Figure 1.2: Voltage source inverter
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The power converter consists of three legs each comprised of a top and bottom switch
as shown in Fig. The DC side consists of a filter capacitor, C, and the DC power
source denoted as Vpe. The top and bottom switches in a phase leg are alternately
turned on to generate a switching output voltage. The rate at which they are switched
is called the switching frequency. The switching voltage consists of the fundamental
voltage at the desired frequency and several voltage harmonics which are multiples of
the switching frequency.

The efficiency of a voltage source inverter is strongly influenced by the switching
and conduction losses of the switches. The switching losses increase with the switching
frequency and can be the major source of power losses necessitating the use of large heat
sinks. Using SiC based switches can help reduce these losses to a certain extent but it
still results in a large % that can cause EMI issues and problematic bearing currents
when used in electric drive applications [4]. The reliability of VSIs is influenced by the
use of electrolytic capacitors in the DC bus. The lifetime of electrolytic capacitors is
considerably lower than a film capacitor and reduces the lifetime of the overall inverter
[5].

Several methods were proposed to overcome these shortcomings in voltage source
inverters. By introducing additional circuit elements that introduce resonant intervals,
periods of zero voltage or zero current can be obtained to facilitate zero switching
losses [6] and also mitigate electromagnetic emissions. These circuits can be classified
according to the location where resonance occurs [7] i.e either at the load end or at
the bus. Load resonant converters have the load connected in series or parallel across
a resonant network and result in Zero Voltage Switching/Zero Current Switching of
the devices. The resonant frequency of the passive network is slightly larger than the
output frequency and the resonating voltage/current is used to achieve soft switching.
However, the operation of this converter is dependent on the load and they are more
suited for applications where the load is fixed. The resonant pole inverter(RPI) restricts
the resonant intervals to a short time and is only activated when the switches have to
change state. However, the inductor current has a high peak to average ratio and can
result in a large sized inductor and increased switch ratings. Moreover, in these type of
soft switching converters, the resonant inductor is in the path of the load current and can

result in significant conduction losses. Alternately, an auxiliary resonant commutated
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pole inverter(ARCPI) [8] has been proposed in which the resonant inductor is not in the
path of the load current. The resonant inductor is connected in series with a controlled
switch which when turned on initiates a resonance with a capacitor across the switch

and results in a ZVS transition.

_| AwuziliaryCircuit(AC)
Cpc 1~ C,

Voo " A AT —c !
Sa Sas T b AC @

Figure 1.3: Auxiliary Resonant Commutated Pole inverter

The Resonant DC link inverter was first proposed by [9] and operates by introducing
resonance on the DC bus. This is obtained by connecting an inductor in the DC bus
and resonating it with a capacitor connected across the three phase bridge. A phase
leg is shorted causing the current in the inductor to build up to a predetermined value.
At the end of this linear current buildup stage, a resonance occurs between the DC bus
inductance and capacitance and the DC bus voltage swings to zero voltage after a short
time. By restricting the change of inverter switch states to these regions of zero voltage,
soft switching is achieved. Since all the switches have to change state at the same time,
the output is synthesized using a discrete pulse modulation scheme. Variations of the
resonant DC link exist such as the actively clamped DC link scheme [I0] or the quasi
resonant DC-link [I1] schemes to reduce the switch stresses and improve the PWM

performance.
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Figure 1.4: Resonant DC Link inverter

1.2 Transformer isolated inverter configurations

The previous section has described the traditionally used VSI’s and improvements that
alleviate the problem of switching losses and large % Many times, there is a need
to connect a transformer to account for large variations between input and output
voltages. Transformers provide a simple way of stepping up/down the voltage levels
and also provide galvanic isolation between two stages. Having a transformer isolated
inverter also helps provides safety and can prevent faults from propagating to other parts
of the system. The most direct way of achieving galvanic isolation is by connecting a
low frequency transformer at the line frequency output terminals of the inverter but the
resulting transformer is large and heavy. It is well known that the physical size of the
transformer is inversely proportional to the frequency of voltage that is applied across
it. This means that a transformer operating at higher frequencies can be smaller as
compared to a transformer operating at 60Hz.

Hence, when designing transformer isolated inverters, it is advantageous to use two
stages of power conversion. The first stage consists of a DC/DC stage where high
frequency operation is possible and hence provides the opportunity to embed a high
frequency transformer. The second stage would then generate the desired 60Hz voltages
using the DC voltage output of the first stage. The dual active bridge(DAB) converter
or the LLC converter are very commonly used to construct the high frequency isolated

DC-DC stage.
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A solid state transformer using the DAB topology as the DC-DC isolated stage is
described in [I2]. The use of active switches to construct the full bridges in a DAB allows
bidirectional power flow and the direction of power flow is controlled by adjusting the
phase shift between the voltages generated by the full bridges. Several schemes have
been proposed that deal with extending the range of soft switching in DAB converters

and achieving better low load efficiencies [13].
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Figure 1.5: Dual active bridge based isolated DC-AC implementation

The LLC converter looks similar in construction to a series resonant converter but
utilizes the magnetizing inductance of the transformer to achieve different gain char-
acteristics [I4]. ZVS turn on is possible for the switches while the turn off current is
lower than the peak tank currents. The secondary diodes are turned off at zero current
thereby limiting the reverse recovery losses. The power can be varied by adjusting the
frequency of the voltage applied by the primary bridge. The LLC converter is also
capable of bidirectional power flow when active switches are used on the secondary side

of the transformer [15].
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Figure 1.6: LLC converter based isolated DC-AC implementation
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While both the LLC and DAB converters are capable of soft switching, the resulting
power conversion from DC to 60Hz AC takes place in two stages. Due to this, the
overall efficiency of the converter is reduced. Moreover, while this scheme helps use a
compact high frequency transformer, it still uses electrolytic capacitors to establish the

intermediate DC bus and this is detrimental to the reliability of the system.

1.3 High Frequency AC Link Systems

High frequency AC link converters have emerged as an attractive alternative to tradi-
tional DC bus systems. Instead of a stable DC bus, the power transfer happens through
a link with a high frequency alternating voltage/current. Topologies using a high fre-
quency voltage link are more common where the DC voltage is chopped, usually by
using a H-bridge(full bridge) inverter, to generate the high frequency waveform. Zero
crossings in the link voltage exist and can be utilized to eliminate switching losses.
Another desirable feature of high frequency AC link converters is the ability to con-
nect a high frequency transformer to achieve electrical isolation. The transformer can
provide a step up/step down of the voltage with a suitable turns ratio. Further, the
high frequency link enables the use of small valued reactive components and a compact
transformer.

Some of the earliest papers describing a high frequency power transfer scheme were
proposed by McMurray [16l[17] and by [18]. Subsequently, power transfer using twin res-
onant high frequency links was proposed by [19] while [20] compared resonant inverters
for PV to utility interface. Subsequently, [21L22] reported a 20kHz single phase voltage
link power distribution scheme which uses a pulse density modulation(PDM) scheme.
A high frequency link implementation for uninterruptible power supplies was described
in [23] and employs a PWM scheme. It is clear that the merits of high frequency link
schemes were well established at an early stage. A review of recent publications reveals
a growing interest in AC link based power conversion schemes [242§].

The use of a high frequency AC link means that large and unreliable electrolytic
capacitors can be avoided and can be replaced by a longer lifetime film capacitor. It
has been shown that although electrolytic capacitors are an economical option, they

have poor lifetime and thus affect the reliability of the overall system [529]. Replacing
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the electrolytic capacitors with film capacitors has been shown by [30] to improve the
weight, size and lifetime. Similarly, the results reported by [31] show a considerable
increase in the power density of an inverter when using a high-current film capacitor.

Despite the use of different modulation schemes and construction, several advantages

of high frequency AC link converters become apparent such as

e higher efficiencies due to soft switching
e improved reliability by avoiding electrolytic capacitors
e improved power density due to small sized magnetics and

e clectrical isolation and voltage step up/down

1.4 Problem of Leakage energy commutation

While single stage transformer isolated converters offer several attractive features, prob-
lems arise due to the non ideal nature of the high frequency transformer. A transformer
provides isolation between two electrical circuits and the power transfer happens through
a magnetic core as shown in Fig. [[7l In an ideal transformer, the flux generated by one
winding will completely link the second winding. However, in practice, some portion of
the flux does not link the other winding and gives rise to a leakage flux. Now, this leak-
age flux can be represented as an inductance in the equivalent model of a transformer
and is termed the leakage inductance. In a practical two winding transformer, there
is a finite leakage inductance associated with the primary winding and the secondary

winding as shown in Fig. [ 7
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Figure 1.7: Leakage flux in a transformer

Leakage inductance plays a critical part in power electronic designs that use trans-
formers. Depending on the kind of topology, leakage inductance can be desirable or
problematic. For instance, a dual active bridge topology [32] uses the leakage induc-
tance to transfer power and the transformer is purposefully designed for a particular
value of leakage inductance. The ZVS phase shift full bridge converter [33] uses the
leakage inductance for soft switching the devices.

