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Abstract

Electrical power demand is steadily increasing in more electric aircraft (MEA) as

conventional pneumatic, hydraulic and mechanical loads are being replaced by elec-

trical loads. The main motivation behind this trend is to reduce emissions, fuel usage,

noise, etc. The designers are increasing the voltage levels to cater the power demand

with reduced ohmic losses and conductor size, resulting in weight reduction and im-

provement of overall system efficiency. This trend also demands high power density

converters. This research is focused on identifying a suitable topology and improving

the overall performance of the power converter to transfer power from a generator, to

a dc distribution network in future MEA. The studied solution should provide high

power density, efficiency, power quality, and reliability. After benchmarking with the

widely used two-level converter, the Vienna rectifier topology has been selected.

The Vienna rectifier is based on a diode bridge rectifier and therefore it has uni-

directional power flow. It can generate three voltage levels that can be operated

with pulse-width modulation (PWM). Despite being able to generate three voltage

levels, only the connection to the neutral-point is fully controllable using the bidi-

rectional switches. When the neutral-point voltage is not imposed in a phase-leg,

the polarity of the pulses generated depends on the diode that is conducting in that

phase-leg, which is defined by the current direction. As a result, the voltage pulses

generated can go in the opposite direction to what is demanded by the controller,

and hence the current becomes distorted. The challenge of this research is to improve

the performance of the Vienna rectifier under such operating conditions.

The Vienna rectifier is connected to a programmable ac source, where the fre-

quency can be varied and the grid voltages can be measured. Initially, two operation

modes based on a special zero sequence and reactive power injection have been pro-

posed depending on the operating conditions of the converter. Then, a hybrid mod-

ulation method is proposed combining the above two methods, achieving a smooth

transition between operating points with significant less reactive current injection.

With the proposed methods, the Vienna rectifier can operate in a wide range of
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power factors without compromising the quality of the source currents and within

the aerospace standards. The proposed solutions are validated in an experimental

setup.
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Chapter 1

Introduction

This chapter presents the trends in air transport electrification, and explains the

benefits and challenges of more electric aircraft. Subsequently, the motivations of the

present research and its objectives are introduced. The chapter also states the major

contributions achieved so far in this research work.

1.1 Background and Motivation

The air traffic market is continuously growing [1], and the industry faces both eco-

nomic and environmental challenges. The statistics show that commercial air traffic

is steadily increasing at around 5% per annum, doubling the air traffic approximately

every 15 years [2] [3] (during pre-COVID-19 pandemic times), and further increase

is expected in the next two decades. During the 2013-2018 period, year-over-year

average traffic growth was 6.5%. The rapid growth in air travel is mainly due to

competitive low air fares as well as socioeconomic changes in growing economies

boosting travel and tourism, demanding more air travel [3].

With the trend of transportation electrification, electrical power demand is steadily

increasing in more electric aircraft (MEA), as shown in Fig. 1.1, as conventional

pneumatic, hydraulic and mechanical loads are being replaced by electrical loads

[4–8]. The main motivation behind this trend is to reduce emissions, fuel usage, noise,

etc. With the rapid advancements in power electronics and battery technologies, the

concept of MEA and all electric aircraft (AEA) is becoming a reality.

In a conventional MEA, while the gas turbine provides the main propulsion power,
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Figure 1.1: Evolution of electrical power needs in the Aircraft [1].

Figure 1.2: Power consumption of a typical large civilian aircraft [9].

it also gives power to electrical, pneumatic, hydraulic and mechanical loads, as illus-

trated in Fig. 1.2. Pneumatic loads include cabin pressurization, air conditioning,

and icing protection, while hydraulic loads are flight control actuation, landing gear

and braking. Examples for mechanical loads are fuel/oil pumping and engine ancil-

laries [4].

In aircraft power generation, the gas turbine engine is the prime mover, which

speed varies across a wide range. To generate electrical power, a generator (usually

a wound-field synchronous generator [5]) is connected to the prime mover through a

gearbox. In most large civilian aircraft, this generator produces 115Vac three-phase

voltages at 400Hz fixed frequency. Some of the newer aircraft generate 230Vac to

handle higher power and they operate at variable frequency (360-800Hz) to simplify

the gearbox [7] with the intention of reducing weight. The output power of the

generator is processed through a rectifier, to produce a 270V dc bus, or 540V (±270V)

in some newer aircraft [4] [10].

The 115/200Vac power system was standardized in MIL-STD-704, in 1959 [5].

However, as the electrical power demand in the aircraft is increasing, the designers

can either increase the voltage or the current, to meet the power demand. An increase
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in the current would require heavier conductors, which is unacceptable for the aircraft,

as weight is a key design constraint that should be minimized. While moving towards

higher voltages decreases the conduction losses and conductor size, resulting in weight

reduction and improvement of overall system efficiency [11].

Figure 1.3: Typical aircraft electrical system [12].

An example of MEA power system is depicted in Fig. 1.3, which includes two

synchronous generators controlled by generator control units (GCUs) feeding power

to two split ac buses. They can be connected together using a bus tie switch. In each

ac bus, there is a transformer rectifier unit (TRU) that converts the power to dc. The

essential loads (e.g., electromechanical actuators) have redundant power sources, in

the case of failure of one of them [12].

1.1.1 Benefits of the MEA

In studies conducted in 2016 [13] and 2018 [14,15], it is shown that the air traffic

(including domestic and international; passenger and cargo) accounts for approxi-

mately 2.5% of the global CO2 emissions. Although this is a fraction of the total

amount, with the increasing growth in the commercial air travel, the value could

increase in the future unless measures are taken to minimize emissions. Furthermore,

any technology change in the aerospace industry would take substantial amount of

time, undergoing rigorous testing before it is implemented in an aircraft fleet. Al-
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though the air traffic is growing at 5% per annum, the CO2 emission growth due to air

travel is at 2.2% per annum [3], partly because of electrification and the aircraft be-

coming more efficient. Other reasons include advancements of air traffic management

and cabin utilization strategies by the airlines.

In terms of fuel consumption, as conventional loads are converted to electrical

loads, size and weight is being reduced, thus improving the fuel economy. In [1], it is

stated that for every kg of flight weight reduced saves 5,400 tons of CO2 per year for

all air traffic. Reducing these emissions would help combat climate change and make

the aerospace business more economical as well as environmental friendly. Also, the

environment around airports would benefit from reduced emissions and noise.

Electrical systems, when compared to hydraulic, pneumatic and mechanical sys-

tems, require significantly less maintenance. Also, with the implementation of prog-

nostics in electrical systems, early detection of equipment failure is possible.

In summary, moving to MEA will make the future aircraft quieter, more fuel

efficient, requiring less maintenance and more environmental friendly, which would

lead to a reduction of the cost (both direct, e.g. fuel consumption, and indirect,

e.g. maintenance), as well as improving carbon footprint, making air travel more

sustainable.

1.1.2 Challenges for high power density converters in the

MEA

Power electronics in aerospace applications need to withstand challenging operat-

ing conditions, which are mentioned in the DO160 standard. This standard specifies

temperature, altitude (air pressure), temperature variation, humidity, shock, vibra-

tion, waterproofness, electrostatic discharge (ESD), lightning, etc. It is important for

the converters to pass these tests, as they are expected to operate with low probabil-

ity of failure in such harsh conditions. In the previous generations of aircraft, power

generation was done using fixed frequency generation. But in the newer versions,

power generation is at variable frequency, as the designers are simplifying the gear-

box, coupling the prime-mover to the generator [1, 16, 17]. Hence, from a converter

standpoint, this means the filters and controllers should be designed to work with

variable fundamental frequency.

With the trend of moving to higher voltage in aircraft power distribution systems,



Chapter 1: Introduction 5

the probability of electrical discharges, which could potentially reduce the life of

insulation systems over time, increases. This is due to the fact that breakdown of air

is a function of the product of air pressure and gap length of the two conductors as

stated in Paschen’s Law [10] and depicted in Fig. 1.4. Based on this principle, the

breakdown voltage for a 1-cm gap between two conductors will be approximately 40

kV at sea level, 6 kV at 50,000 ft, and 1 kV at 100,000 ft, i.e., the breakdown voltage

reduces as the altitude increases for a given clearance.

Figure 1.4: Breakdown voltage vs gap distance of air according to Paschen’s law at
a range of pressures [10].

It is possible to design an insulation system that will prevent discharge by having

appropriate clearance and insulation in conductors. However, in electrical machines,

eliminating partial discharge without an unacceptable increase in packing factor is

problematic. Having a high voltage machine with the same packing factor of a low

voltage machine could introduce problems related to insulation, as it may increase

the risk of partial discharge in the generator’s insulation system [11] [18] at high

altitudes, as the required insulation distance would increase [10]. Therefore, if the

generator is to produce high voltage, there is a trade-off between machine reliability

and size/weight of the machine.

Fig. 1.5 shows a future aircraft generator connected to a dc bus using a power

converter to transfer power to the high voltage distribution network. The power

converter and the generator will have to minimize both total weight and power losses.
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Figure 1.5: Generator connected to the dc distribution network through the rectifier.

1.1.3 State-of-the-art and beyond

Some converters that are available as off-the-shelf products are discussed next.

In [19], an aerospace rectifier comprising of two stages is presented, the front end

consisting of a Vienna rectifier followed by another conversion stage to isolate and

step the output voltage down to 42V. As a result of the lower dc output voltage,

the converter demonstrates low power densities in both gravimetric (3.3 kW/kg)

and volumetric (5 kW/l) measurements. A liquid-cooled 200-kW, dc-to-dc converter

for motorsport application [20], records much higher power densities (gravimetric

20 kW/kg and volumetric 21.36 kW/l) partially because of the higher dc voltage

compared to the previous converter, and the absence of the isolation stage. In an

oil cooled motor drive application [21], the converter delivers up to 200 kVA from a

five-litre package weighing 5.75 kg. In a different high-power heavy-duty performance

vehicle application [22], a converter optimized for size and weight produces 360 kW

of power with a weight of 17.5kg. As the industry uses more and more wide bandgap

(WBG) devices in their converters, power densities will continue to increase.

1.2 Research Objectives

The research is focused on identifying and studying suitable power converter

topologies to transfer power from a generator, driven by a prime mover, to a dc dis-

tribution network in future MEA. Afterwards, the selected power converter topology

is analysed in detail to further improve its performance. The main expected charac-

teristics of this ac-to-dc converter are high power density (size and weight reduction),

efficiency, power quality and reliability, while at the same time complying with the

strict aerospace standards. After reviewing the candidate topologies available and

the relevant literature, the Vienna rectifier is selected for the aircraft application.

Then, it is benchmarked against the standard well-established two-level converter.
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The Vienna rectifier has significant advantages compared to the two-level converter,

mainly attributed to its simple circuit structure and three-level operation. However,

only the connection to the neutral point is fully controllable using the bidirectional

switches, due to the absence of the top and bottom transistors. For this reason, the

Vienna rectifier does not perform well under nonunity power factor operation pro-

ducing current distortion near the zero crossings. The challenge of this research is to

improve the performance of the Vienna rectifier under such operating conditions.

1.3 Major Contributions

After a literature review, the Vienna rectifier has been selected for the application.

As this is a nonregenerative application (the power flows in one direction), this con-

verter can be used instead of a T-type converter or other bidirectional configurations.

The Vienna rectifier can provide three voltage levels at the ac side while generat-

ing PWM waveforms. No low-frequency distortion appears when operating at unity

power factor at the ac side of the converter. However, when there is a phase dis-

placement angle between the current and the reference voltage, the ac currents are

distorted around the zero current crossings, containing unwanted low-frequency har-

monics. The modulation technique proposed in [23] with the simplified version [24]

is used to completely eliminate such low-frequency distortion by means of introduc-

ing a zero sequence to the reference signals. This zero sequence clamps each leg of

the converter to the neutral point during certain intervals, particularly, when the

current and reference voltage have opposite signs. However, when the converter is

working with high modulation indexes, the zero sequence may produce overmodula-

tion. A solution is proposed based on combining the above zero sequence (Mode-1)

with reactive current injection (Mode-2) [25]. The reactive power is calculated to

operate at unity power factor at the terminals of the converter, so that the converter

is no longer providing the reactive power demanded by the filtering inductor. A twin

controller detects potential overmodulation and decides the best mode the converter

should operate, based on the operating conditions, which runs in parallel to the main

controller.