In a single stage power conversion scheme, the currents which flow through the trans-
former are a function of the load current and the switching state of the cycloconverter.
To optimize the switching loss in the cycloconverter, the switch states are only changed
near the zero crossings. Assume that a DC current [ is flowing at the output and a DC
voltage is being synthesized from a transformer isolated high frequency link. Depending
on the output DC voltage desired, the duty ratio is compared with a carrier signal and
the link polarity to obtain the switching signals. As a result, the current through the
transformer has a square waveshape as shown in Fig. and has regions with a high
rate of change (ﬂ) When such a current flows through the transformer and its leakage

dt
inductance, it results in a large voltage spike at every transition as described by [1]

di
v = leg& (1-1)
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The magnitude of the voltage spike is directly dependent on the value of L;;, and can
damage the transformer insulation, exceed the maximum voltage rating of the switches
and result in distortion of the output voltage. The problem of overvoltages appearing
across the transformer windings caused due to the leakage inductance was reported
in [34H37]. A simple way of minimizing the effect of the voltage spike is to connect a
voltage clamping circuit across the AC link. A single phase clamp is shown in Fig. [L10]
and is realized by connecting a capacitor Ceigmp and resistor Reqmp at the output of a
diode bridge. The voltage of C¢jqmp is maintained higher than the normal voltage range
of the AC link. Whenever the voltage across the link starts increasing due to sudden
current reversal through the leakage inductance, the diode bridge is activated and the
voltage across the link is limited to the clamp voltage. Consequently, this clamp voltage
is applied across the output terminal and leads to unwanted distortion. The Rjgmp
is sized to maintain the voltage across Cciqmp and is used to dissipate energy due to

leakage commutation. It can be seen that although this method limits the voltage spike,
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it is not a very efficient method of accomplishing it.

Ligg

A\t
)
wop )

+

Figure 1.10: Diode clamp to limit voltage spike

A source based commutation technique has been explained in [35] to overcome this
problem. As the name suggests, the voltage of the source is applied with the required
polarity to ensure a natural commutation occurs and current through the leakage in-
ductance is linearly reversed. However, this could lead to additional switching on the
source side converter as the correct link polarity has to be applied every time the link
current has to change direction. Another approach which proposes the use of a reso-
nant tank to ensure that the link current is sinusoidal and hence ensuring that there is
no problem of leakage energy is described in [38][39].This method avoids the need for
any source side switching or dissipative clamp circuits. However, it requires the use of
reactive components in the link which need to handle large currents due to the resonant
operation. Alternately, a multi-level asymmetrical transformer with interleaved wind-
ings was used to minimize the leakage inductance and reduce the problem of leakage

energy commutation in [40].

1.5 Applications

The use of high frequency AC link inverters for various applications are discussed in

this section. The features and characteristics of each implementation areas are also
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presented. High frequency, transformer isolated inverters find widespread use in inter-
facing renewable sources such as photovoltaic panels [41], fuel cells [42] and also other

applications like UPS systems [37].

1.5.1 PV to grid interface

A PV panel produces a DC voltage that needs to be converted to AC voltage at the
grid frequency. The conversion is performed in two stages and in the first stage, a
DC-DC converter is used to boost the output voltage of a PV panel or string of PV
panels. Once the required DC bus voltage is established, an inverter switches this bus
voltage to generate a pulse width modulated waveform that is interfaced to the grid.
Electrical isolation is needed to ensure safety due to the problem of leakage currents.
The transformer can be connected on the low frequency side at grid frequency or a high
frequency transformer that is usually a part of the DC-DC stage. It is advantageous
to connect the transformer on the high frequency side as the size of the transformer is

greatly reduced as shown in Fig. [LI1l

AC
DC Load

Low frequency
transformer

PV

HFAC

AC
| QDA N e
DC HFA Load

High frequency
transformer

Figure 1.11: Inverter configurations with transformer isolation

A high frequency AC link inverter can also be used to interface a PV source with
the grid and take advantage of high frequency transformer isolation. The benefit of a
single stage approach is that it eliminates the need for electrolytic capacitor which is
needed in a two stage approach. Moreover, the overall efficiency reduces when multiple
power conversion stages are used. The design and operation of a high frequency AC

link inverter is presented in [28,/43],44]



14
1.5.2 Battery Storage and UPS Applications

The variable nature of PV and wind energy sources necessitates the use of energy storage
systems to ensure a reliable power supply. Battery storage systems and uninterruptible
power systems(UPSs) have been proposed along with flywheels, compressed air storage
systems etc. These systems should have the capability to store energy when the power
generation exceeds demand and subsequently be able to supply the stored energy. The
power converter used for these applications should therefore be capable of bidirectional
power flow and high frequency AC link based UPS configurations have been reported
in [45./46].

1.5.3 Electric Drives

The use of high frequency AC link converters for electric drives applications has been
demonstrated in [47-49]. The ability to soft switch means that a high control bandwidth

can be achieved and output filter size can be reduced.

1.6 Contributions

The goal of this dissertation was to investigate new techniques to overcome the prob-
lem of leakage commutation in single stage high frequency inverters. Specifically, the
investigation was focused on realizing a high frequency AC link inverter which does
not require the use of additional clamp circuits. The results discussed in this thesis
are an extension of the work reported in [50], which proposed using the leakage induc-
tance of the transformer in conjunction with an additional capacitor to realize sinusoidal
currents through the transformer. This thesis proposes two alternative approaches to
avoid fast changing currents through the transformer. The major contributions can be

summarized as follows :

1. The use of a parallel LC tank connected across the secondary of the transformer
is shown to help avoid the problem of leakage energy commutation and avoids the

need for additional voltage clamping circuits in the AC link.

2. A space vector modulation technique was developed to generate balanced three

phase voltages from a sinusoidal high frequency link.
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3. The modulation technique developed has the advantage of restricting any change
of cycloconverter switch states to the zero crossing regions and eliminates the
switching losses in the three phase cycloconverter. This allows the use of higher

link frequencies and improves the efficiency.

4. The operation of an open end drive with a transformer isolated high frequency

dv
AC link is proposed and does not have large o at the motor terminals.

5. A partial resonant commutation technique is described which helps avoid the

problem of leakage energy commutation.

1.7 Organization of this thesis

This chapter was aimed at explaining why single stage high frequency AC link convert-
ers are attractive and the problem of leakage energy commutation. The idea of using a
parallel LC tank across the cycloconverter to avoid the problem of leakage energy com-
mutation is described in Chapter 2. The associated space vector modulation technique
is explained and the results are analyzed. The idea explained in Chapter 2 is extended
to an open end drive in Chapter 3. A new commutation technique that uses an addi-
tional leg to avoid the problem of leakage energy commutation is presented in Chapter
4. A brief summary of the work and possible areas of future research are reported in
Chapter 5.



Chapter 2

High Frequency AC Link Inverter
using a Parallel LC Tank

2.1 Introduction

This chapter describes a cycloconverter based three phase inverter which uses a high
frequency transformer isolated AC link comprising of a parallel resonant tank across
the secondary winding of the transforme . Cycloconverter based power converters
have been reported by [36,37]. In these implementations, a H-bridge is used to generate
high frequency AC voltage from the DC source which is then applied across the primary
winding of a high frequency transformer. The transformed voltage across the secondary
winding is directly converted to the desired lower frequency voltage by a cycloconverter
bridge. This single stage power conversion is different from two stage topologies, which
first rectify the high frequency AC voltage to DC and then invert it to generate the
output voltages.

However, when single stage conversion is used, the leakage inductance of the high
frequency transformer results in large voltage spikes when the current flowing through
it is abruptly changed due to the switching of the cycloconverter. This problem is
inevitably present as leakage inductance is unavoidable in a transformer winding. Ref-

erence [52] uses a clamp circuit to limit this voltage rise. However, use of a clamp circuit

! Parts of this chapter are taken from [51]

16
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is a lossy solution. A non-resonant inverter with integral pulse modulation technique
leading to a quasi soft switching in the cycloconverter was proposed in [47]. Here too
a snubber circuit is used to absorb the energy trapped in the leakage inductance of
the transformer. In [48], an inverter implementation was proposed that facilitates the
complete recovery of the leakage energy.

As explained in reference [53], the problem of leakage energy commutation can be
avoided by ensuring that the current through the leakage inductance of the transformer
is sinusoidal. Having sinusoidal current through the transformer also reduces the wind-
ing losses and can lead to a more compact transformer design as explained in [54]. This
helps avoid the problem of leakage energy commutation. The operation of this converter

and various results are presented.

2.2 Circuit Description

The proposed three phase inverter using a high frequency AC link is shown in Fig.
A H-bridge comprising of switches S, through S; is used to convert the DC voltage to a
high frequency alternating voltage denoted as vyt that is fed to the transformer pri-
mary winding. The Ly, and Ly, represent the leakage inductances of the transformer
windings and the voltage across the secondary winding is denoted as vy, r. The cyclocon-
verter connected to the secondary winding of the transformer comprising of the switches
Sap through Sopn is used to synthesize three phase voltages of adjustable magnitude
and frequency from the high frequency link voltage. Switches with bidirectional voltage
blocking ability need to be used in the cycloconverter in order to be able to block the
alternating link voltage. A parallel combination of an inductor,L, and capacitor, C,, is

connected across the secondary terminals of the transformer.
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Figure 2.1: Inverter Topology

The voltage generated by the H-bridge is called vgyten, and the current generated by
the cycloconverter is called igyich. A three phase load supplied by the cycloconverter
and the phase currents are shown in Fig. The load can be either a motor or a three

phase grid and the power flow can be in either direction.

2.3 Principle of Operation

The problem posed by the leakage inductance arises due to the fact that switching the
cycloconverter results in an abrupt change of current through the L;,. Sudden changes
in the current through an inductor will result in a high voltage across the link which
could potentially damage the switches or breakdown the winding insulation. To avoid

these problems, the parallel resonant tank is used to ensure that the current flowing
dijink

dt -
The impedance of the tank as a function of the frequency is given by 2.1] and is

through the transformer is sinusoidal and thus avoid a large

plotted in Fig. It can be observed from the impedance diagram of the resonant tank
that it presents a very high impedance at its resonant frequency and a low impedance
to all the other frequency components. This means that the resonant tank acts as a
low impedance path to the high frequency components of current igytcp, whose shape

depends on the cycloconverter switch state and the output currents.

Zw)= —— (2.1)
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Figure 2.2: Impedance of the tank as a function of frequency
The AC link frequency is chosen to be the same as the resonant frequency fjs. This
resonant frequency depends on the values of L, and C}, and is given by

1

It = o e

2.3.1 Modulation of H-bridge

(2.2)

The input H-bridge is switched to apply a high frequency switching voltage across the
primary winding of the transformer with a fundamental frequency of fjy. Turning on
the switches S, and Sy results in the application of the non-zero levels vgyiten, = +Vpo
to the primary winding while turning on switches S and S, results in the application of
Vswiteh = —Vpc. Switching alternatively between these two switching states would lead
to the generation of a high frequency square wave voltage at the transformer primary
winding. The harmonic analysis of such a square wave voltage reveals the existence of
odd harmonics with considerable magnitude. Given the low impedance of the tank at
frequencies other than fj,r, these harmonics in the voltage generated by the H-bridge will
result in additional currents at these harmonic frequencies flowing into the tank. This

leads to unwanted circulating currents and over-sizing of the transformer and additional
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power losses within it.

This unwanted circulating current can be prevented if the H-bridge is switched
such that the switching harmonics are very far from the fundamental frequency. The
impedance offered by the leakage inductance linearly increases with the frequency and
suppress circulating currents. The Selective Harmonic Elimination techniques presented
in reference [55] can be used to generate the required vgyiten, While eliminating certain

low order harmonic

Vbe +

Vswitch

0(11 (0% 71'/2 Qg T 371'/4 2
angle

Figure 2.3: H Bridge Output

By switching the input H-bridge at specific pre-calculated instants of time within
one fundamental cycle of fr, higher order harmonics in the voltage are eliminated.
The more the number of harmonics to be eliminated, the higher will be the number of
switching instants. The SLL technique presented in [55] has been used and the maximum
peak voltage of the link voltage with this technique is equal to Vp¢ i.e the modulation
index of the H-Bridge is m,g = 1. The modulation index is defined as the ratio of
peak value of the fundamental frequency of vgycn to the magnitude of Vpo as defined
in 23l In this programmed PWM scheme, switching instants leading to elimination of

certain harmonic frequencies are computed by solving a set of non linear equations. In
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the following analysis, the H-bridge is switched so as to eliminate the 3,5,7,9,11,13,15
and 17th harmonics from the voltage generated by it. Fig. shows the shape of the
voltage generated by the H-bridge.

Uswitchy (23)

Mol = Vbe

2.3.2 Modulation of the cycloconverter

The effect of the transformer leakage inductance and the tank on the switching voltage
can be analyzed by considering the voltage transfer function of the link. The transformer
is assumed to have a large magnetizing inductance which can be omitted and a lumped
model of the leakage inductance is used. A finite winding resistance of the transformer
is assumed as R,, and the series resistance of the inductor L, is represented as R, as
shown in Fig. 24l The voltage transfer function can be obtained from this circuit and
is shown in 241

G (S) _ Vhf (8) _ SLp —+ Rp
v Viwiteh (8) 8 LypLiggCp+5? (LikgRp + LyRy) Cp+58 (Likg + Ly + CpRyRy)+
Ry, + Ry -
Litg Ry .

N AN A link

"ita.nk

T L
@ Vswitch —~ Cp Uhf
z R,

Figure 2.4: Equivalent circuit of the AC link
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The Bode plot of the voltage transfer function shows that the gain of the tank at
the link frequency, fir, is unity and the peak value occurs at the frequency f.. By
neglecting the winding resistances, the location of the peak can be calculated as
The effect of the winding resistances is to reduce the peak value of the transfer function
as shown. Beyond f., the gain of the voltage transfer function continues to decrease thus
attenuating any harmonics of vgy;en that occur in this region. The harmonic spectrum
of the voltage vgyiten is shown in Fig. and the first harmonic occurs at the frequency
19fns due to the SHE modulation. Thus, the harmonics in vgyiten are attenuated and
the resulting voltage vy, across the secondary winding is sinusoidal at the link frequency
as shown in Fig. 27

fc = L (2'5)
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Figure 2.7: Plot of v,y

The cycloconverter now has the task of synthesizing three phase voltages of ad-
justable magnitude and frequency from v which has a sinusoidal shape. The modu-

lation strategy is designed to restrict device switching to the zero crossings of the link
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voltage thereby eliminating switching losses over the entire operating range.

The space vector modulation(SVM) technique has been extensively used in conven-
tional voltage source inverters. In this technique, the desired output space vector 75
is synthesized by applying a suitable combination of active voltage vectors and zero
voltage vectors. The spacevector is defined as These vectors and the associated
switch combinations are illustrated in the voltage space vector diagram of Fig. 28 A
switch state [100] indicates that the switches Sap, Sy and Scn are turned on and so
on. For example, when the space vector located in Sector 1, the desired volt-seconds are
realized by applying the adjacent active vectors with switch configurations of [100], [110]
for certain fractions of the sampling period T respectively and the zero vector (either
[000] or [111]) for the remaining fraction of the sampling period. This strategy can be
adapted to synthesize the desired output voltages from the high frequency sinusoidal

link voltage obtained with the proposed inverter.

Ve = van(t)e”* + v (£)6 S+ ven (1)l T (2.6)
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Figure 2.8: Space Vector Diagram

The switching of the H-bridge results in a high frequency sinusoidal voltage, vy, s
across the secondary terminals of the transformer. This voltage has two zero crossings
in one complete cycle. In order to achieve zero voltage switching, any change in the

switch states of the secondary converter is restricted to the zero crossings of this link
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voltage. Thus one complete half cycle of vy s is the basic unit of voltage used to synthesize
the output space vector. The volt seconds available in one half cycle of the link voltage

are given by

vng ()

i
_1
2hf

Figure 2.9: Volt Seconds

1/2fng) | Y,
/ Vs sin(wnst) d(t) = L
0 T fns

(2.7)

Here, Vhf is the peak value of the link voltage across the secondary winding. As-
suming a transformer turns ratio of ny, Vi 7 equals n; Vg, when using the SLL technique
for modulating the H-bridge and the maximum modulation index. The output space
vector is assumed to have a magnitude |75| and rotates at a frequency fy. Now for the
given space vector v;, the desired volt seconds needed to make up the output voltage
are realized by applying the adjacent vectors of Fig. for some integral number of
half cycles. In a sampling time interval of T}, the expressions pertaining to the number

of half cycles of vector [100], [110] and the zero vector [111] or [000] are given by dnq,

dng and dng respectively. The ratio of fi; and the sampling frequency f,(= f) is
chosen to be an integer and is represented as my. ’
Iny
my = —/— 2.8
1= (2.8)
v V;
VilzaTy = 24 20%n, + 2 /600dn, (2.9)
T fhy T fhy

dny + dng + dng = 2my (2.10)
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Solving the above equations, the following expressions are obtained

iy \75\ sin(60° — )
dny == ————
fs Wiy sin60°
 fur Vil sin(a)
dno = — —
fs Vi sin60°

(2.11)

(2.12)

The modulation index of the cycloconverter, m, is defined as the ratio of the peak
value of the output phase voltage to the peak value of the high frequency link voltage
as shown in 2131

Vihn

my, = -2 (2.13)
Vhf
3.

e 3 Vohn (2.14)

In a balanced three phase system, the absolute value of the space vector |75| is 1.5
times the peak value of the phase to neutral voltage 214l The values of dnl, dn2 and
dn0 in a given sector can now be conveniently expressed as 217, The variation of the
duty ratios with time is plotted in Fig. and it shows that they are periodic over 60

degree intervals.

dny = V/3mmm, sin(60° — ) (2.15)
dny = V/3mm sm, sin(a) (2.16)
dng = 2my — dny — dny (2.17)