As a further improvement, a hybrid modulation method is proposed combining

the above two methods, achieving a smooth transition between operating points with

significantly less reactive current injection. With the proposed method, the Vienna
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rectifier can operate over a wide range of power factors without compromising the

quality of the source currents and within the aerospace standards. This makes it

suitable for the aircraft generator-fed rectifier application. The proposed techniques

are simulated with Matlab/Simulink and PLECS, and then validated with an exper-

imental setup.

1.4 Thesis Organization

This thesis is organized as follows. Chapter 1 introduces the electrification trend

in the aircraft industry and its driving factors, followed by the importance of high

density power converter for the MEA. In Chapter 2, a literature survey is done to

understand the state of the art in interfacing an aerospace generator to a dc bus,

which is followed by a brief study of rectifier topologies, with more emphasis on

the Vienna rectifier vs. the two-level converter. In Chapter 3, the low-frequency

distortion problem in the Vienna rectifier is addressed, and solutions to solve this

problem and extend the operational range of the Vienna rectifier to operate with

large modulation indices are introduced. Chapter 4 further improves the method

mentioned in Chapter 3, by introducing a hybrid modulation and control method

which require less reactive current. Chapter 5 applies the modulation and control

methods proposed in the previous two chapters to a permanent magnet synchronous

generator. Chapter 6 presents the overall conclusion of this research work as well

as future work to be developed. After this chapter, the author’s publications are

presented along with a list of references related to this research work.



Chapter 2

Review of Rectifier Topologies and

Hardware Description

This chapter discusses the state-of-the-art of three-phase rectifier topologies being

used in aircraft and suitable topologies for future MEA applications. After a thor-

ough comparison with the well established two-level converter, the Vienna rectifier is

selected based on many factors including power density, simplicity, efficiency, and

reliability. The operation of the Vienna rectifier is analyzed in detail, showing the

problems associated with nonunity power factor operation. Various distortion miti-

gation strategies are discussed such as the zero sequence injection and reactive power

compensation. Finally, the experimental setup is described.

2.1 Rectifier Topologies for the MEA

Rectifier topologies can be broadly categorized into passive-multipulse rectifiers,

and active rectifiers with high frequency PWM switching. In land-based power sys-

tems, harmonic limitations are imposed by IEEE Standard 519, which indicates the

line current total harmonic distortion (THD) should be less than 5% at the point

of common coupling (PCC). In aerospace converters the standards are even more

stringent, and different limitations for each harmonic are imposed by DO-160 and

other OEM specific documents as stated in [26]. Table 2.1 shows the harmonic limits

for harmonic orders up to 40, imposed by DO-160 [26].

It should be noted that although the DO-160F and MIL-STD-704F provide strin-

gent requirements, for future aircraft power architectures they need to be modified
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Table 2.1: Current Harmonic Limits in DO-160 Standard

Harmonic Order Limits

3rd, 5th, 7th I3 = I5 = I7 = 0.02 I1
Odd Triplen Harmonics (n = 9, 15, 21, . . . , 39) In = 0.1 I1 / n
11th I11 = 0.1 I1
13th I13 = 0.08 I1
Odd Non Triplen Harmonics 17, 19 I17 = I19 = 0.04 I1
Odd Non Triplen Harmonics 23, 25 I23 = I25 = 0.03 I1
Odd Non Triplen Harmonics 29, 31, 35, 37 In = 0.3 I1 / n
Even Harmonics 2 and 4 In = 0.01 I1 / n
Even Harmonics > 4 (n = 6, 8, 10, . . . , 40) In = 0.0025 I1

because not all aspects are captured, for example the increased voltage of the distri-

bution network, as mentioned in [6].

2.1.1 Passive Rectifiers

2.1.1.1 Diode Bridge Rectifier

+
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Figure 2.1: Diode bridge rectifier.

The diode bridge rectifier (DBR) (Fig. 2.1), also known as six-pulse rectifier, is the

simplest form of three-phase passive rectifier. It does not introduce even harmonics

and triplen harmonics to the grid, but the harmonics of order 6k ±1, where k is an

integer number, (i.e., harmonics 5, 7, 11, 13, etc.) are present. Although the topology

is simple, it has many issues as the output voltage can neither be regulated nor

boosted. Also, the line current waveforms are highly distorted, because it performs

as a nonlinear load.

2.1.1.2 12-Pulse Rectifier

The 12-pulse uncontrolled rectifier, as depicted in Fig. 2.2, is an improved ver-

sion of the diode bridge rectifier where two six-pulse rectifiers are cascaded. They
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Figure 2.2: 12-pulse rectifier with isolation transformer.

are fed by a Wye-Wye/Delta isolation transformer, where the voltage waveforms are

phase-shifted by 300 [27]. This converter produces 12 voltage pulses in a fundamental

cycle. The harmonics 5, 7, 17, 19, etc. are cancelled in this configuration, which were

present in the DBR. Harmonics of order 12k ±1, where k is an integer number, are

still present. The main drawback of this converter configuration is weight because

of the transformer needed, which makes it less attractive to aerospace. Furthermore,

there is no output voltage regulation and the currents are still significantly distorted.

In an autotransformer-based 12-pulse rectifier, as [28] elaborates, the autotransformer

with π/6 phase-shift is not suitable for voltage boosting applications. Further im-

provements of this solution are the 18-pulse and 24-pulse rectifiers, but none of those

are suitable to boost the output voltage.

Passive rectifiers are used in aircraft applications [27] for their simple design and

high reliability of passive component with reduced device count. In a typical air-

craft, to generate the low voltage 28Vdc from the three-phase 400Hz 115Vac grid,

a transformer-rectifier unit is used, which is based on a simple and reliable 12-pulse

rectification [29–31]. However, higher system weight compared to the active rectifiers

is the main constraint of this solution [30]. Besides, having the capacity to boost the

dc output voltage is also needed.

In [30], it is shown that a passive rectifier has more volume compared to an active

rectifier when it is working at 50Hz fundamental component, for a given output

power. With new semiconductor technologies emerging, one could expect this gap to

increase even further. In line with this, as shown in the next sections, harmonics and

output voltage regulation would make the active rectifier a better choice.
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2.1.1.3 12-Pulse Rectifier with Controlled Output Voltage
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Figure 2.3: 12-pulse rectifier with controlled output voltage.

The 12-pulse rectifier topology with autotransformer shown in Fig. 2.3, with two

additional diodes and switches, gives the ability to regulate the output voltage of the

converter. In this application, the two switches are operated in interleaving mode [31].

Despite the capability to regulate the dc output voltage, still the current waveforms

are not sinusoidal and contain significant distortion.

2.1.2 Two-Level Converters

Active rectifiers use semiconductors operated at high switching frequency to con-

trol the line currents and the dc output voltage. High frequency operation enables for

a size reduction in the reactive components, i.e., inductors (magnetic components)

and capacitors.

2.1.2.1 Standard PWM Rectifier Bridge
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Figure 2.4: Two-level rectifier.

The two-level rectifier (Fig. 2.4) uses six semiconductor switches with associated

diodes. Several PWM techniques can be used to control the switches. The dc output
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voltage of the converter can be boosted and regulated, and the ac currents can be

shaped to be sinusoidal.

In high power applications, the designers tend to increase the rated voltages of the

systems in order to reduce power losses. In the case of the two-level converter, there

are limitations to increase the output voltage to a higher value as the semiconductor

switches need to block the full dc-link voltage.

2.1.2.2 Two-Level ∆ Switch Rectifier
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Figure 2.5: Diode bridge with delta-connected switches.

A modified version of the diode bridge rectifier is proposed in [32], which has

bidirectional switches connected in Delta configuration. With the control proposed

in [33], the converter is able to operate even with one phase loss. However, the diodes

and the switches need to block the full dc-link voltage.

2.1.3 Three-Level Converters

In a three-level rectifier, the topology can generate three voltage levels at each of its

ac terminals. This is done by connecting the ac terminals to either the positive voltage

rail, the midpoint, or the negative voltage rail of the converter. When compared to

the two-level converter, certain three-level converters can operate with twice the dc-

link voltage using the same kind of switches. Consequently, they can process higher

power.

For this application, several three-level converter topologies have been considered

with the target of operating at high dc-link voltage, with high reliability and low

overall size and weight.
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2.1.3.1 Split DC Side Converter into Two Systems
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Figure 2.6: Split dc side converter into two simultaneously pulsed partial systems.

As reported in [34, 35], Fig. 2.6 illustrates an uncontrolled diode bridge rectifier

followed by a dc-dc boost stage. This converter can regulate the dc output voltage

using the active switches. Each switch in the configuration shown in Fig. 2.6 needs

to block only half of the dc-link voltage. But the diodes need to block the full dc-link

voltage. Application of this solution is limited, since the input current spectrum

contains low frequency harmonics with high amplitudes. Hence, in the case of high

power (high currents), the power semiconductor devices are under high stress, and

the generated electromagnetic interference (EMI) is significant.

2.1.3.2 Diode-Clamped Converter
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Figure 2.7: NPC converter.

The diode-clamped converter, also known as neutral-point-clamped (NPC) con-

verter (Fig. 2.7), was introduced in 1981 by Nabae et al. [36], and it can transfer
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power in both directions. It can produce three voltage levels. It is widely used

nowadays by industry in high power applications. When compared to the two-level

converter, the NPC has twice the number of transistors and additional diodes.

2.1.3.3 Forced Commutated Three-Level Boost Type Converter
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Figure 2.8: Special three-level rectifier.

As proposed in 1993 by Zhao et al. [37], all the power semiconductors of the

topology shown in Fig. 2.8 need to block only half of the dc-link voltage. Also,

the reliability is high due to its shoot-through free structure, as the rectification is

done by diodes. As mentioned in [38] D3x and D4x, diodes (x = 1,2,3) switch at

the fundamental frequency, while D1x and D2x diodes are free wheeling diodes in the

boost stage. It has the ability to draw nearly sinusoidal currents from the grid, and

it can either do this with unity power factor at the grid, or absorbing/injecting a

certain amount of reactive power from/to the grid.

However, it has high conduction power loss as the current flows through series-

connected diodes. In this converter, the bidirectional switch connecting to the neutral

point is constructed using switches T1x and T2x in each phase. Also, as the rectifica-

tion is based on a diode bridge rectifier, it has the limitation of unidirectional active

power flow.
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Figure 2.9: T-type converter.

2.1.3.4 T-Type Converter

The T-type converter [39,40], shown in Fig. 2.9, is a three-level converter. The dc

output voltage can be regulated and the input current can be shaped to be sinusoidal.

It can process active power in both directions. However, this topology requires 12

transistors (with antiparallel diodes), i.e., twice the number of transistors compared

to the traditional two-level converter. Besides, the switches connected to the top and

bottom of the dc bus terminals need to withstand the full dc-link voltage.

2.1.3.5 Vienna Rectifier

The original Vienna rectifier proposed in 1994 by Kolar et al. [34] had three

switches, each switch with a full-bridge rectifier to make the connection to the neutral

point bidirectional, as shown in Fig. 2.10(a). It had a hysteresis control of the input

currents to shape them sinusoidal. Advantages include simple circuit structure with

low active switch count, PWM operation, low harmonics in the grid currents, low

blocking voltage stress on switches, and voltage boosting capability.

Subsequently, the Vienna rectifier was further improved (Fig. 2.10(b)) with two

MOSFETs connected in anti-series configuration to create the bidirectional switch

making the total switch count six. This topology has lower conduction loss compared

to that in Fig. 2.10(a), as the current goes through two semiconductors instead of

three when connecting to the neutral point.

The power flow is unidirectional (from ac to dc) because diodes are being used for

the rectification. As the aerospace generator demands only two quadrant operation,
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Figure 2.10: Vienna rectifier: (a) With three switches and (b) with six switches.

unidirectional power flow limitation is not a problem. One issue in this topology is the

distortion that appears near the current zero crossings when there is a voltage-current

displacement angle different than zero at the converter terminals. In each phase, when

the switches that connect to the neutral-point are off, the current direction defines

which diode conducts and thus the voltage polarity generated at the terminal of the

converter. A more detailed analysis of this issue is presented in the next chapter.

The 12-pulse rectifier is compared with two- and three-level rectifiers in [30]. It is

concluded that the three-level PWM rectifier is the most beneficial solution among

them. A hybrid 12-pulse rectifier is introduced in [41], where the bulk power to the

load is supplied by the 12-pulse rectifier and the input current shaping is done by a

parallel-connected Vienna rectifier in order to reduce current harmonic distortion. It



Chapter 2: Rectifier Topologies and Hardware Description 18

shows that when the Vienna rectifier is contributing more to the power processing,

the quality of the line currents improves. In [42], a comparison is done between a

three-level buck rectifier, three-level boost rectifier and the Vienna rectifier. From

the analysis, the authors conclude that the Vienna rectifier has the lowest volume

and weight and highest efficiency among the others. The same results are confirmed

in [43] and a volumetric power density of 15kW/dm3 is recorded for a 10-kW Vienna

rectifier. As [44] discusses, due to the three-level characteristics of the bridge legs,

the line inductance required is reduced by about 1/3 compared to the two-level con-

verter for the same harmonic level of the input current and equal switching frequency.

Moreover, as the transistors have to withstand only half of the dc-link voltage, the

Vienna rectifier can be operated at relatively higher switching frequency to further

increase the power density. In [45] several ac-to-dc converter topologies are compared

for an electric vehicle charging station application and the Vienna rectifier achieves

the highest power density. Hence, as stated in [30,42,46], the Vienna rectifier is suit-

able for aircraft applications. Although the two-level converter [33] is also suggested

for aircraft applications, the Vienna rectifier is a very good alternative thanks to its

three-level operation, high efficiency [47] and high power density.

Multilevel topologies with higher number of levels are not considered in this thesis

since as the number of active switches increases, the converter reliability decreases,

which is a paramount aspect to consider in aerospace applications. Furthermore, the

voltage specification of the target application does not require to resort to converters

that produce more than three voltage levels.

2.2 Two-Level Rectifier vs. Vienna Rectifier

The two-level converter is widely used in industry. Therefore, from the above

mentioned topologies, the two-level converter is used to benchmark the Vienna recti-

fier for the MEA application. Aerospace converters have stringent requirements [48]

compared to other transportation applications, like automotive and marine, as shown

in Fig. 2.11. This is due to the strict regulations on safety criticality, reliability and

mission profile attributes. Consequently, aerospace application is very conservative in

adopting new technologies, and a particular technology would undergo various levels

of testing before it ends up in an aircraft. Thermal management and power density

are also vital for the aircraft converter design, however, has secondary importance
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Figure 2.11: Design aspects of power electronic converter systems in electrified trans-
portation [48].

compared to safety and reliability due to the nature of the application.

In this section, critical design aspects such as current waveform quality, voltage

rating of the devices, power density of the converter, and efficiency are considered for

comparison with the two-level converter. For the comparison, simulated converters

with the parameters shown in Table 2.2 are used.

Table 2.2: Common Converter Parameters for Comparison

Parameters Specifications

Line-to-line input voltage, VL−L 400 V
DC-link output voltage, Vdc 700 V
Output power, Pout 1 kW
Output capacitor, Cout 220 uF
Fundamental frequency, f 50 Hz
Switching frequency, fsw 50 kHz

2.2.1 Current THD at Various Operating Points

The current waveform quality is paramount in aircraft generator-fed rectifier ap-

plications, because a significant amount of losses in the machine (eddy currents in the

permanent magnets and other conductive parts) will be contributed by the harmon-

ics [49–51]. Furthermore, when the losses are reduced in the machine, there would

be other benefits like extended lifetime due to less overheating.

Fig. 2.12 presents a comparison of the current waveform quality in a Vienna
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Figure 2.12: Current THD of the Vienna rectifier and the two-level converter at
different operating conditions.

rectifier and a two-level converter, using the current THD, when the converters are

operating with the system parameters shown in Table 2.2. The two converters were

simulated using PLECS with the device thermal models provided by the device man-

ufactures. The two rectifiers were simulated under various operating conditions to

study the current waveforms.

The phase displacement angle is the phase between the input current and the

reference voltage in the converter, measured in degrees. The modulation index is

defined as,

m ,
Ê

vdc/2
(2.1)

where Ê is the phase voltage amplitude and vdc is the dc-link voltage. Studying the

impact on the current waveform quality in different operating conditions where the

modulation index and the phase displacement angle vary, is important since this is a

generator-fed application.

As expected, the Vienna rectifier has superior current waveform quality over the

two-level converter, in all the operating points. The reason for this is the lesser

current ripple in the Vienna rectifier compared to the two-level converter, for a given

inductance, because of the three-level operation.
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2.2.2 Voltage Rating of the devices

The switches of the two-level converter need to block the full dc-link voltage when

they are not conducting. However, in the Vienna rectifier, the switches are used to

connect to the midpoint of the dc-link, therefore they only have to block half of the

dc-link voltage, when they are not conducting. Table 2.3 provides a summary of the

voltage that each device needs to withstand.

When the electric field breakdown of the power semiconductor device increases,

the specific on-resistance increases [52, 53], and this results in less efficient devices

compared to the low voltage counterparts.

2.2.3 Converter Weight

For the weight analysis, three main parameters are considered; inductor, capacitor

and heat sink, as they are significant contributors to the overall converter weight. The

analysis is performed for the operating point mentioned in Table 2.2.

2.2.3.1 Inductor Weight

As the two-level converter can only connect to the top and bottom voltage levels,

it produces larger transitions compared to the three-level Vienna rectifier. Therefore,

the current ripple should be larger in a two-level converter, for a given inductor.

The inductances that would produce current ripple values 4%, 2%, and 1% are

recorded in Table 2.4. The inductor weight calculations are based on a commercially

available aviation-grade inductor which has a weight constant of 0.025 kg mH−1 A−1

[54]. Nevertheless, aerospace applications prefer higher impedance values, provided

the weight penalty allows it, for limiting fault currents. Having higher fault currents

would oversize the power converters and, particularly in aerospace application, it

could raise reliability/safety concerns as the generator may become damaged due to

overheating [55].

Table 2.3: Voltage Rating

Blocking voltage
Topology Diode Switch

Two-level converter N/A Vdc
Vienna rectifier Vdc Vdc/2
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Table 2.4: Inductance Required

Inductance in Current ripple
each topology (mH) 4% 2% 1%

Two-level converter 0.42 0.82 1.54
Vienna rectifier 0.18 0.25 0.50

4% 2% 1%

Input Current ripple %
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Figure 2.13: Inductor weight for different current ripples.

2.2.3.2 Capacitor Weight

The MIL-Std-704 standard specifies the voltage ripple amplitude for 270V dc bus

should be less than 6V [56,57]. Since the dc-link voltage value considered in this thesis

is for a future aerospace application, there are no governing standards. Nevertheless,

it is assumed a conservative value of 2% as the maximum voltage ripple for the dc

bus.

Having this value in mind, the required capacitance is shown in Table 2.5. (In the

simulation, the Vienna rectifier capacitor consists of two 32 µF capacitors connected

in series). For the voltage rating of the semiconductors, 50% margin is assumed. For

the requirement in Table 2.5, film capacitor 947D191K112ACGSN (0.5kg) is selected

for the two-level converter and two B25631B0207K600 connected in series (0.8kg) are

selected for the Vienna rectifier.

Table 2.5: Minimum Capacitance Required

Capacitance Rated Current
Topology total (µF) voltage (V) rms (A)

Two-level converter 30 1050 17.2
Vienna rectifier 32+32=16 525 17
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Figure 2.14: Loss comparison of the different rectifier topologies for the given oper-
ating point.

2.2.3.3 Cooling System Weight

For the entire cooling system including pumps, radiators, etc. 1kg/kW heat sink

weight is assumed. The topology with more losses would require more cooling, im-

pacting the converter weight. MATLAB PLECS tool box is used to simulate the two

converters to check the power loss at the operating condition mentioned in Table 2.2.

For the two-level converter, 1200V rated SiC (C2M0040120D) MOSFETs are chosen

to match the 700V voltage level. In the case of the Vienna rectifier, 1200V rated SiC

(C4D20120H) diodes and 650V rated SiC (C3M0045065D) MOSFETS are used for

the efficiency analysis.

As Fig. 2.14 illustrates, both rectifiers show similar loss figures for 20kHz switch-

ing frequency. The Vienna rectifier has lower switching losses because the switches

operate at half the dc-link voltage, and the two-level converter has lower conduction

losses because it does not have the diodes. However, when the simulation is repeated

at 50kHz, the Vienna rectifier outperforms the two-level converter. This trend agrees

with the studies done in [58, 59]. In terms of switching ripple of both input current

and dc-link voltage, operating at higher switching frequencies would make the re-

quired inductors and capacitors smaller. In a study done in [59], it is shown that the

inductor losses will be reduced by 25% when moving from a two-level to a three-level

converter topology.

These results agree with the study done in [60] where the three-level NPC topology

is compared with the two-level converter, and the three-level converter demonstrated

more power savings.

Multiple simulations are run for different operating points to study the power
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loss variation, and the results are depicted in Fig. 2.15. The dominant conduction

loss is seen in the Vienna rectifier, while it has better performance in switching loss.

Throughout the operating regions the efficiencies of both converters remain close.

Nevertheless, as Fig. 2.15(a) illustrates, for lower modulation indices, the Vienna

rectifier efficiency is higher than in the two-level converter. This can be explained

with Fig. 2.15(c). When the dc-link voltage increases, the switching loss component

in the two-level converter increases much more than that of the Vienna rectifier,

simply because in the two-level converter the MOSFETs switch between the full dc-

link voltage, whereas they switch only between half the dc-link voltage in the Vienna

rectifier.

Table 2.6 shows the steady state device junction temperatures in the two convert-

ers, and according to this, the Vienna rectifier switches would be cooler, compared

to those in the two-level converter. Therefore, the life of the devices would be longer,

when operated with lower junction temperatures [61].

2.2.4 Summary

A summary of the comparisons is given in Table 2.7 and Fig. 2.16. In this com-

parison, the two-level converter is used as the benchmark, and the design parameters

for the Vienna rectifier are expressed with respect to this benchmark (the lower the

better). Converter reliability is not included in the summary as further quantitative

analysis is required.

Table 2.6: Active Switch Thermal Analysis

Tj
0C

Topology fsw =20kHz fsw =50kHz

Two-level converter 104 113.8
Vienna rectifier 97.1 102.7

Table 2.7: Comparison Summary

Design parameter Two-level converter Vienna rectifier

Current waveform quality (THD) 1 0.52
Switch voltage rating 1 0.5
Weight 1 0.83
Cost 1 0.65
Loss 1 0.98
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Figure 2.16: Summary of design parameter comparison for the two-level converter
and the Vienna rectifier (lower is better).

With the study carried out thus far, the Vienna rectifier exhibits superior benefits

compared to the two-level converter for the aerospace generator-rectifier application.

The parameters discussed above are interrelated and finding the best combination

would require multi objective optimization, which is out of the scope of the thesis.

Based on the above analysis, the Vienna rectifier is selected and the subsequent

chapter discussions are based on this topology.

2.3 Hardware Description

2.3.1 Vienna Rectifier System

Experimental verification of the proposed techniques in this research is performed

using a three-phase power factor correction (PFC) Vienna rectifier, using the C2000

Texas Instruments (TI) board, which is shown in the Fig. 2.17. The digital signal

processor (DSP) controller card-F28379D Delfino Experimenter Kit, is on a separate

printed circuit board (PCB) and connects to the converter base board.

Fig. 2.18 shows a block diagram of the Vienna rectifier system, describing the

main sections in the experimental setup. In this system, the phase voltage, input

current, and dc-link voltage are measured, and the signals are fed to the DSP using

the internal analog-to-digital converter (ADC). Three hall effect sensors LEM LTSR

6-NP are used to sense the currents and the TI AMC1301DWVR, which has isolation
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Figure 2.17: Texas Instrument Vienna rectifier reference design.
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Figure 2.18: Vienna rectifier block diagram.

capacity, is used to sense the voltages. The current measured going into the converter

is considered as positive direction of current. Though the TI board is designed for a

grid-connected system, it could be easily modified to be connected to a generator.

The bidirectional switch that connects the phase leg to the neutral point is con-

structed by two 650V Infineon MOSFETs (IPP65R190C7) connected in common

source configuration. The diodes used are CREE 1200V SiC C4D08120A. Since the

neutral-point-clamp switches only see half of the dc-link voltage, the MOSFETs only

need to withstand that voltage. However, the diodes should be rated at full dc-link

voltage. The isolated dual channel gate driver UCC21520D, is used to drive each



Chapter 2: Rectifier Topologies and Hardware Description 28

neutral-point-clamp switch. It saves space on the PCB due to the isolation feature

of the driver, which otherwise would require isolated transformers.