27

an

dny

dny

Figure 2.10: Duty ratio

The obtained values of dny, dns and dng are then compared against a sawtooth
carrier comprising of discrete steps from 1 to 2m as illustrated in Fig. 211l As
long as the compared value is greater than the carrier signal, the appropriate switch is
turned on. This is equivalent to rounding the obtained value to the previous integer
and results in the application of integral half cycles of a switch combination. Given the
high frequency nature of the link voltage, the error introduced by this type of rounding
in time for applying a vector is quite low. A peak voltage detection circuit can be used
to track any changes in the link voltage Vhf and appropriately adjust the half cycles
required. A simple zero crossing detector circuit is used to track the polarity of the link

voltage. When the link voltage is close to zero, the gate signals of the top switch and

bottom switch in the legs of the cycloconverter are flipped. For instance, the state [100]



28
is realized for a negative value of link voltage by applying [011].
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Figure 2.11: Generation of gate signals for cycloconverter

Fig. shows the generation of the gate signal s4 for the phase leg A. The second
plot in this figure shows the duty ratio of leg A in red being compared with the sawtooth
carrier. When the duty ratio is greater than the carrier signal and the value of vy is
positive, the value of s4 is equal to 1. Under similar conditions, if the voltage polarity
of vyy is negative, the value of s4 is set to 0. The plot of vay shows the voltage at
the output of the phase leg A wrt the negative rail of the AC link denoted as N. The
corresponding phase-neutral voltage of phase A is shown in v4,. The plots in Fig.
show the variation of the phase-neutral voltages of the three phases in a sampling
interval of length Ts. The first plot shows the duty ratios of each phase leg and the

staircase carrier. It can be seen that each Ty interval has regions where the voltage is

Vi Vi
TR ;zf

effect of common mode voltage which is well understood.

2
either zero or has peak values of +- . This variation occurs due to the
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2.4 Simulation Results

The proposed converter is simulated in the SIMULINK environment and the results
showing the sinusoidal link current are presented. A transformer with a turns ratio of
1:2 is utilized and the DC input voltage is assumed to be 600V. The link frequency is
fixed at 40kHz. The value of L, is chosen as 28 pH and using (Z2)), the value of C),
is calculated as 0.56 puF. An output voltage of 480V rms(LL), 60 Hz is synthesized to
supply a load of 20kW at a load power factor of 0.8. The waveforms for one sampling
period of the space vector are presented in Fig. 214l At a sampling frequency of 4kHz,
one sampling interval spans 10 complete cycles of vy, as shown. The current igyizen
shows the input current drawn by the cycloconverter and has three distinct levels. The
non-zero levels pertain to the instances where the two active vectors were being applied
and the zero levels reflect the application of the zero vector. The value of this link
current depends on the switching state of the cycloconverter. For the state [100], the
magnitude of the current i4,;:., equals the phase a current of the load. This current is
flipped in polarity every time the link voltage vjs changes its polarity as can be seen
from Fig. 214

Table 2.1: Inverter Parameters

Parameter Value
Vie 600 V
Lijg(equuialent) 20pH
Turns Ratio 1:2
Inr 40kHz
fs 4kHz
L, 28 uH
Cp 0.56 uF
Viohph 480V rms
Output Power 20kW

Load Power Factor 0.8

The current i, is the current passing through the secondary winding of transformer
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and has the sinusoidal wave shape. As already stated, the parallel tank circuit acts as a
low impedance path for the non-link frequency components of i4,;;cn and only the link
frequency component flows through the transformer. The current drawn from the dc

voltage source, 4. is also shown.
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Figure 2.14: i) Voltage across the cycloconverter ii) Current at cycloconverter input iii)
Current through transformer secondary winding iv) Current in inductor L, v) Current

in capacitor C),
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Figure 2.15: Output currents of the three phases

Fig. shows the output phase currents and Fig. shows the unfiltered
phase to neutral voltage across the load. The phase-phase voltage waveshape is shown
in Fig. 217 Fig. shows a zoomed version of the phase to neutral load voltage
comprised of sinusoidal half cycles. The variation in the link voltage, caused by the
switched nature of the current from the cycloconverter, is reflected in the shape of the

output phase voltage.
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Figure 2.16: Phase to neutral voltage generated across the load
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Figure 2.17: Line to line voltage
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Figure 2.18: Zoomed phase to neutral voltage generated across the load showing the
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Figure 2.19: Zoomed phase to line-line voltage generated across the load showing the

half cycles

The current through the primary winding of the high frequency transformer,ip,im, is

shown in Fig. 2.200 The current at the input of the H-bridge is a chopped version of
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the primary winding current and has a sinusoidal envelope as shown in ip¢.

600

Vswitch
S

-600

200
100

ipc
=

-100
-200

200
100

7 prim
(e}

-100
-200

time

Figure 2.20: Plots showing the voltages and currents of the H-Bridge

A FFT of the the phase voltage is shown in Fig. 2.21] and shows the location of
the switching harmonics. The first major group of harmonics occurs at the sampling
frequency fs and the next major group of harmonics is concentrated at twice the link
frequency i.e 2fj,y. Thus, a higher value of link frequency has the effect of shifting the
second major group of harmonics even further away from the fundamental frequency.
This is shown in Fig. in which the sampling frequency is unchanged from Fig. 2.21]
but the link frequency is now 80kHz instead of 40kHz. This is advantageous as it results

in a smaller sized filter but increases the switching losses in the H-bridge.
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2.5 Hardware Results

A hardware prototype was constructed to validate the proposed converter topology.
The parallel LC tank is constructed using a 28uH inductance and a 4uF' capacitor.
The inductor used is manufactured by the company CWS and bears the part number
ES55206-280M-160AH [56].This inductor uses a Sendust core and is well suited to carry
large currents that are expected to flow within the tank. The capacitor is realized by
paralleling the C4ABSNBX4100ZAFJ series film capacitors which are manufactured by
Kemet [57]. Each of these capacitors is rated at 1uF and four such capacitors are
paralleled to obtain the desired capacitance of 4uF.

A network analyzer was used to plot the impedance characteristics of the tank and
the scan results can be seen in Fig. The maximum impedance occurs at 15.92kHz
and the phase at this frequency is almost zero. If the tank were constructed using
an ideal inductor and ideal capacitor, the impedance would ideally be infinite at the
resonant frequency. However, due to the finite @ factor of the tank, the maximum

impedance occurs at 15.91kHz and differs from the expected value of 15.03kHz.

Figure 2.23: Highfrequency transformer and LC tank
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Figure 2.24: Impedance of LC Tank

When choosing the link frequency of the converter, it should be noted that fs
should be that frequency at which the combination of transformer and LC tank exhibits
the maximum impedance when seen from the primary terminals of the transformer.
A network analyzer is used to measure the impedance at the primary winding of the
transformer with the LC tank connected across the secondary. It can be seen that the
maximum impedance occurs at 16.4kHz. This is due to the effect of the magnetizing
inductance Ly, which shifts the frequency at which the maximum impedance occurs. As
a result, 16.4kHz is chosen as the frequency of the AC link to get minimum circulating
current into the tank. The sampling frequency, f; of the converter is chosen to be
4.1kHz such that the m ratio is an integer measuring 4. Thus one sampling interval

over which the output Vﬁ)ltage is synthesized has n=8 half cycles of the link voltage.
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Figure 2.25: Impedance at primary winding

Figure 2.26: H Bridge

The H Bridge was built using SiC MOSFETSs to synthesize the SHE PWM voltage
with a fundamental frequency of fj,y. Two half bridges which use the SCH2080KE
SiC MOSFET are used to form the H Bridge as show in Fig. The high switching
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frequencies supported by SiC devices make them the ideal candidate for this application.
A dead time of 100nsec is incorporated to prevent accidental shoot through states when

switching the legs.

Figure 2.27: Hardware

Table 2.2: Hardware Prototype

Parameter Value
Switch Sq — Sg SCH2080KE
Switch Sap — Scny  STGB7NC60HDT4
Vie IGRY
Turns Ratio 1:2
iy 16.4kHz
fs 4.1kHz
Lijg(equuialent) 20uH
L, 28 uH
Cp 4 pF
Output Power 500W
Load Power Factor 0.8

The cycloconverter was constructed using discrete IGBT’s which are connected in a
common emitter configuration to realize a switch capable of blocking both positive and
negative voltages. STGBTNC60HDT4 IGBT’s from ST Microelectronics in a D2PAK
package were used in the hardware prototype. These switches change their states only

at the zero crossings of the link voltage and hence switching losses are almost negligible.



42
The IGBT’s are driven using ACPL 332J drivers from Avago with a gate resistance
of 20 Q. These drivers offer optical isolation and fault protection. Each phase of the
cycloconverter is comprised of four discrete IGBT’s and their associated circuitry as
seen in Fig. The operation of the hardware prototype can be verified from the
results presented in Fig. and
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Figure 2.28: Phase voltage, switched current and the load current of the hardware
prototype
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The Fourier spectrum of the phase to neutral voltage is presented in Fig. 2.30al It
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can be seen that the harmonics occur at multiples of the sampling frequency f; and at

twice the link frequency i.e 2ff. It can be inferred that using a higher value of the
link frequencies would push these harmonics much farther away from the fundamental

frequency. The Fourier spectrum of the currents iy¢cn and ig,x are shown in Fig. 2.3Tal
and respectively.
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Figure 2.30: (@) FFT of va, (b)) FFT of the load current
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Figure 2.31: (@) FFT of switched current (B) FFT of link current

2.6 Commutation

The cycloconverters are constructed using IGBT’s connected in the common emitter
configuration to obtain switches capable of blocking voltage of either polarity. Conse-

quently, when switching between the top and bottom bidirectional switch in a leg, four
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step commutation technique needs to be used to ensure that there is always a safe path
for the phase currents to flow [35]. Based on the polarity of the phase current, the
entire process of transferring the current from the top switch to the bottom switch is
accomplished in four discrete steps. This is illustrated in Fig where the states of
the four individual devices Si;, Soz, S3. and Sy, that constitute one bidirectional leg
are shown during the transition from ON state to OFF and vice versa. The states to
the left of the dotted line refer to the case when ¢ > 0 i.e current is flowing out of the
leg while states to the right of the dotted line occur when the current is flowing into the

leg.