The WBG semiconductors, particularly SiC in this application, exhibit superior

properties such as higher operating temperatures, higher blocking voltages, and faster

switching compared to their Si-based counterparts. The use of WBG materials is not

seen in aerospace power converters thus far, mainly because of reliability uncertain-

ties. In order to increase the power density of the converters, designers tend to

increase the switching frequency (to reduce the passive component sizes) by using

WBG semiconductor devices. These devices have very short turn on and turn off

times. This give rise to very high di/dt and dv/dt in the device related circuit traces.

When parasitic inductances and capacitances are coupled with high di/dt and dv/dt

there would be voltage spikes and ringing in circuits which may lead to erroneous

pulses, device malfunction and unpredictable operation of the converter. Therefore,

in high frequency designs, the parasitic inductances and capacitances should be taken

into account throughout the design, including the layout of the circuit traces. Despite

these issues, because of the benefits of WBG semiconductors, it is expected that the

designers use WBG devices in future aircraft power converters.

The Vienna rectifier is connected to a programmable ac power source (California

Instruments 4500Ls) and a resistive load bank is connected to the output of the

Vienna rectifier, as shown in Fig. 2.19.

Figure 2.19: Experimental setup.
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2.3.2 Digital Signal Controller

The Vienna rectifier is controlled with the TMS320F28379D, a 32-bit fixed point

DSP, which has a dual core architecture with floating point unit (FPU) and a trigono-

metric math unit (TMU) that gives hardware support to accelerate code execution.

This helps to have high bandwidth control loops, especially when dq and inverse dq

transformations are used.

The ADC module of the TI C2000 TMS320F28379d DSP is coupled with the

integrated comparator subsystem (CMPSS), providing fast overvoltage and overcur-

rent protection, as the internal trip circuitry works with minimal delay because it is

hardware implemented. In the comparator subsystem, the analog channels could be

configured with threshold values, which once exceeded would enable fast trip of the

PWM module. Since external devices are not used for protection, this saves space

and simplifies the layout of the PCB. Alternatively, this feature can be used as a

redundent protection mechanism, if the designer chooses to keep the hardware trip in

place. The ADC module is configured to have 12-bit resolution and the ADC clock

runs at 50 MHz while the system clock is set at 200 MHz. The process of converting

an analog voltage to a digital value is broken down into two parts as follows,

1. Sample and hold time tSH

2. Conversion time tLAT

For this DSP the tSH and tLAT is configured to have 21 and 43 system clock cycles,

respectively. When these two latencies are added, the total time sums up to 320 ns.

Therefore, the sampling rate at which the ADC is sampling the current and voltage

is 3.125 MSPS.

The switching frequency of the rectifier is 50 kHz, which means the DSP code is

interrupted every 20 µs. The voltage and current sensor measurements are read to the

DSP through the ADC. Then, they are processed to calculate the required duty cycle

value in each PWM period. Therefore, the ADC start of conversion (SOC) is triggered

by the PWM carrier signal (PWM1 channel A). There are 8 sensor signals altogether

(input side 3 phase voltage signals, 3 current signals and 2 output capacitor voltage

signals as illustrated in Fig. 2.18) connected to the ADC through signal conditioning

circuits.

The 12-bit digital-to-analog converter (DAC) is extremely useful when debugging



Chapter 2: Rectifier Topologies and Hardware Description 30

Figure 2.20: VOC diagram used in the Vienna rectifier.
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the system, as it allows internal variables to be taken out and represented in an oscillo-

scope. The Code Composer Studio -the Integrated Development Environment (IDE)

provided by TI- can be used for debugging the code, in real time, when connected

via the XDS100 V2 emulator.

2.3.3 Control System Design

In the experiments, voltage oriented control (VOC) is used (Fig. 2.20). The

modulation is implemented using CB-PWM, and the effects of changing the power

factor of the converter will be tested.

As illustrated in Fig. 2.20, the inner loops control the ac currents and the outer

loop regulates the dc-link voltage. The current loop has a bandwidth of 2kHz and the

voltage loop bandwidth is 200Hz. Since the dc-link has a split capacitor, a balancing

controller is used to balance the two capacitor voltages. The grid synchronization is

done by a phase-locked loop (PLL), in such a way that the direct axis is aligned with

the grid voltage vector and the quadrature axis is leading 90 degrees, as shown in

Fig. 2.21. Consequently, id is responsible for the active power transfer, and iq defines



Chapter 2: Rectifier Topologies and Hardware Description 31

the reactive power component.

2.4 Summary

After comparing different topologies to perform ac to dc conversion, the Vienna

rectifier topology has been selected for aerospace applications. The Vienna rectifier is

a three-level unidirectional power flow topology based on a diode bridge rectifier, but

with advanced PWM features. Compared to the well-establish two-level converter,

the Vienna rectifier offers significant benefits in aspects like current waveform quality,

power density, reliability, etc. As the application does not require 4-quadrant oper-

ation, the Vienna rectifier offers lesser amount of failure points, with simple circuit

structure and cost benefits compared to the other three-level topologies. One of the

constraints of the Vienna rectifier is that it does not perform well under nonunity

power factor operation due to current distortion near the zero crossings. The chal-

lenge of this research is to improve the performance of the Vienna rectifier under such

operating conditions. Some solutions to that problem are discussed in the subsequent

chapters. The hardware setup based on a Texas Instruments Vienna rectifier, which

will be used to obtain experimental results, has also been introduced in this chapter.



Chapter 3

Extended Operation Mode in the

Vienna Rectifier

The Vienna rectifier is a three-level three-phase converter which offers many ad-

vantages; however, it suffers from poor current waveform quality when there exists a

phase displacement angle between the reference voltage and the current. Zero sequence

voltage injection methods are popularly used to address the power quality issues. How-

ever, these methods restrict the range of modulation index because the resultant com-

mon mode voltage may cause the converter to operate in overmodulation in certain

operating conditions.

Unlike the conventional methods, a new approach is introduced in this chapter

that uses the reactive current injection under lower displacement power factors to ex-

tend the operating range of the Vienna rectifier. An algorithm is designed such that

reactive current injection will be activated only during certain working conditions in-

volving low power factor operation, where the zero sequence injection would produce

overmodulation. A twin controller runs in parallel to the voltage oriented controller

to assist the decision making for the algorithm. Additionally, a mathematical analysis

is done for the reactive current calculation. The proposed method ensures the quality

of ac current waveform, regardless of the operating conditions of the Vienna recti-

fier. The concept is verified by simulation and validated in a 1-kW Vienna rectifier

experimental setup.
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Figure 3.1: The Vienna rectifier topology.

3.1 Introduction

The Vienna rectifier shown in Fig. 3.1 includes a diode bridge rectifier and bidi-

rectional switches that can connect each leg of the converter to the neutral point of

the dc-link capacitors. It can generate three voltage levels in each of the nodes a, b,

c and sinusoidal currents with unity power factor operation. The maximum voltage

that the bidirectional switches have to withstand is half the dc-link voltage. The Vi-

enna rectifier is similar to the T-type converter but with fewer active switches, thus

a simplified topology. As a result, it can only transfer power in one direction, from

the ac side to the dc side. Certain unidirectional active-front-end applications, which

demand high power density and reliability, prefer the Vienna rectifier (Fig. 3.1) over

other circuit topologies due to the advantages it offers like a simple circuit structure.

Compared to the well established two-level converter, the Vienna rectifier produces

lower current ripple for a given inductance, and better switches with lower blocking

voltage can be used to have better efficiencies for a lower cost [34, 62], as discussed

in the previous chapter.

The Vienna rectifier has an inherent problem of current zero-crossing distortion.

Although the Vienna rectifier is a three-level converter, there is only full control of the

midpoint connection. The top and bottom voltage levels are defined by the direction

of the current that is flowing through the diodes. When there is no phase angle

shift between the voltage reference and the input current, there is no low-frequency

distortion. However, if there exists a displacement and no special action is taken,

there would be low-frequency harmonics in the current frequency spectra [41,63–71].
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Switching methods based on space-vector modulation (SVM) for the Vienna recti-

fier was first proposed in [63] and then in [66,67]. The equivalence of SVM and carrier-

based PWM (CB-PWM) on the Vienna rectifier is analyzed and a CB-PWM method

is proposed in [72]. Switching-based on CB-PWM are discussed in [23,46,73,74].

Clamping to the neutral point the leg that produces pulses with opposite sign was

proposed in [63], [75]. It resulted in significant reduction in current distortion at the

zero-crossing. The duration of the clamping periods depends on the displacement

angle and may last for a few switching cycles. The clamping periods help to mitigate

voltage and current distortion; however, they do not eliminate the low-frequency dis-

tortion completely and they have a negative effect on the voltage balancing of the

dc-link capacitors. Therefore, the clamping periods should be minimized as much

as possible. In [75], the authors used a fixed clamping angle, which was obtained

experimentally. This would require a number of experiments for the different oper-

ation conditions. An analytical approach is discussed in [76] in which the clamping

angle is calculated in an application where the Vienna rectifier is fed with a perma-

nent magnet synchronous generator (PMSG). The current ripple due to the PWM

is calculated and the maximum angular displacement of the current space vector in

comparison to the fundamental voltage is used to find the required clamping angle.

Injecting a zero sequence into the reference signals to reduce the zero crossing

distortion is discussed in [77]. A third harmonic is injected, which helps to make the

duty cycles zero near the current zero crossings. But this does not solve the problem

completely as still there would be some distortion due to the insufficient clamping

time. The authors have extended the clamping time using redundant vectors in the

space-vector PWM diagram.

Current distortion mitigation with discontinuous pulse width modulation (PWM)

implemented with space vectors was presented in [67]. The method shows better

performance at higher modulation indices. Moreover, changing between different

modulation methods based on the converter operating point is proposed in [78].

However, such carrier-based discontinuous PWM operates well for a certain range

of modulation indices [79, 80]. Even though the DPWM increases the efficiency,

the current harmonic distortion also increases in the Vienna rectifier compared to

continuous PWM.

The Vienna rectifier was introduced operating with a hysteresis current con-

troller [34] with independent phase current controllers and a zero sequence component
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balancing the capacitor voltages. It had the problem of variable switching frequency

as the filter design process becomes complicated. In [73], a new control method, the

one cycle control, is proposed for the Vienna rectifier. The switching frequency is

constant while no ac voltage sensors are used, inductor current or average switch cur-

rent can be used to implement the controller. The output voltage is integrated and

compared with the inductor current measurement, and fed to the switches through

flip/flops. The integrator and the flip/flops are reset at the switching frequency.

However, as mentioned in [81], the utilization of the dc-link voltage is low. Also, it

is an analog implementation and reactive power compensation is not possible. On

the other hand, this method could be an option if the application does not permit

a DSP. In another analog technique, the current controller is implemented without

multipliers [82], in the abc-natural frame, which relies only on the input currents,

and does not demand the input voltage measurements.

In a DSP-based implementation [74], proportional-integral (PI) controllers are

used based on the average d-q model of the Vienna rectifier. Also the neutral point

voltage balance of the dc-link capacitors is achieved through a zero sequence. A

voltage sensor-less control is introduced in [68] where the grid voltages are estimated

by an observer. A current oriented control, without the use of voltage sensors in

the ac side, can mitigate the zero-crossing problem [83]. However, the converter

may not operate as desired when the inductance is low or operating with light load-

ing [38], where the current waveforms are expected to be highly distorted. Sensor-

less current control can address the current distortion, but additional circuits for

overcurrent/short-circuit protection are needed [84].

A few methods based on carrier-based PWM implement special zero-sequence in-

jection to remove the current distortion by connecting the ac terminals to the neutral

point during certain intervals [23], [24]. However, these methods have constraints

in the modulation index because the zero sequence introduces peaks to the reference

voltages which may lead to overmodulation. Another similar method which combines

the special zero sequence with reactive current injection is introduced in [25].

This chapter extends the idea proposed in [25] and includes more analysis and

experimental results. The main contribution lies in proposing a method comprising

of two operating modes for optimal operation of the Vienna rectifier. This allows

the rectifier to operate without producing low order harmonics in the source currents

without any constraints on the modulation index. In the first mode, a particular zero
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sequence voltage is added to the reference voltages, which clamps a phase through

the bidirectional switches to the midpoint whenever there exists a sign difference

between the reference voltage and the grid current. As a result, the grid currents

do not contain low-frequency distortion, but this technique has modulation index

restriction. In the second mode, a calculated amount of reactive current (in real-

time) is injected to achieve unity power factor (UPF) at the converter terminals,

removing the constraint in the modulation index. Finally, an algorithm is proposed

for smooth transition between the two operating modes. The proposed modulation

and control scheme for the Vienna rectifier offers,

1. Wide power factor range of operation without compromising the quality of the

grid currents. For the Vienna rectifier this is nontrivial as it has an inherent

problem of current zero crossing distortion when operated with large phase

displacement angles, which has limited its industry application.

2. A reactive current injection based method is proposed in combination with a

zero sequence voltage injection method. An algorithm selects the best mode

of operation for the Vienna rectifier depending on the operating point. The

objective of the algorithm is to avoid overmodulation.

3. The zero sequence voltage injection method proposed in prior art has a restric-

tion in the modulation index for high phase displacement angles. The proposed

method operates with constraint-free modulation index.

4. Real-time reactive current calculation to obtain unity power factor (UPF) at

the converter terminals, facilitating the control implementation in a DSP.

The chapter is structured as follows. In Section 3.2, the essential operation of the

Vienna rectifier is presented explaining the issues associated with the zero-crossing

distortion in the current waveform when operating with nonunity power factor. Sec-

tion 3.3 presents selected existing distortion mitigation strategies. The reactive power

compensation with transition between the two modes based on specific criteria is dis-

cussed in Section 3.4. Experimental results are presented in Section 3.5. Finally,

Section 3.6 summarizes the main conclusions of the chapter.
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3.2 Vienna Rectifier Operation

The three-level Vienna rectifier is popular among designers due to the various ad-

vantages such as simple circuit structure, unity power factor operation, low harmonics

in the grid currents, and low blocking voltage stress on the bidirectional switches [34].

The Vienna rectifier is similar to the T-type converter but with fewer active switches,

thus a simplified topology. As a result, it can only transfer power in one direction,

from the ac side to the dc side.

Ex

VLx

Vx

Ix L

Figure 3.2: Simplified single-phase diagram of a grid-connected Vienna rectifier.

ExIx

φ

Vx

VLx

Figure 3.3: Phasor diagram operating with unity power factor at the grid side.

Although the Vienna rectifier is a three-level converter, only the neutral point

connection is fully controlled through the bidirectional switches. The positive and

negative voltage levels of the converter are decided by the current direction. If there

is no phase displacement angle between the reference voltage and the input current,

the desired voltage is generated at the input of the converter. However, if there is a

certain phase displacement angle and no special action is taken, the voltage pulses

generated by the converter will have opposite polarity during the intervals where the

reference voltage and input current have different signs. This produces low-frequency

voltage distortion, which deteriorates the quality of the grid currents. Even when

operating at unity power factor at the grid side (Fig. 2.10(b)), the Vienna rectifier

does not operate at unity power factor because of the filter inductors that cause a

phase displacement angle between the current and voltage waveforms. Therefore,

because of this displacement angle, current distortion will be appreciated around the
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zero crossings [63–65]. Such a distortion in the grid currents is not desired because

it may violate the grid codes.

In this analysis, the Vienna rectifier is connected to a fixed frequency ac source.

The ultimate target is to connect it to an aerospace generator operating at variable

frequency. Fig. 3.2 represents a simplified single-phase diagram of a grid-connected

Vienna rectifier. The equivalent voltages are,

Ex = ωLIx + Vx (3.1)

where Ex is the source voltage of phase x ∈ {a,b,c}, Vx is the converter terminal

voltage, Ix is the input current and L is the line inductance.

Synchronization with the grid voltages is performed by measuring the grid voltages

Ex in Fig. 3.2. The phasor diagram when operating with unity power factor at the

grid side is represented in Fig. 3.3. In this chapter, the converter is fed from an ideal

voltage source. In practical applications, the model of the voltage source will include

some impedances, however they are usually very small compared with the impedance

offered by the filter inductor L. For the Vienna rectifier under test, the voltage is

measured at the source in Fig. 3.3. A PLL will extract the angle information from

the voltage measurement. The converter uses this angle to regulate the currents and

align them with the phase voltages, usually forcing the two variables to be in-phase

at the source in the single-phase representation (unity power factor operation). The

phase angle φ in Fig. 3.3 will depend on the filter inductance, the fundamental

frequency, and the grid current magnitude.

Let a normalized set of three-phase voltages be defined as:

vx = m sin(ωt+ δx) (3.2)

with x ∈ {a,b,c} where vx is the normalized voltage of phase x, δa,b,c = {0, 4π/3, 2π/3}
and m is the modulation index. Analogously, a three-phase set of currents with the

polarity given in Fig. 3.1 is defined:

ix = I sin(ωt+ δx + φ) (3.3)

where I is the amplitude of the current and φ is the phase difference between ix and vx

with x ∈ {a,b,c}. The conventional method of controlling the switches in the Vienna
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Figure 3.4: Control signals for switches controlled together with PD-PWM. Top:
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Figure 3.5: Various operating states of a phase-leg in the Vienna rectifier when the
switches are controlled together. Positive half-cycle with: (a) Current in the positive
direction, (b) clamping to the neutral point, and (c) current in the negative direction.
Negative half-cycle with: (d) Current in the negative direction, (e) clamping to the
neutral point, and (f) current in the positive direction.

rectifier is by using a common gate pulse on the bidirectional switch pair s1x, s2x as

follows:

S1x = S2x = 1, if vcarr1 < vrefx ≤ vcarr2 (3.4)

where x = {a, b, c} are the phases of the rectifier. The lower and upper carrier

signals are represented by vcarr1 and vcarr2, respectively, while the modulating voltage

reference is vrefx. Fig. 3.4 shows the waveforms of the generated pulses and the

corresponding carrier and reference signals in a phase-disposition carrier-based PWM

(PD-PWM) method [34].

Focusing on a phase-leg of the Vienna rectifier (phase-leg x), when the reference
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voltage of the converter is in the positive half-cycle and the current flows in the

positive direction (towards the rectifier from the source), if the switches are off, the

top diode D2x conducts forming a positive voltage pulse vxn (Fig. 3.5(a)). If the

switches are on, then the current flows through the switches to the neutral point

(Fig. 3.5(b)). On the other hand, if there is a phase shift between the reference

voltage and the current, there would be an interval in the positive half-cycle where

the current is negative. In this interval, when the switches are off, the bottom diode

D1x conducts, as shown in Fig. 3.5(c), creating a negative voltage pulse in vxn, which

is undesired. This switching state creates distortion.

Likewise in the negative half-cycle, when both switches are off, the polarity of

the voltage pulse is defined by the current direction. When the current is negative, a

negative voltage pulse is created (Fig. 3.5(d)), but if the current is positive, a positive

voltage pulse is created, which produces distortion (Fig. 3.5(f)). Therefore, the only

voltage level that is fully controlled in the Vienna rectifier is the neutral point level.

The top and bottom levels are decided by the current direction.

Similar to the Vienna rectifier when the switches are controlled together, the

above problem exists in the Type I Vienna rectifier with single switch per phase as

illustrated in Fig. 3.6.

Fig. 3.7 depicts the main waveforms and the source current frequency spectra
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Figure 3.7: Switches controlled together with a single gate pulse: (a) Main waveforms
and (b) frequency spectrum of the grid current.

when the above method is used, based on the parameters given in Table 3.1, simulated

using Matlab Simscape Electrical Tool Box. The phase displacement angle in this

test condition is 6.87 degrees. As it can be observed in Fig. 3.7(a), despite operating

with unity power factor at the grid side, there is a phase angle displacement between

the reference voltage and the current at the converters side. As a consequence, the

Table 3.1: Vienna Rectifier Parameters

Parameter Value

Input inductor, L 3 mH
Output capacitors, C 220 µF
Line-to-line voltage rms, Vl−l 60.6 V
Output voltage, Vdc 99 V
Output power, Pout 416 W
Fundamental frequency, f 60 Hz
Switching frequency, fsw 50 kHz
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voltage at the converter terminals becomes distorted. This is due to the fact that

the current direction will define the polarity of the voltage pulses when the neutral

point connection is not activated, producing pulses with opposite polarity during

some intervals near zero crossing of the current [25]. This results in zero-crossing

distortion in the current waveforms and it is reflected as low order harmonics, which

is undesirable. Fig. 3.7(b) shows the current spectra and it illustrates the low-

frequency distortion as a result of such operation mode of the converter. The THD

of the current under such condition is 4.74%.

3.3 Distortion Mitigation Methods

3.3.1 Switches Operating Independently

The bidirectional switch pairs in the Vienna rectifier are controlled independently

by applying PD-PWM and are formulated as presented in Fig. 3.8 using the following

control strategy:
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Figure 3.8: Independent control signal waveforms for the bidirectional switch pair
with PD-PWM.
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S2x =

0, if vrefx > vcarr1 and vrefx > vcarr2

1, otherwise
(3.5)

S1x =

0, if vrefx ≤ vcarr1 and vrefx ≤ vcarr2

1, otherwise
(3.6)

With this control technique, switch S2x is switching while the other switch (S1x)

is continuously on during the positive half-cycle of the reference voltage. Likewise,

switch S2x is on in the negative half-cycle while S1x is switching. The relevant oper-

ating states are illustrated in Fig. 3.9. Now the Vienna rectifier does not produce

erroneous voltage pulses when the reference voltage and the current have opposite

signs as the neutral point connection is activated during this time period.

Fig. 3.10(a) depicts the main waveforms when the bidirectional switch pairs are

fed with pulses obtained using (3.5) and (3.6) and the frequency spectrum of the grid

current is shown in Fig. 3.10(b). The line-to-line voltage distortion can be seen in

Fig. 3.10(a) during the time interval where the clamping to the neutral point occurs.
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Figure 3.10: Switches controlled independently without any zero sequence voltage
injected: (a) Main waveforms and (b) frequency spectrum of the grid current.

3.3.2 Zero Sequence Injection

Even though the voltage pulses with opposite polarity are eliminated with the

previous control technique, the reference voltage is not followed at the ac terminal

during some intervals, as it is clamped to the neutral point. While the reference

voltage of a phase-leg is forced to be zero during those intervals, the same amount

could be subtracted from the reference voltages of the other two phases, thus creating

a zero sequence. As a consequence, the low-frequency distortion produced in the

Vienna rectifier should disappear. A lookup table-based method can be used to

calculate the zero sequence [23]. Fig. 3.11(a) shows another method with simpler

implementation to calculate the common mode voltage based on the product of the

reference voltage and the input current [24]. However, both of these methods have

limitations on power factor variation and will have to restrict the modulation index
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Figure 3.11: Vienna rectifier with the zero sequence voltage injection: (a) Flow chart
of the zero sequence generation [24], (b) Voltage oriented control and (c) Modulation
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when operating with high phase displacement angles, as described later in this section.



Chapter 3: Extended Operation Mode in the Vienna Rectifier 46

-50

0

50

 v
ol

ta
ge

 (
V

)

 v
an

 v
grid

 v
refa

-10

0

10

 i
a
 (

A
)

-100

0

100

 v
re

fa
-b

 (
V

)

0 0.01 0.02 0.03 0.04 0.05

Time (s)

-1

0

1

 z
er

o
se

qu
en

ce

(a)

Amplitude Fund. = 5.41A,  THD = 0.77%

5 10 15 20 25 30 35 40
Harmonic Order

0

1

2

3

4

C
ur

re
nt

 M
ag

ni
tu

de
 

(%
 o

f 
th

e 
fu

nd
am

en
ta

l)

(b)

Figure 3.12: Zero sequence voltage injection: (a) Main waveforms and (b) frequency
spectrum of the grid current.

Fig. 3.11(b) shows the zero sequence fed to a VOC, where the inner current

loop regulates the sinusoidal current and the outer voltage loop regulates the dc-link

voltage. The capacitor voltage balance block adds an offset to the reference voltages,

as detailed in Fig. 3.11(b), in order to balance the capacitor voltages. As illustrated

in Fig. 3.12, once the zero sequence is injected, the line-to-line voltage distortion is

eliminated and the quality of the grid currents is improved.