1>011<0

Figure 2.32: Four step commutation

2.7 Summary

This chapter demonstrated a high frequency ac link three phase inverter that avoids the
problem of the leakage energy commutation by using a parallel LC tank. The use of a
resonant tank circuit with small values of reactive elements ensures that the size of the

inverter can be compact. The modulation of the cycloconverter to generate the desired
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outputs using a discrete space vector algorithm was explained. Zero voltage switching
of the cycloconverter is another added benefit of the proposed scheme. This inverter can
have higher link frequencies to take advantage of fast switching power electronic devices
without being constrained by additional time otherwise needed for the commutation of

leakage energy.



Chapter 3

High Frequency AC Link
Transformer Isolated Open End

Drive

3.1 Introduction

The majority of the variable speed drives used in industry utilize voltage source inverters
(VSI) which have been thoroughly investigated over the years [58]. While the space
vector modulation method is widely used, it causes unwanted bearing currents which
lead to the eventual failure of the drive. Open end winding configuration of electric
motors utilizing dual VSIs has been proposed as a way to avoid bearing currents [59./60].

However, a major drawback of the DC link based VSI configuration is that the
electrolytic capacitors used to construct the DC link tend to degrade with time. To
avoid the need for such capacitors and improve the reliability of the drive, open end
drive configurations based on matrix converters have been investigated in [61H64] where
the matrix converters are modulated using synchronous rotating vectors to generate
the desired outputs. Alternately, inverters utilizing a high frequency AC link offer
an attractive solution for use in open end drives by eliminating the need for bulky
electrolytic capacitors along with the added advantages of allowing the use of compact

and light weight transformers to achieve galvanic isolation and voltage transformation.

49
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This chapter extends the high frequency link scheme presented in the earlier chapter

to realize an open end drive that uses dual cycloconverters to generate the necessary
motor voltage . It combines the advantages of an open end winding configuration and
a high frequency ac link. The open end configuration leads to an improved utilization
of the ac link and have the problem of leakage energy commutation which eliminates
the need for lossy voltage clamping circuits. By restricting any change in the switch

states of the cycloconverter to the zero crossing regions of the link, switching losses are

avoided in the cycloconverter.

3.2 Bearing currents

The source of bearing currents in induction motors driven by PWM converters was
explained by [66]. It was shown that multiple parasitic capacitances exist due to the
construction of the induction machine. Due to the high rate of change in the switching
voltages applied by PWM converters, these capacitances provide a path for common
mode currents to flow through the system. Common mode currents can lead to EMC
issues and may also corrupt low level signals. Moreover, the voltage buildup across
the capacitances is discharged through the bearings which support the shaft leading to
bearing currents. These cause the machines to fail over time as they result in mechanical
wear and tear of the bearings [4]. It can be seen that the high % of the switching

voltages applied by PWM converters can lead to several problems in the system.

Rotor

2 >
2 I

1T
Bearing

Figure 3.1: Common mode circuit of a drive

! Parts of this chapter are taken from [65]
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The common mode voltage in a system defined as follows

_ Van +Ven + Ven
3

Suppression of shaft voltages and bearing currents can be done either by modifying

Vewmr (3.1)

the modulation scheme used or by altering the impedance of the common mode current
paths as explained in [67]. The use of multilevel inverter PWM schemes was presented
in [67] to eliminate common mode voltages. The paper proposed that only certain
switching states be selected by the modulation algorithm such that the generated com-
mon mode voltage is zero. Alternately, [68] proposed the addition of active circuit that
applies voltages whose common mode voltage has the opposite polarity. As reported
by [69], dual VSI fed open end drives can also be used to eliminate the common mode
voltages. This scheme ensures that the switching states of the dual VSI’s result in the
same common mode voltage across the machine stator windings. The use of open end
drives also leads to an improved modulation index i.e a smaller bus voltage is needed

to generate a given output voltage.

3.3 Description of the Converter
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Figure 3.2: High frequency transformer Isolated AC link open end drive

The proposed high frequency ac link open end drive is shown in Fig An H-bridge
comprising of switches S4 through Sp is used to generate a high frequency AC waveform
at a frequency fr from a DC voltage source. A high frequency transformer with a turns

ratio of ny is connected in the link and Ly, and Ly, are the leakage inductances of
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the transformer windings. A parallel tank comprising of inductor L and capacitor C is

connected across the secondary winding of the transformer. The resonant frequency of

1
2V LC

open end machine are fed from two cycloconverters comprising of switches S1, through

the tank, given by f,.= is designed to be equal to fj,y. The terminals of the
Sic and S}, through S} respectively. These switches need to be capable of blocking the
alternating link voltage and hence should have bidirectional voltage blocking capability.
This can achieved by connecting two IGBT’s in a common emitter scheme as shown.
An open end winding configuration in an induction machine is obtained by opening the
neutral point of the stator windings in a regular induction machine. In the following
sections, it is assumed that the switches are ideal and the magnetizing inductance of

the transformer is very large and can be neglected.

3.4 Principle of Operation

The switching of the H bridge and the use of a parallel tank circuit have been previously
explained. A SHE modulation technique is employed for the generation of a high fre-
quency AC link. The modulation index of the H bridge is selected to generate AC link
voltage of maximum amplitude i.e m,g = 1. The operation of the dual cycloconverters

to generate variable frequency motor voltages is now explained.

3.4.1 Open End Drive Operation

An open-end winding induction motor is realized by opening the neutral point of the
stator windings of a regular induction motor. This provides access to three additional
motor terminals which are fed from a separate three phase converter. When utilizing
a DC-link based open end drive, the two pairs of motor terminals are fed by voltage
source inverters(VSI). The space vector modulation technique for an open drive using
dual VSI’s has been described in [70]. A major advantage of the open end configuration
is that it requires the use of only half the bus voltage as a single end configuration
to generate a given output voltage. The possible voltage vectors of the VSI's can be
represented using the space vector diagram as shown in Fig. [3.3a and The switch
states to obtain the voltage vector are also shown. The common mode voltage of a

switch combination, Vo, is defined as (B.1]).
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Figure 3.3: (a) & (b) Space vector diagrams of the cycloconverters showing the vec-
tors with similar common mode voltage (c¢) Resultant voltage vectors of the open end

configuration

The active vectors in a VSI have either one phase connected to the positive DC bus
or two phases connected to the positive DC bus. Hence, the common mode voltage

generated by the active vectors of a VSI with a DC bus value of Vp¢ is either QV% or
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%. If two active vectors with different common mode voltage are applied on either end
of the open end drive, it zero sequence currents to flow through the machine windings.
This is undesirable and leads to a reduction in efficiency. It is known [70] that the use
of isolated voltage sources for each of the VSIs can help these zero sequence currents.
Rather than using isolated voltage sources, the modulation strategy can be restricted
to utilizing active vectors with the same common mode voltage to avoid zero sequence

currents [69).

3.4.2 Modulation of the Cycloconverters

A constant common mode voltage across the phase windings can be achieved by utilizing
vectors which have the same common mode voltage as described in [60]. It can be
seen that vectors 1,3,5 possessing the switch states S,5,S. as [100], [010] and [001]
respectively have the same Vips. The switch state '[100]” means the top bidirectional
switch in Phase A is ON and the bottom bidirectional switches in Phase B and C are
ON. The zero vector is constructed using one of the combinations of 11°,33%,55’ to
ensure that Viojps remains constant. It should be noted that using the vectors 2,4,6
will also yield similar results. The resulting voltage vectors possible by using the 1,3,5
vectors and 1°,3’,5” vectors that generate the same common mode voltage on either
end of the motor windings are shown in Fig. [3.3d along with the desired output voltage
space Vector,vs(t). The vector 13’ means that cycloconverter 1 has a switch state of
[100] while cycloconverter 2 has a switch state of [010].