Some peaks appear in the reference voltages with the injected zero sequence, as

shown in Fig. 3.12(a), which may produce overmodulation, especially when oper-

ating with high modulation indices. As a result, the modulation index will have to
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be limited. The highest modulation index that the converter can operate without

producing overmodulation is determined by examining the maximum value of the

reference voltage once the zero sequence is added. The generalized zero sequence can

be expressed as a common mode voltage as follows,

vcm =



−m sin(ωt), kπ ≤ ωt < kπ + φ

−m sin(ωt− 2π
3

), (3k+2)π
3
≤ ωt < (3k+2)π

3
+ φ

−m sin(ωt+ 2π
3

), (3k+1)π
3
≤ ωt < (3k+1)π

3
+ φ

0 otherwise

(3.7)

where k ∈ Z. The normalized reference voltage for phase a in the interval indicated

by the green box in Fig. 3.12(a), is expressed as:

vrefa
vdc/2

= m[sin(ωt)− sin(ωt− 2π

3
)] (3.8)

The maximum value of (3.8), should not exceed one to avoid overmodulation,

which leads to the following condition:

m ≤ 1√
3 sin(π

6
+ φ)

(3.9)

For phase displacement angles up to 5.26 degrees, the zero sequence addition has no

effect on the maximum modulation index reachable, as the peak of the notch created

by the zero sequence is less than the peak of the reference sinewave. On the other

hand, for phase displacement angles greater than this value, the modulation index will

have to be restricted to avoid overmodulation. It should be highlighted though that

even if overmodulation occurs, the distortion originated in the input currents would be

significantly smaller than in the former cases where no zero sequence is injected. Fig.

3.11(c) presents the maximum modulation index to avoid overmodulation depending

on the displacement angle. It is clear that when the modulation index is low, the

converter can handle larger displacement angles, making this control technique more

suitable for low modulation index operation. As the Vienna rectifier injects current

into the neutral-point of the dc-link capacitors, capacitor voltage balance is required

[81, 85] and it could effect the current waveform quality [86] if it is not properly

balanced. Nevertheless, Fig. 3.12(a) van depicts the capacitor voltages are balanced,

which means that the average neutral-point current is zero.
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Table 3.2: Summary of Modulation and Control Methods for the Vienna Rectifier

Modulation
and Control

Advantages Disadvantages

Hysteresis
control [34]

Simple controller implementa-
tion

Varying switching frequency,
challenging filter design

Current ori-
ented con-
trol [83]

Distortion in the current wave-
form eliminated

Synchronization problems at
lower loads

CB-PWM
together [34]

Simple implementation, less
gate drivers

Current zero-crossing distortion

CB-PWM
indepen-
dent [24]

Current distortion reduced Still some distortion exists in the
line-to-line voltage

CB-PWM
special zero
sequence
[23,24]

Distortion completely removed May create overmodulation for
working conditions with high
modulation index and phase dis-
placement

Proposed
method

No current distortion, no modu-
lation index restriction

Reactive current usage leads to
VA rating increase

Table 3.2 summarizes the methods for avoiding the current distortion in the Vienna

rectifier.

3.4 Reactive Power Injection with Mode-Transition

An alternative method to eliminate the zero-crossing distortion without compro-

mising the modulation index is the injection of precomputed reactive current. This

helps in reducing the phase shift between the voltage reference and the current. With

proper reactive current injection, the modulation index does not need to be restricted

and the converter can operate with high modulation indices.

By solving the triangles in Fig. 3.13, the reactive current demand to obtain UPF

at the converter terminals can be derived as follows:

sinα =
V1L
Ed

=
ωLI1
Ed

=
Iq
I1

(3.10)
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Figure 3.13: Simplified phasor diagram: UPF at the converter terminal (in blue) and
UPF at the source (in black).
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Figure 3.14: Mode-2 with reactive current injection: (a) Main waveforms and (b)
frequency spectrum of the grid current.
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where I1 is:

I1 =
√
I2d + I2q (3.11)

substituting I1 in (3.10):

ωL(I2d + I2q ) = IqEd (3.12)

Solving (3.12) for Iq, the calculated reactive current for achieving UPF at the con-

verter terminals is as follows,

Iq = − Ed
2ωL

1−

√
1−

(
2ωLId
Ed

)2
 (3.13)

The parameters used in (3.13) are readily available in the controller as instantaneous

values and, therefore, knowledge of the load is unnecessary. Solving (3.13) with

the system parameters given in Table 3.1, one obtains Iq = 0.85A as the reference

reactive current to be provided to the current controller. By adding the zero sequence

−(Vmax + Vmin)/2 the modulation range is extended by 15% in this operation mode.

Fig. 3.14(a) shows the main waveforms when the reactive current is injected. The

current waveform and the reference voltage of the converter are in-phase, avoiding

the current distortion. Fig. 3.14(b) illustrates the input current frequency spectrum.

The current THD has improved by a significant amount to 0.18% in Mode-2 (reactive

power compensation) compared to the previous methods; 0.77% in Mode-1 (zero

sequence injection), 0.89% (when the switches were driven independently), and 4.74%

(when the switches were operated together).

Therefore, Mode-1 can be used when operating with low modulation indices, since

large modulation indices can produce overmodulation, while Mode-2 can be applied

for any modulation index. However, it is usually not of interest to operate in Mode-2

with low modulation indices, since UPF is not achieved at the grid-side. Therefore,

Mode-2 will be applied for large modulation indices only, i.e., when Mode-1 cannot

be applied.

3.4.1 Effect of Parameter Variability

The inductance is varied by ± 10% to evaluate the effect on the reactive current

(Fig. 3.15) calculation and on the current THD (Fig. 3.16), when the Vienna rectifier

is operating in Mode-2. As shown in Fig. 3.16, there is no change in the current THD
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Figure 3.15: Deviation of iq for an uncertainty of ± 10% of inductance solving (3.13):
(a) Absolute values and (b) as a percentage.

with the ± 10% uncertainty in the inductance. The reactive currents and the current

THD values for the inductance uncertainty are summarized in Table. 3.3.

3.4.2 Twin Controller

As discussed above, since the zero sequence injection and the reactive power com-

pensation have their own limitations, transition between the modes is required. Fig.

3.17 illustrates the mode transition algorithm. The converter operates in Mode-1 by

default, and Mode-2 is activated only when the peak of the reference voltage is more

than 1 to avoid overmodulation. Because Mode-2 involves reactive current injection,

the objective is to return to Mode-1 as soon as it is safe to do so. However, the

transition from Mode-2 to Mode-1 is nontrivial as the peak of the reference voltages

in Mode-1 is not known until the converter is operated in that mode. The peak of

the reference voltages could be higher or lower than 1. In Mode-2, the converter is

injecting reactive power such that grid currents and reference voltages at the con-

verter terminals are in phase, which does not require any special zero sequence, i.e.,

the calculated zero sequence would be zero. To recreate the condition in Mode-1,

Table 3.3: Effects of Inductance Uncertainty

L uncertainty L− 10% L L+ 10%

Reactive current Iq (A) 0.851 0.9489 1.048
Current THD% 0.211 0.216 0.221
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(a) (b)

(c)

Figure 3.16: Impact on the current frequency spectrum simulated when the induc-
tance is varied with an uncertainty of 10%: (a) Inductance reduced by 10%, (b)
inductance nominal value and (c) inductance increased by 10%.
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Figure 3.17: Mode transition algorithm.

a twin controller is introduced in Fig. 3.18, which calculates the maximum of the

reference signals vrefmax, the converter would have if it was operating in Mode-1 with
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Figure 3.18: Twin controller for the Mode-1 reference voltage.
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Figure 3.19: Block diagram of the proposed modulation and control scheme for the
Vienna rectifier.

the corresponding zero sequence injected, i.e., if reactive power was not injected. It is

calculated by using the steady-state values of the converter d-q voltage components

(3.14) and (3.15) with Eq = 0. Imposing iq as zero:

Vd = RId + Ed (3.14)

Vq = ωLId + Eq (3.15)

This twin controller will run in parallel to the main controller, calculating the ref-

erence voltages in Mode-1 when the converter is operated in Mode-2. A hysteresis

band from 1.0 (upper threshold) to 0.98 (lower threshold) exists for the vrefmax to

avoid unintended mode transitions. If the vrefmax goes beyond the upper threshold

value, the algorithm switches to Mode-2 from Mode-1 to avoid overmodulation pro-

duced by the peaks in the special zero sequence. If the vrefmax goes below the lower

threshold value during half-a-cycle, the algorithm switches to Mode-1 from Mode-2

because Mode-1 would operate without overmodulation. Mode-2 should be applied

only when Mode-1 produces overmodulation, since it involves injecting reactive cur-
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rent and thus increases the VA rating of the converter. The phase displacement angle

φ is given by:

φ = tan−1(
ωLI

E
) (3.16)

The displacement angle given in (3.16) along with the modulation index will decide

the operation mode of the converter.

Fig. 3.19 shows the proposed modulation and control scheme. The mode tran-

sition algorithm that runs in the mode selector would be choosing between the two

zero sequences based on the vrefmax it receives from the twin controller. When the

two modes are combined, the Vienna rectifier can operate within the full range of

modulation index [0, 2/
√

3] without any constraint.

Figs. 3.20(a) and 3.20(b) show the main waveforms of the converter for the tran-

sitions from Mode-1 to Mode-2 (operating point is shifted from A to B) and vice

versa, respectively, when the operating conditions are changed according to Table

3.4. The simulation is done while maintaining the same loading conditions. The

value of the estimated voltage reference in Mode-1 is obtained by the twin controller

and its maximum is computed every half-cycle. When the maximum reference volt-

age (vrefmax) from the twin controller is above the threshold (one in this case), the

algorithm changes from Mode-1 to Mode-2. The control signal that indicates the

change of mode is latched until the next zero-crossing to avoid consecutive changes

between the two modes.

In Fig. 3.20(a), the load resistor is reduced from 37.5Ω to 25Ω and the dc-link

voltage is reduced from 125V to 99V (operating point changed from A to B in Fig.

3.22) at time t = 0.017s, thus increasing the modulation index, until vrefmax reaches

1. Then, the mode selector switches from Mode-1 to Mode-2. The converter would

change back to Mode-1 if the vrefmax from the twin controller is below 0.98.

In the next experiment, the operating conditions are changed from B to A, at

Table 3.4: Operating Conditions for the Experiments

Operating Point A B C D E

DC-link voltage, Vdc (V) 125 99 99 99 99
Load (Ω) 37.5 25 37.5 37.5 37.5
Modulation index 0.8 1 1 1 1
Fundamental frequency (Hz) 60 60 60 120 180
Phase displacement (deg) 7.2 7.2 4.5 9 13.3
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Figure 3.20: Transition of operating modes: (a) Mode-1 to Mode-2, (b) Mode-2 to
Mode-1 and (c) current THD at different operating conditions.

time t = 0.017s as depicted in Fig. 3.20(b). The reference voltage from the twin con-

troller indicates a value below 0.98 in the next half-cycle, and the converter switches

from Mode-2 to Mode-1, which happens at t = 0.025s. Afterwards the experiment is

repeated for multiple operating points, using the phase displacement angle and mod-

ulation index as the independent variables, while keeping Ed, I, and L constant. The

current waveform quality varies as depicted in Fig. 3.20(c) and it clearly shows the

boundary of the mode transition. For higher modulation indices with larger phase

displacement angles the converter operates in Mode-2 to avoid overmodulation.
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3.4.3 Efficiency Analysis

An efficiency analysis is performed using PLECS simulation, and the efficiencies at

various operation conditions are obtained. Only power losses in the semiconductors

are considered, i.e., conduction and the switching losses in the active switches and

diodes (losses in the input filter stage are not considered) defined by;

η =
vdcidc

vdcidc + losses
(3.17)

where the losses are the conduction and switching losses of the rectifier. 70◦ C

ambient temperature (used as a guideline derived from the aerospace environmental

conditions and test standard DO-160, and used as the most common value when the

converter is operating) and 0.1◦ C/W case-to-ambient thermal resistance are assumed

for the analysis. Mode-1 and independent switch control will have less switching loss

compared to switches controlled together as they have a clamping period where the

bidirectional switches are clamped to the mid-point. Depending on the reactive power

injected, Mode-2 would have more losses, compared to the other methods. This has

been validated using some operating points under the experimental results section.
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Figure 3.21: Efficiency variation for different operating points when the mode tran-
sition is used.

Fig. 3.21 illustrates the efficiency variation when the mode transition is used with

the objective of improving the current waveform quality.
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Figure 3.22: Operating modes.

3.5 Experimental Results

The steady state and the transient waveforms from the converter are verified and

discussed in this section. Fig. 3.22 shows the different operating points in which the

experiments are performed. The zero sequence calculation from the measurements

in Mode-1, the reactive current calculation using the real-time values in Mode-2 and

the twin controller running parallel to the VOC in both modes are executed within

the 20µs time interval in the DSP to update the duty cycle values for the PWM

switching. Selection of the voltage loop bandwidth in the VOC is important in this

application, and it would be a trade-off between the current THD and the transient

response. A 10-Hz voltage bandwidth is selected for the experiment.

Fig. 3.23(a) shows the main waveforms of the Vienna rectifier operating in Point

B (Table 3.4), when both neutral-point-clamp switches are operating together and, as

expected, the current waveform has significant low-frequency distortion. It can also

be observed in its frequency spectrum shown in Fig. 3.23(e). The current waveform

quality improves when the switches are controlled independently, as depicted in Figs.

3.23(b) and 3.23(f). This improvement is due to the fact that when the switches are

driven together there are voltage pulses with opposite polarity near the zero-crossings

and when the switches are driven independently, these erroneous pulses are clamped

to the midpoint. This extended clamping period to the neutral can be seen when the

Van traces of Figs. 3.23(a) and 3.23(b) are compared. The phase displacement angle

for this operating condition is 7.2 degrees.
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Figure 3.23: Experimental results with different modulation and control techniques:
(a) Switches working together, (b) switches working with independent PWM, (c)
Mode-1, (d) Mode-2, current frequency spectrum of (e) switches working together,
(f) switches working with independent PWM, (g) Mode-1 and (h) Mode-2.

Figs. 3.23(c) and 3.23(g) show the main waveforms and current spectrum, respec-

tively, when the Vienna rectifier works in Mode-1. The results are further improved

when the reactive current is injected solving (3.13) using the real-time values such

that the current and the reference voltage is aligned, as depicted in Figs. 3.23(d)

and 3.23(h). The current THD values are recorded as 3.52% for switches working

together, 2.04% for switches working independently, 1.22% for Mode-1 and 0.79%
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(a) (b)

Figure 3.24: Experimental results of the mode transitions: (a) Transition from Mode-
1 to Mode-2, and (b) transition from Mode-2 to Mode-1.

(a) (b)

Figure 3.25: Experimental results of the mode transition algorithm disabled: (a)
Force Mode-1 with operating point changing from A to B, and (b) force Mode-2 with
operating point changing from A to B.

for Mode-2. The improvement in the current waveform quality is evident from the

reduced THD.

Fig. 3.24 shows a transition from Mode-1 to Mode-2 and vice versa by changing

the operating point from A to B and back. In both operating points the same loading

conditions are maintained as a result of the load step and the dc-link voltage step.

As shown in Fig. 3.24(a), the operating point change happens at time t = t1, and

the transition from Mode-1 to Mode-2 happens instantaneously when vrefmax from

the twin controller exceeds the upper threshold value, which occurs at time t = t2.

When the operating point is shifted from B to A at time t = t3, as shown in Fig.

3.24(b), the transition from Mode-2 to Mode-1 waits until the next zero-crossing to

verify that vrefmax from the twin controller drops below the lower threshold, and

eventually goes to Mode-1 at time t = t4. As shown in Fig. 3.24, vrefmax is reset at

each zero-crossing of phase a to obtain the new maximum in the next half cycle. The

zero sequence change is visible in the voltage reference signal Vref A with the mode

transition.
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Figure 3.26: Current THD at different operating conditions.

Fig. 3.25 highlights the importance of the mode transition. In Fig. 3.25(a), the

Mode transition algorithm is disabled and Mode-1 is forced throughout the operating

point shift from Point A to B at time t = t5. When the converter operates in Point B,

Mode-1 produces overmodulation, as seen from the increased current THD. In Fig.

3.25(b), Mode-2 is forced when the Mode transition algorithm is disabled, while the

operating point shifts from A to B at time t = t6. As expected in this situation, there

is no overmodulation but at the cost of reactive power injection. Therefore, Mode-2

is only used in operating conditions where Mode-1 produces overmodulation.

Fig. 3.26 summarizes the current waveform quality at different operating points,

when the four methods are used. The current THD values are higher when the con-

verter operates in Points B, D and E. This is because they lie in the overmodulation

region shown in Fig. 3.22. Mode-2 has the best current waveform quality regard-

less of the operating point, but at the cost of injecting reactive current. In Point

A, the modulation index is less than operating in Point B, but has the same phase

displacement. A slight improvement in the current THD values is observed compared

to Point B, as Point A lies beneath the boundary of overmodulation. When the con-

verter operates in Point C, the phase displacement angle is the lowest. If the switches

are controlled together, the time period of the erroneous voltage pulses is the lowest

in Point C, with respect to the other operating points. This results in a better current

waveform quality compared to the other operating points when the same method is

used. As the phase angle increases (Points D and E) the overmodulation duration

increases resulting in increased current distortion in methods other than Mode-2.

Efficiency values for the four modulation and control techniques, when operated

in Points A and B, are summarized in Table 3.5. Due to the higher harmonic content
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Table 3.5: Efficiency Comparison

Modulation Together Independent Mode-1 Mode-2

A efficiency % 93.74 95.55 95.24 94.05
B efficiency % 92.72 94.12 93.94 93.25

when the switches are controlled together, there is an efficiency drop in this method

compared to the other ones. Generally, when the operating point is shifted from A

to B (where B is above the boundary of overmodulation) the efficiency drops for all

the four methods. This is as a result of Point A having a higher dc-link voltage and

Point B having increased harmonic content in the first three methods. However, this

is not relevant to Mode-2. It has a slightly lower efficiency because it involves reactive

current injection and the current would be higher compared to the other methods.

Nevertheless, it avoids overmodulation and, therefore, produces grid currents without

low-frequency distortion.

3.6 Conclusion

In this chapter, current distortion produced in the Vienna rectifier around zero

current crossings has been analyzed and a modulation and control method comprising

two modes has been presented to reduce such distortion. Mode-1 consists of adding a

proper zero sequence to the reference signal while maintaining UPF at the grid-side.

However, overmodulation may be produced when operating with high modulation

indices and large phase displacement angles. This problem can be avoided by acti-

vating Mode-2 where reactive power (calculated in real-time) is injected to obtain

UPF at the converter terminals. Since there is no phase angle displacement between

the converter reference voltages and the grid currents, the zero-crossing current dis-

tortion is avoided. An algorithm for transiting from one method to another has been

presented. It makes use of a twin controller, which runs in parallel with the main

controller, to check the peak of the reference signals and determine the operation

mode that needs to be applied to the converter at any time.

It is concluded that Mode-1 is more suitable for low modulation index operation,

while for high modulation indices Mode-2 is more convenient. When the two methods

are combined, full control of the converter can be achieved, as if it was a T-type

converter (with top and bottom switches instead of only diodes). Effectiveness of the
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proposed methods has been demonstrated and verified in a hardware prototype.

Mode-2 is implemented for operating points where Mode-1 produces overmodula-

tion. In Mode-2 a certain amount of reactive current is injected to force UPF oper-

ation at the converter side. Although Mode-2 avoids overmodulation, the amount of

reactive power injected is significant and could be reduced. The next chapter further

improves the method discussed, to reduce the injected reactive current.



Chapter 4

Hybrid Modulation Strategy for

the Vienna Rectifier

In this chapter, a hybrid modulation strategy is introduced where a calculated min-

imal amount of reactive current depending on the operating conditions is injected to

avoid overmodulation. The reduction of reactive current required compared to the

state-of-the-art solutions is up to 100% in certain operating conditions. With the

proposed method, the Vienna rectifier can operate in a wide range of power factors

without compromising the quality of the source currents.

4.1 Introduction

In this chapter, the method proposed in Chapter 3 is further improved by using

the special zero sequence and reactive power compensation (RPC) to create a hybrid

modulation scheme that extends the operating range of the Vienna rectifier. The

proposed method injects the minimum reactive current required, just enough to avoid

overmodulation caused by the notches generated by the special zero sequence. The

reduction in reactive current achieved compared to operating in Mode-2 is significant.

This means the hybrid modulation and control method would achieve good current

waveform quality and efficiency at the same time. It also uses the min-max zero

sequence, instead of the sinusoidal third harmonic injection used in [87]. The major

advantages of the proposed hybrid modulation are,

1. Wide power factor range of operation without compromising the quality of
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source currents.

2. Operation with constraint-free modulation index.

3. Seamless transition between operating points.

4. Simple real-time reactive current calculation suitable to be implemented in a

DSP.

Fig. 4.1 shows the reactive current demand analysis with respect to the modulation

index of the converter and the phase displacement angle. The simulation uses a fixed

source voltage and constant power. Therefore, the active current component would

be constant, and the phase displacement angle is varied by changing the fundamental

frequency of the source.

The main limiting factors in the methods discussed thus far are as follows. The

zero sequence injection method, with UPF at the source side, offers the benefit of

reduced low-frequency current distortion but restricts the modulation index range.

Having UPF at the converter side resolves this issue, but increases the component

ratings as it involves significant reactive power injection.

The chapter is organized as follows. Section 4.2 introduces the proposed hybrid

modulation technique with the derivation of reactive current required, and an analysis

on current waveform quality and efficiency. Section 4.3 focuses on the benefits of

the proposed method supported with experimental validation. Finally, Section 4.4

summarizes the main conclusions.

Equation (3.9) in Chapter 3, provided the maximum modulation index that the
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Figure 4.1: Reactive current injected to achieve UPF at the converter side.
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Figure 4.2: Modulation index restriction based on the phase displacement angle.

Figure 4.3: Maximum reference voltage when the zero sequence is injected without
modulation index constrain.

Vienna rectifier can operate in Mode-1 without producing overmodulation and cur-

rent distortion, as a function of the phase displacement angle between the voltage

reference and the current. This condition is graphically illustrated in Fig. 4.2. If the

condition is violated and the modulation index is unconstrained, as shown in Fig. 4.3,

then the maximum reference voltage will exceed vdc/2 and the converter will not be

able to generate these voltages. If no action is taken, this will result in low-frequency

distortion in the source currents. To avoid this problem, Mode-2 was introduced in

Chapter 3, where a certain amount of reactive power is injected to force the converter

to operate with UPF at the converter side.
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4.2 Hybrid Modulation Strategy for the Vienna

Rectifier

This Section introduces a combination of the above two methods, that uses only

a fraction of the reactive current compared to the reactive power injection method

(Mode-2), while avoiding overmodulation. If the converter is about to enter overmod-

ulation due to the notches created by the special zero sequence, then a calculated

minimum amount of reactive current depending on operating conditions will be in-

jected to avoid overmodulation.

By considering the equality condition of (3.9), the angle just before overmodulation

can be expressed as:

sin(
π

6
+ φlim) =

1√
3m

(4.1)

where φlim is defined as the critical phase displacement angle and can be obtained as

follows.

By simplifying (4.1):

k secφlim = 1 +
√

3 tanφlim (4.2)

where k = 2√
3m

, which leads to,

0 = 1− k2 + 2
√

3 tanφlim + (3− k2) tan2 φlim (4.3)

Ed

I2
VL2

Vref2
VL1

φlim Ih

Iq2

Iqh

Vref1

I1
φα

Vrefh

VLh

RI1

RI2
RIh

δ

Figure 4.4: Phasor diagram for the Vienna rectifier when it is operating in different
configurations: Black- UPF at the source, blue- UPF at the converter and green-
UPF at the boundary of overmodulation.
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By solving the quadratic equation and using the known φlim = 5.26 degrees at

m = 1:

tanφlim =
−3
√

3m2 + 2
√

12m2 − 4

9m2 − 4
(4.4)

Equation (4.4) provides the critical displacement angle as a function of the modu-

lation index. The phase shift between the voltage at the converter terminals and the

current should always be equal to or smaller than this critical displacement angle.