Depending on the sector in which Z(t) lies, the voltage is synthesized by applying
two adjacent active vectors and a zero vector for specific time periods within a given
sampling period. For the ac link case, this is implemented by considering the volt-
seconds available in one sinusoidal half-cycle of the link as the fundamental unit to
synthesize the output during a sampling period Ts. The volt-seconds in one half cycle

of the link voltage are given as ¢ = For a given vector V,, where m € 1,3,5

Yt
Tfny
andn e 1,35, let S, and S, be switch states of the cycloconverter legs respectively

where z € a, b, c. The volt-seconds of the vector V,,, are calculated as shown in (3:2).

m = @((Sma - Sna)ejo + (Smb - Snb)ej%r + (Smc - Snc)ej%r) (3'2)
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Figure 3.4: Generation of gate signals

The output voltage is synthesized during the time T by applying an integral number
of half-cycles of two adjacent active vectors, say dn; and dng, and using a zero vector
for the remaining time given by dng as given by (3.4]). By applying an integral number
of half cycles, it is ensured that the output switches always change state when the

voltage across them is very low and resulting in negligible switching loss. From (3.4]),

3nV,
the resulting length of the vectors in Fig. B.3d is calculated as m and it can be
shown that the maximum value of m,, where m, = —%—, of this configuration is 0.6366

ntVae’

which is higher than the maximum value of m, of a similar single end configuration
which is 0.3675. Thus, using an open end configuration allows the generation of larger

output voltages from a given ac link and reduces the component stresses.

dny = mmymy sin (60° — a);
dng = mmym sin (a);

dng = 2*mys — dny — dna;

1 A 2 fnr
where fs = X 0 = 3| s|; and my I,

The obtained values of dny, dno and dng are then compared with a sawtooth carrier

with discrete levels ranging from 0 to 2my as shown in Fig. B4l to get the appropriate
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gate signals. The switch states of the cycloconverters are reversed every time the link
voltage polarity changes.

The current syt depends on the vector combination applied and the values of the
three phase currents at that instant. Assuming the load current to be inductive and at
a much lower frequency than fj,f, the effect of reversing the switch states is the polarity

reversal of 7gytcn resulting in the switched waveshape.

3.5 Results

The converter described above was simulated in the SIMULIN K environment by con-
sidering a transformer with leakage inductance of 20 yH and a link frequency of 15kHz
and supplying 20kW of power at a load power factor of 0.8. The value of V. was as-
sumed to be 600V and ns=1. The modulation index was set to 0.56 to generate a line
voltage of 415V(RMS). The parallel tank is constructed using an inductor of 28 uH
and a capacitance of 4uF'. The plot of igyien in Fig. shows different current levels
corresponding to the application of different active vectors and the corresponding iy;,,k.
The output currents and the voltage V44, are shown in Fig. B.7al and It can be
observed that the phase voltage is composed of sinusoidal half cycles of the ac link.

A hardware prototype was constructed using STGB7TNC60HDT4 IGBTs configured
in a common emitter configuration for switches S, through S, and SCH2080KE power
MOSFETs for switches S4-Sp. The DC bus was set at 50V to achieve a no-load peak
link voltage of 100V. A modulation index of 0.56 was assumed and a 30Hz output was
generated across a static RL load with R=10 Q and L=45.8 mH. Current sensors are
used to sense the polarity of load currents to implement four step commutation which

is necessary to switch the bidirectional switches. The results are shown in Fig. 310
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Table 3.1: Electrical Parameters
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Parameter Value
Power 20kW
Vie 600V
Vout 415V(RMS)
L 28uH
C 3.53ukF
Likg 20uH
g 2

ICycloconverter 1 {-

y

Figure 3.11: Hardware prototype

3.6 Variable gain of H Bridge

In the preceding sections, it was assumed that H bridge is modulated so that it generates
a SHE voltage and the peak value of the fundamental voltage is the same as Vpc.The
modulation index of the H bridge m,, as defined in is maintained at unity and
the magnitude of vy, under all operating conditions is constant. The output voltage
was changed by controlling the modulation index m,, of the cycloconverter. Alternately,
my, of the H bridge can be controlled to adjust the magnitude of output voltage as

illustrated in Fig.
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My, = Vis
" Vpe
In this alternate control scheme, the cycloconverter is operated with the maximum

(3.5)

value of modulation index and instead, the value of m,,, is varied. The ac link voltage
magnitude is changed by using the appropriate switching angles to still achieve selective
elimination of harmonics in vgytcn. The switching angles for a range of values of my,,
can be pre-calculated and stored in a lookup table. This approach has the following
benefits :

e reduced iron losses in the transformer and the machine due to reduced voltage

magnitude

e reduced magnitude of currents circulating within the tank

15 1 15
¢ oof £ 0
15 1 A5}

0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2

time(sec) time(sec)

(a) (b)

Figure 3.14: (@) Outputs when m,,,=1 (b) Outputs with reduced m,,,
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3.7 Converter operation using a multilevel converter

The H Bridge topology was used in the generation of high frequency AC voltage from
the DC source. The SHE modulation strategy was used and resulted in the generation
of a switched voltage that switches between +V;. and 0 levels during the positive half
cycle and switches between the —Vj. and 0 levels in the negative half cycle. Using
this topology, the conversion is accomplished by employing four semiconductor devices
which have to switch multiple times in one fundamental cycle of the link voltage. The
SHEPWM strategy was primarily chosen to eliminate lower harmonics in vsyitched SO as
to minimize any circulating currents into the LC tank. This can also be accomplished
by using a regular PWM strategy and using a high switching frequency. At large voltage
magnitudes of V., the switching losses can be significant and the resulting dit] across
the transformer primary winding can be too high.

A multilevel converter can be used in place of the H Bridge to generate the high
frequency AC link. Multilevel converters offer several advantages such as the generation
of stepped output voltage with low THD, reduced 2—;} and improved reliability. A high
frequency AC link converter using a 9 level cascaded topology is shown in Fig. .
In recent times, modular multilevel converters(MMC) have been investigated and offer
more benefits compared to the conventional multilevel topologies. A high frequency AC
link converter using a MMC is shown in Fig.
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Figure 3.15: AC Link generation using Multilevel Converter

The operation with a cascaded multilevel converter needs four isolated DC sources as

shown. These sources could be assumed to be four isolated PV strings or four individual

batteries. The multilevel converter is modulated to generate a 9 level stepped output

with the fundamental frequency of fj,y. Phase shifted carriers are used to generate

the switching signals and the frequency of each of those carriers is the same as fjf to

generate the stepped waveform. The figure shows the generation of a high frequency

AC link using the previously mentioned SHEPWM and a multilevel stepped waveform.
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3.8 Summary

This chapter described a novel transformer isolated drive configuration which incorpo-
rates the benefits of high frequency ac link inverters and open end drives. Single stage
conversion is achieved without the problem of leakage energy commutation by the use
of the parallel resonant tank. Further, zero voltage switching is achieved in the cyclo-
converters which results in improved efficiency. Circulating currents in the open end
windings are avoided by utilizing voltage vectors possessing the same common mode
voltage to synthesize the output voltages. Moreover, the open end configuration leads
to a higher overall voltage gain and the high frequency nature of the link yields a com-
pact configuration with increased power density. The sinusoidal current through the
transformer is advantageous as it avoids additional conduction losses that would have
resulted from the harmonics in a square waveform. An alternate control scheme was
proposed for controlling the magnitude of output voltages. The use of a multi-level con-
verter to generate the high frequency link was also explained. Results from computer

simulations and the hardware prototype are in agreement.



Chapter 4

High Frequency Link Inverter

using a Partially Resonant Leg

4.1 Introduction

The previous chapters have explained how leakage commutation can be achieved by
using a resonant LC circuit. As explained, the problem with the leakage inductance
only arises when the current is,icn, reverses in polarity. The earlier approach avoided
fast changing currents by providing a low impedance path for the higher frequency
harmonics in ¢gyicn, through the parallel tank. During operation, the tank has currents
that continuously circulate between L, and C,which can lead to power losses due to
winding resistance in the inductor. In this chapter, a new commutation technique
is proposed where the rate of change of the current at the instant of cylcoconverter
switching is controlled by a separate leg and that results in a resonant transitio

. It is shown that by the addition of a separate leg comprising of a capacitor and a
bidirectional switch, the problem of leakage energy commutation is overcome and soft

switching is achieved.

! Parts of this chapter are taken from [7T]
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4.2 Description of the Converter
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Figure 4.1: High frequency ac link inverter

The proposed high frequency ac link inverter is shown in Fig M1l It consists of an H-
bridge comprising of switches S4 through Sp that is used to generate a high frequency
square wave voltage from a DC voltage source unlike the previous chapters where the
H-bridge was generating a PWM voltage. Turning on S4 and Sp leads to a positive
link voltage across the transformer while turning on the switches Sp and S¢ leads to
a negative voltage. A high frequency transformer with a turns ratio of n; is embedded
in the link and L, is the equivalent leakage inductance of this transformer referred to
the secondary winding.

A cycloconverter consisting of switches S1, through S34 is connected across the sec-
ondary winding to synthesize the desired voltages of variable frequency and magnitude
directly from the high frequency ac link voltage.The switches in a leg can be divided
into positive and negative groups with S;,,5;, belonging to the positive group and
Sze,9zq belonging to the negative group and x=1,2,3. An additional leg comprising of a
capacitor C and a bidirectional switch S, is connected across the secondary winding to
facilitate a resonant transitions in the current through the transformer. The switch .S,
is controlled to conduct only during those instants when the link current has to change
its polarity.

The cycloconverter is modulated using the space vector modulation algorithm. Fig

[4.2al depicts the six possible voltage vectors V; through Vi and their associated switch
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combination for a regular voltage source inverter. Additionally, two zero voltage vec-
tors are possible using the switch combinations of [000] or [111]. The desired voltage
space vector,?s, is synthesized on an average over a fixed sampling time by applying a
combination of adjacent active vectors for specific time durations and a zero vector for
the remainder of this time.In the space vector diagram shown in Fig H.2al the active
voltage vector V1 is obtained by applying a switch combination of [100] meaning the
positive group comprising of S14, S1p in leg belonging to phase a is on while the negative
group consisting of So., Soq and Ss., S34 is on in the legs belonging to phase b and ¢
and so on. The switch combination of the three cycloconverter legs must be changed
every time the link voltage changes its polarity [37] as shown in Fig [£.2bl which con-
sequently can cause the current i;;,; to abruptly reverse in polarity. If this current is
allowed to flow through the transformer leakage inductance, it results in large overvolt-
ages that can damage the switches or the transformer winding insulation. This chapter
proposes a commutation technique that facilitates switching the cycloconverter with-

out the problem of large overvoltages and recovers the energy trapped in the leakage

inductance.
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Figure 4.2: (@) Spacevector modulation (b)) Switching scheme over one sampling period

in Sector 1 and the associated link voltage
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4.3 Description of the Commutation Process

As described in the previous section, the cyclconverter legs need to change their switch-
ing state each time the link voltage changes its polarity. During this switching process,
it must be ensured that there is always a conducting path for the link current and the
output currents. In this modulation scheme, it is assumed that the transformer link

current changes polarity during majority of the cycloconverter state transitions.

4.3.1 Natural and Forced Commutation

The process of switching a power pole consisting of bidirectional switches is considered
in this section. In a conventional configuration with a stiff DC bus, the power pole
consists of two devices which are switched alternately with a small dead time between
them. A suitable dead time is necessary to ensure that the the top and bottom devices
do not conduct at the same time. During the dead time, the current flows through
an anti-parallel diode that is present in parallel with the devices. However, the same
technique cannot be used for switching a power pole comprising of bidirectional switches.
If a dead time were to be introduced during the turn on or turn off instants, there will
be no path for the power pole current to flow. The majority of the loads are inductive
in nature and such an interruption in their currents is undesirable.

A technique that can be used to switch a bidirectional power pole is the four step
commutation process. As the name suggests, the turn on or the turn off process is
accomplished in four discrete steps. This process ensures that there is no interruption
of the inductive load current while also guaranteeing that the power pole is not shorted.
Information about the direction of the power pole current is needed to implement four
step commutation. The following figures demonstrate the turn off switching process for
all polarities of bus voltage and power pole current. It can be seen that the first step is
to turn off the switch through which no current is flowing. As a second step, the switch
which will conduct the current, depending on the polarity of the current, is turned on.
This switch will be called as the active incoming switch. In the third step, the switch
through which current was initally flowing is turned off and this switch is referred to
as the outgoing active switch. In the final step, the remaining switch in the incoming

bidirectional pair is turned on.
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Step2 Step3 Stepd

Figure 4.3: Positive voltage, negative current

Stepl Step2 Step3

Figure 4.4: Negative voltage, Negative current

It can be seen that the transfer of current can happen in either the second or the
third steps depending on the voltage and current polarities. If the current transfer
occurs in the second step i.e when the incoming active switch is gated on, such a type
of current transfer is called natural commutation of leg current. On the other hand, if
the current transfer only occurs when the active outgoing switch is turn off in the third

step, it is called forced commutation of leg current.

Stepl Step2 Step3 Stepd

Figure 4.5: Positive voltage, positive current
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Stenl Sten2 Sten3 Stepd

Figure 4.6: Negative voltage, positive current

It can be seen from Fig. [.2H that there exist two modes which dictate the final
value of the link current when a switching transition happens in the cycloconverter.
When a given active vector,Vj or V5 or Vj is being applied, all three legs need to change
their state when the link voltage polarity changes. In this case, the magnitude of the link
current remains the same but the polarity reverses.This switching process is explained
in subsection 1321 The switching process during the transition from one active vector
to the next active vector utilizes a ’shoot through’ state and is described in subsection
433l During this type of transition, the current applied by the cycloconverter on the ac
link is different in magnitude and will have the opposite polarity. The switching process
during those instants when the link current does not change in polarity is described in
subsection .34

A flowchart describing the general sequence of switching states is presented in Fig.
48 The switch group that is being turned off is called the outgoing group while the
group that is being turned on is the incoming group. The switch which is conducting
current is referred to as the active switch while the non-conducting switch is called the
passive switch. The actual current transfer from the outgoing switch to the incoming
switch is decided by whether the current commutation process for a leg is natural or
forced as described in [72]. It can be seen from this chart that the switching of the
H-Bridge can occur either at the beginning of process or towards the end of the process
depending on the kind of transition taking place.

To explain the switching process, assume that the desired space vector is located in
Sector 1. It is synthesized by applying the active voltage vectors V1, V2 and a zero
vector. The load is modeled as a balanced three phase current source, the magnetizing

inductance of the transformer is assumed to be large and the winding resistance is



neglected.
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Turn off the passive
switch in the outgoing group

I

Switch H Bridge to ensure
correct link voltage polarity

|

Turn on active switch in the incoming

group for forced commutated legs
|B

C Shoot through

state A

&
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if not already done

l

Turn on passive switches
in incoming group

Figure 4.8: Commutation steps in the proposed technique
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4.3.2 Switching when applying a voltage vector

Without loss of generality, assume that the active vector V1 is being applied and the
link voltage is positive. The current flowing through the leakage inductance, ir4, equals
the current i, in this state. When the link voltage goes negative, the switch state of
each leg needs to be inverted i.e the new switch combination to be applied is [011]. In
this transition, all the three legs of the cycloconverter change their state. The switches
in phase a need to make a transition from 1 to 0 while switches in phase b and ¢ need to
make a transition from 0 to 1. Considering the three phase load currents to be balanced,
the link current in this new switch state will now be —i,. The output current can be
approximated as a DC quantity with a magnitude of say 'I’ for this transition. The
initial voltage on the capacitor C is zero volts. The equivalent circuit of the converter
under these assumptions is shown in Fig. [L.7al and this process is shown as A’ in the

flowchart of Fig. .8l The process of switching from [100] to [011] is described as follows

1. As a first step, the passive switches among the currently on switches are turned off
. This means switches S7p, So. and S3q are turned off without affecting the flow of
current and this is shown in circuit (i) of Fig. i7al The turn off of these switches
is a zero current switching(ZCS) and hence there is no switching loss associated

with this transition.

2. In this step, the H-Bridge is switched such that the link voltage has the same
polarity as the link current which is assumed positive in this discussion. Since
the link voltage is initially assumed positive, there is no change of state of the

H-Bridge in this step.

3. The switches S14 and Ss; are gated on as seen in the second circuit of Fig. [.7al as
they will conduct current in the next switch state and undergo forced commutation
.Since these switches are reverse biased, there is no change in the current path
through the converter legs. It can be seen that the turning on of all the switches

in this step takes place under ZCS conditions.

4. In this step, the switch .S, is turned on initiating the resonant transition.
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5. Once the switch S, is turned on, current is transferred to the negative group in
legs with final state as 0. This ensures that the load current free wheels in the
bottom group. The switch S, is turned off after a short time and the current in
leg belonging to phase a now shifts to S14. The current ij;,; flows through the
capacitor. Since the capacitor voltage is close to zero, the turn off of switch Si,

results in a low switching loss.

6. In this step, the current in the leakage inductance resonates with the capacitor
as illustrated in the circuit (iii) of Fig. 7al This resonance is allowed until the
current in the inductance reaches the value -1 and simultaneously, the capacitor
voltage now returns back to its initial voltage of zero volts. The inductor current
during resonance is given by (I]) and the time required by the current to reach

-1 is given by (3]). The capacitor voltage during this interval is given by (4.2).

Vae)2C
iLkg(t) = M + I? Sin(wnt + (I)) (4.1)
Lk
IL;ko)?
vo(t) = ngVge — \/(ntVdc)2 + (gcg) cos(wpt + P) (4.2)
1 ILLk Wn,
where, w, = ———, ® = arctan ——2 "
" vV LikgC ntVae
-
t, =20 (4.3)
Wn,

7. At the end of the resonant interval, current is transferred to the positive group in
the legs whose final state is 1. Turning on the switch So;, causes the current to
transfer from switch So. whereas the current is transferred to the already gated

on switch S3, by turning off Ss..

8. The switch S, is turned off while the H-bridge is now switched to generate negative
voltage as shown in circuit (iv) of Fig. [Tal Switches Sy, and S3. can now
be turned off under ZCS conditions. The switching process is complete when
the switches Si., Sop and S3, are turned on under zero voltage switching(ZVS)

conditions.
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4.3.3 Switching to a different active vector
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Figure 4.9: (@) Commutation when transitioning to a different active vector (b)) Top
to Bottom: Current and voltages of leakage inductance and capacitor, link voltage and

input current of cycloconverter during transition to a different active vector
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Assume that the initial state of the circuit is the same as previously assumed and now,
the active vector V2 needs to be applied. Also assume without loss of generality that the
link current has a magnitude I which is less than the current that results on application of
V2, say I +Al. Since the link voltage polarity will be negative, the switch configuration
[001] will need to be applied as can be observed from Fig. [£.2bl When transitioning
between adjacent active vectors, only two legs will change their state. It can be seen
that phase b retains its switch state of 0 and so need not be switched. A shoot through
state is introduced during which the leg belonging to phase a is deliberately shorted to
change the link current in the leakage inductance to a desired value. The steps involved
in this process are identical to the previous transition except for an additional shoot
through state. The sequence of steps is observed from Fig. .8 where the path marked
"B’ shows that an additional shoot through state is necessary.
During the shoot through state, the current in the link inductor is increased by ATl
by turning on switch Sp. and deliberately shorting the leg as shown in circuit (ii) of Fig.
[19al The time for this transition is given by (£4)

te = Ligg (4.4)

Ve

Once the current in the leakage inductance builds up to the desired value, the switch
S, is turned on and switch S, is turned off after a short duration with the low capacitor
voltage across it. The current in leg of phase a now transfers to the switch S14 which
was already gated on. The current in the leakage inductance, which now has the value
I + AI, resonates with the capacitor as shown in circuit (iii) of Fig. £.9al The current
is allowed to resonate for time ¢, given by (43]) when it has the magnitude -(I + AT)

and the capacitor voltage simultaneously returns to its initial value of zero volts.

4.3.4 Switching to a different active vector without change of link

current polarity

It is possible that the link current does not change in polarity when the next active
vector is applied. In such a case, the switch S, is not used and no resonance occurs.
The steps in this process can be observed from Fig. [£.8 where the arrow marked 'C’

denotes the path during this transition. Once the shoot through state is completed after
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time tg4, the current transfer from the outgoing to the incoming switch in all legs takes

place in the same step as denoted by the larger box with dashed lines.

4.4 Capacitor Sizing

The appropriate capacitor value is decided by utilizing the following design equations.
The leakage inductance of the transformer is assumed to be known and is equal to
Liig. The value of the capacitor affects the time taken for the reversal of link current
and ideally, this time should be kept as small as possible. The time for the resonant
transition, t, is given by (43]) and it can be observed that a smaller valued capacitor
leads to faster current reversal.

However, it can be observed from (4.J]) and (£.2)) that the peak values of the capacitor
current and voltage during the resonant transition depend on the value of the capacitor.
A decrease in the resonant time interval is accompanied by a corresponding increase
in the peak voltage across the link and the consequent increase in the voltage rating
of switches used in the cycloconverter. The time for current reversal also affects the
output voltage as it can be seen from Fig [.7al that there is no output voltage during
this period.

A parameter X is defined as the ratio of the maximum resonant time interval and

half the time period of the link voltage as shown in (€.3]).

J— tr
2Ty

(4.5)

To calculate the appropriate value of X, a converter supplying a 10kW load with a
power factor of 0.8 was assumed. The line line rms voltage is 415V. A leakage inductance
of 8 pH and a link frequency f5 s of 20 kHz was assumed. Moreover, it is assumed that
V=600V and n;=1. The peak values of the capacitor current and voltage are given by
([6l) and (£7) and occur when the link current, I equals the peak value of the output

current

L:¢Wmﬁm+p (4.6)

Likg
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(ILékg)g (4.7)

A graph showing the variation of the ratio of peak capacitor current to the peak

V. = nVye + \/(ntVdC)2 +

load current and ratio of peak capacitor voltage to the link voltage as a function of X(in
percent) is shown in Fig. LT0L Choosing the value of X as 10% results in capacitor of
19.78 nF while I,=1.6 and V,=2.3.
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Figure 4.10: Variation of peak capacitor voltage and current with X

4.5 Simulation Results

The commutation technique described was simulated in the SIMULINK environment.
The first plot of Fig. shows the resonant transition of i, when applying an active
vector. Fig. [£.9b] shows the waveforms when switching to a different active vector. The
sixth plot shows the current i, linearly changing during the shoot through state
and the plot of vz, has a constant voltage during this time. Fig. fITal shows the link
current and link voltage on a larger time scale. Fig. 411Dl shows the capacitor current
and voltage and it can be seen that v. returns to zero voltage after every transition.
The switched nature of the output phase voltage is shown in Fig. and it can
be observed that this voltage periodically goes to zero corresponding to the resonant

current reversals.
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Figure 4.11: (@) Current through leakage inductance and voltage across link in steady
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Figure 4.12: Switched phase voltage over one sampling period
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4.6 Summary

A technique to safely commutate the energy trapped in the leakage inductance of the
transformer is presented. The resonant transfer of current to the opposite polarity
during switching transitions also causes majority of the switch transitions to be soft
switched resulting in reduced switch losses, lower heat dissipation and a compact overall
design. Bidirectional power flow is also possible when using this technique. Despite the
advantages, this scheme needs the use of current sensors to monitor the output currents
and the link current. It also needs a careful design of the capacitor to avoid increased
device stresses during the resonant transitions. A voltage clamp circuit might still be
needed as even a small mismatch of currents after the resonant interval can lead to a
voltage spike. However, compared to a circuit configuration where there is no proper
scheme to commutate the trapped leakage energy, the energy dissipated in the clamp

circuit will be very low.



Chapter 5

Conclusion and Future Work

The thesis discussed two configurations of high frequency AC link inverters which avoid
the problem of leakage energy commutation. The first idea was to use a resonant
tank across the cycloconverter and the tank offers low impedance path for the high
frequency harmonics of igy;cn. Thus, the resulting current flowing through the leakage
inductance of the transformer is devoid of abrupt changes in current. A discrete space
vector modulation technique was presented that can be used to synthesize balanced
three phase voltages from the sinusoidal link. Switching losses in the cycloconverter
are eliminated by only changing the switch states near the zero crossing regions. This
idea was extended to operate an induction motor in an open end configuration and the
open end configuration increases the overall gain of the converter. The stress on the
motor windings is low due to the application of sinusoidal half cycles and the absence of
large % at the motor terminals. The common mode voltage was found to be primarily
concentrated at the link frequency and does not lead to adverse bearing currents. The
second idea presented the use of an additional leg across the cycloconverter to result in
sinusoidal resonant transitions in the link currents. By carefully timing the switching
signals of the switches, it was shown that the additional leg only needs to operate for a
very short interval and also results in regions of zero voltage.

By using these approaches, it can be concluded that the leakage inductance of the
transformer does not pose any difficulties when used in single stage high frequency
AC link topologies. This reduces the need to maintain the leakage inductance at a

minimum value when designing the transformer. In fact, when using the additional

85
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leg to achieve resonant current transitions, the circuit relies on the leakage inductance
to achieve resonance. The need for dissipative clamp circuits is avoided and the high
frequency nature of the link results in a compact sizes of the transformer and inductor.

Although both the approaches are successful in mitigating the problem posed by the
leakage energy, they use two completely different approaches which present their own
unique challenges. The first approach has large circulating currents flowing through the
tank comprised of passive components. In practice, an inductor always exhibits a finite
winding resistance and the resistance increases with the operating frequency. Thus, to
achieve a large power conversion efficiency, the inductor has to be carefully designed to
reduce the winding resistance. The conversion gain for the single ended inverter using
the resonant LC tank is shown to be 0.3675. This is lower than the 0.577 gain of an
inverter that operates using a space vector modulated DC bus. This means that the peak
value of the link voltage needs to be higher to meet the voltage generation capability
of the DC bus based voltage source inverter. The transformer turns ratio can be easily
adjusted to obtain the desired value of the link voltage but the need for a higher peak
voltage requires the use of devices with larger voltage ratings in the cycloconverter.

The use of the additional leg to achieve resonant transitions in the link current
does not rely on continuous resonance. Instead, the resonant period is only a small
fraction of the link frequency. However, during these resonant intervals, the output
voltage is zero and the final output voltage will be slightly lower. This drawback can be
overcome by using a closed loop control strategy to ensure that the desired voltages are
being generated or by using a larger magnitude of the AC link voltage. The loss in the
output voltage can be reduced by shortening the resonant interval but this increases the
peak value of the voltage across the resonant capacitor. Thus, there exists a tradeoff
between loss of output voltage and peak voltage stress during the resonant interval. The
operation of this approach also relies on the accurate timing of the gate pulses and it is
therefore important to accurately characterize any delays in the gate drive circuits.

The contributions of this thesis open up several possibilities for further research

some of which are :

e The proposed schemes can be compared with two stage power conversion ap-
proaches (such as using a high frequency transformer isolated Dual Active Bridge

topology) and demonstrate the advantages of single stage conversion
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Designs of high frequency inductors capable of carrying high current and having

low winding resistance can be investigated the resonant LC tank

The effect of finite device resistances on the operation of partially resonant ad-
ditional leg needs to be analyzed and its effect on the capacitor voltage needs to
established.

The output filter size for inverters using a sinusoidal AC link can be compared

with the filter size of a traditional DC bus based inverter.

The proposed ideas can be extended to AC-AC converters and their benefits can

be explored.
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