Otherwise, the use of the special zero sequence voltage leads to overmodulation. The

proposed hybrid modulation strategy injects the required fraction of reactive current

so that the phase shift between voltage and current remains always below φlim. This

operating condition is illustrated in Fig. 4.4. The hybrid current corresponds to

Ih, and it has an angle φlim with the voltage at the converter terminals and δ with

the source voltage. The steady state operation of this mode is represented by the

polygon enclosed by the source voltage, voltage drop due to the series resistance in

the inductor, converter reference voltage, voltage drop across inductor denoted by

vectors Ed, RIh, Vref-h and VL-h, respectively. By making use of the properties of

vector addition, the following equalities in the d and q axis are obtained:

Ed = vrefh cos(φlim + δ) +RI1 + ωLIqh (4.5)

0 = vrefh sin(φlim + δ) +RIqh − ωLI1 (4.6)

From (4.5)

vrefh =
Ed −RI1 − ωLIqh

cos(φlim + δ)
(4.7)

and substituting vrefh in (4.6)

0 = tan(φlim + δ)[Ed −RI1 − ωLIqh] +RIqh − ωLI1 (4.8)

By using the sum identity for the tangent

tan(φlim + δ) =
tan(φlim) + tan(δ)

1− tan(φlim) tan(δ)
(4.9)

and considering

tan(δ) =
Iqh
I1

(4.10)
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Is mmax > m

No

Yes

Calculate phase displacement 
angle

Compute the max modulation 
index mmax from Fig. 4.2

iq-ref = 0

iq-ref = iqh by solving (4.14)

Figure 4.5: Flowchart of the reactive current reference (iq−ref ) calculator.

equation (4.9) can be simplified as

tan(φlim + δ) =
I1 tan(φlim) + Iqh
I1 − Iqh tan(φlim)

. (4.11)

By substituting (4.11) in (4.8)

0 = [Ed −RI1 − ωLIqh][I1 tan(φlim) + Iqh] + [I1 − Iqh tan(φlim)][RIqh − ωLI1] (4.12)

which can be further simplified as

0 = (Ed −RI1)I1 tan(φlim)− ωLI21 + EdIqh − (R tan(φlim) + ωL)I2qh (4.13)

Solving the resulting quadratic equation and neglecting the series resistance, the

critical reactive current just enough to avoid overmodulation can be calculated as

Iqh =
Ed

2ωL

1−

√
1−

(
2ωLI1
Ed

)2

+ vβ

 (4.14)

where vβ = 4ωLI1 tan(φlim)/Ed. Note that the reactive current required to avoid

overmodulation, which is given by (4.14), uses instantaneous variables that are readily

available in the controller.

For lower phase displacement angles and lower modulation indices, the required

reactive current is zero, since the zero sequence alone can handle the distortion com-

pensation because there is no risk of overmodulation. The flow chart in Fig. 4.5

details the algorithm used for deciding when to use the reactive current. From the
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when the proposed method is used.

available measurements in the controller, the phase displacement angle and the corre-

sponding maximum allowable modulation index (mmax) are calculated, as represented

in Fig. 4.2. If mmax is greater than the modulation index, then there is no need for

reactive power compensation as no distortion is caused by the zero sequence. How-

ever, if the modulation index of the converter is greater than mmax, then iqh should

be injected by solving (4.14) as the required reactive current. Fig. 4.6 depicts the

reactive current requirement for the hybrid operation for different modulation indices

and phase displacement angles. As expected, the converter needs more reactive cur-
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hybrid modulation.

rent when the phase displacement angle and modulation index increase, and follows

the boundary line shown in Fig. 4.2. As Fig. 4.6 shows, the required reactive current

is much less compared to Mode-2, as depicted in Fig. 4.1. The reduction in reactive

current is shown in Fig. 4.7.

Fig. 4.8 illustrates the implementation of the proposed control for the Vienna

rectifier. The reference voltage that comes out of the VOC, is injected with the zero

sequence voltage provided by (3.7). The iq−ref calculator block solves (4.14) and runs

the algorithm in Fig. 4.5 giving the controller the magnitude of the reactive current

reference and when to inject the reactive current.

Fig. 4.9 shows the main waveforms of the hybrid modulation method. It achieves

similar current waveform quality as with Mode-2, but with only injecting a fraction of

the reactive current. For the operating point given in Table 3.1, the reactive current

requirement is reduced from 1.04A to 0.27A.

Fig. 4.10 illustrates the modulation index restriction removed by the proposed

hybrid modulation and control scheme. Now the converter can operate with high

phase displacement angles without current distortion, even at higher modulation

indices. In the RPC region, the iq−ref calculator determines the correct amount of

reactive current just enough to avoid overmodulation. When these three modulation

and control methods are used the current THD variation is illustrated in Fig. 4.11.

As it shows, the first method produces higher distortion in the current waveform

when the phase displacement increases.
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The efficiency values are obtained using PLECS thermal models throughout the

operating range of the Vienna rectifier when the hybrid modulation method is used

as opposed to operating with Mode-2. 70◦ C ambient temperature and 0.1◦ C/W

case to ambient thermal resistance are assumed for the analysis.

The conduction power loss normalized by the output power when the hybrid mod-

ulation method and Mode-2 are used, is illustrated in Fig. 4.12. As the modulation

index reduces because the dc-side voltage increases, conduction loss reduces for both

methods. However, in Mode-2, the reduction in loss is less compared to the hy-

brid modulation, as more reactive current is involved. As the phase displacement
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Figure 4.12: Conduction loss of the Vienna rectifier for different operating points.
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Figure 4.14: Efficiency at different operating conditions.

increases, the conduction loss increases in both cases, but more in Mode-2 for the

aforementioned reason.

Fig. 4.13 depicts the switching loss representation. When the modulation index

reduces as the dc-side voltage increases, in both cases the switching loss increases,

but it is more significant in Mode-2 (as the current amplitude is more in Mode-2). At

higher phase displacement angles, the current amplitude difference will be more in

the two methods and it is reflected in the switching loss. Furthermore, as the neutral

point clamping time increases, the number of switching transitions will be lower in

the hybrid modulation compared to Mode-2, thus showing lower switching losses for

larger phase displacement angles, more noticeably in low modulation indices.
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As Fig. 4.14 illustrates, the proposed hybrid method has better efficiency through-

out the operating region. When the modulation index is the maximum (m = 1.15),

operating at UPF at the converter side and the hybrid method become identical, as

both methods inject the same amount of reactive current. In summary, the hybrid

method has better efficiency compared to Mode-2, particularly when the modulation

index is lower. This is because the reactive current requirement is much lower in the

hybrid method compared to Mode-2, as shown in Fig. 4.7.

4.3 Experimental Results

Five operating points designed as A, A1, B, B1 and C, as listed in Table 4.1 with

their locations as marked in Fig. 4.10, have been considered for the experiment. The

operating points represent both regions; the green region where overmodulation does

not happen, and the orange region where the converter enters into overmodulation

unless a special action is taken. The fundamental frequency of the voltage source is

adjusted according to Table 4.1 in order to reach the different operating points. The

corresponding waveforms when the Vienna rectifier is operating in these operating

points are illustrated in Fig. 4.15 with the current spectrum in each case depicted in

Fig. 4.16. The operating points are selected such that A, B, and C will be above the

boundary of overmodulation (the orange zone in Fig. 4.10) where reactive current

injection is needed to operate the converter without overmodulation. As Points A,

A1 and B1 lie beneath the boundary of overmodulation (green zone in Fig. 4.10),

the converter does not require any reactive power compensation because the notch

created by the special zero sequence is less than half the dc-link voltage. The zero

sequence calculation from the measurements and the reactive current calculation

using the real-time values should be executed within the 20µs time interval in the

DSP. With the DSP running at 200MHz clock frequency, the PWM interrupt service

routine (ISR) that executes the proposed hybrid modulation only needs an execution

time of 9.26µs, which is a marginal increase compared to the other two methods

discussed. A summary of the ISR execution times is listed in Table 4.2.
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Table 4.1: Operating Points in the Experiment

Operating point A A1 B B1 C

Load Resistor (Ω) 44 44 21 44 21
Fundamental frequency (Hz) 60 30 60 60 120
Phase displacement (degrees) 2.9 2.9 6.2 6.2 12.25
Modulation index 1.14 0.79 1.14 0.79 1.14

Table 4.2: Execution Times with Different Control Techniques

Modulation Mode-1 Mode-2 Hybrid

ISR execution time (µs) 8 8.85 9.26

4.3.1 Wider Range of Operation with Less Reactive Current

When the Vienna rectifier is operating with Mode-1, the current harmonic dis-

tortion is generally higher compared to the other two methods. This is illustrated

in Figs. 4.15(a), (d), (g), (j) and (m) corresponding to Points A, A1, B, B1 and C,

respectively. When the rectifier is operating in the orange zone, as the phase dis-

placement angle between the current and the reference voltage increases, the current

distortion is higher in this method due to the increase of overmodulation period. This

is reflected in Van in Fig. 4.15(m), corresponding to Point C, which has the highest

phase displacement with maximum modulation index and it has the worst current

quality in the study. When the Vienna rectifier operates with UPF at its terminals

with the help of calculated reactive current, the current waveform quality improves,

but at the cost of higher current rating. This is due to the additional reactive current

component. This operating mode is illustrated in Figs. 4.15(b), (e), (h), (k) and (n)

corresponding to Points A, A1, B, B1 and C, respectively.

The main waveforms from the proposed hybrid modulation method are depicted

in Figs. 4.15(c), (f), (i), (l) and (o) corresponding to Points A, A1, B, B1 and C,

respectively. The hybrid method shows similar performance to the UPF at the source

with zero sequence method for operating points which are under the boundary of

overmodulation (Points A, A1 and B1). This is because there is no overmodulation at

these points, hence no reactive current is required. However, for the operating points

above the boundary of overmodulation (B and C), the proposed hybrid modulation

has superior current waveform quality (Fig. 4.16) when compared with UPF at the

source with the special zero sequence, and the results are consistent throughout the
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(g) (h) (i)
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Figure 4.15: Experimental results with different modulation and control techniques,
operating Point A (60Hz): (a) Mode-1, (b) Mode-2 and (c) hybrid modulation. Oper-
ating Point A1 (30Hz): (d) Mode-1, (e) Mode-2 and (f) hybrid modulation. Operating
Point B (60Hz): (g) Mode-1, (h) Mode-2 and (i) hybrid modulation. Operating Point
B1 (60Hz): (j) Mode-1, (k) Mode-2 and (l) hybrid modulation. Operating Point C
(120Hz): (m) Mode-1, (n) Mode-2 and (o) hybrid modulation.

operating points. This can be achieved by a fraction of the reactive current required in

the second method where the UPF is kept at the converter terminals. The reduction

in reactive current for the five operating points in the experiment are summarized in

Table 4.3.
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Figure 4.16: Experimental current spectrum from different operating points: (a)
Point A, (b) Point A1, (c) Point B, (d) Point B1, (e) Point C and (f) summary of
current THD.

Table 4.3: Reduction in Reactive Current when the Proposed Hybrid Modulation is
Used Replacing Mode-2

Operating Point iq2 (A) iqh (A) % reduction in iq

A 0.26 0 100
A1 0.26 0 100
B 0.95 0.22 77
B1 1.42 0 100
C 1.42 1.24 13

When the rectifier is operating at Point B with Mode-1, it will work in overmodu-

lation. This is reflected in the increased current THD, as shown in Fig. 4.16(f). The

improvement in the current waveform quality is evident from the reduced current

THD, in UPF at converter and hybrid schemes. Regarding the efficiency, the hybrid

modulation exhibits the best one. This makes sense as compared with the second

method, since it uses less reactive current. The slight reduction of the efficiency ob-

served for the first method is due to the higher harmonic content that produces extra
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Figure 4.17: Vienna rectifier tested to comply with DO160 Aerospace Standard at
Point C: (a) With Mode-1 and (b) with hybrid modulation.

losses. Therefore, these results show that the hybrid modulation scheme produces low

current THD values and exhibits the best efficiency among the methods discussed.

Generator-connected rectifier in more electric aircraft is a potential application for

the Vienna rectifier. The converters used in aerospace applications should guarantee

current waveform quality specified by DO-160 standard, throughout its operating

range, as discussed in Chapter 2. If Mode-1 is applied to the Vienna rectifier and

proper action is not taken in certain operating points, overmodulation would occur

deteriorating the current waveform quality.

Fig. 4.17(a) illustrates a comparison of harmonics against the DO-160 standard

limits when the Vienna rectifier is operating in Point C, with UPF at the source side

injecting the zero sequence to clamp the switches and without any reactive current

(Mode-1). As the figure shows, there is a clear violation of the standard for the

5th and 7th harmonics when operated with this method. On the other hand, when

the proposed hybrid modulation method is applied for the same operating point, as

illustrated in Fig. 4.17(b), the converter operates with improved current waveform
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Figure 4.18: Efficiency of the Vienna rectifier setup at different operating points.

quality and within the regulation limits.

Therefore, these results demonstrate that the hybrid modulation scheme produces

low current THD values and exhibits the best current waveform quality among the

methods discussed, using the minimum reactive current.

4.3.2 Efficiency Analysis

Fig. 4.18 illustrates an efficiency analysis performed for the Vienna rectifier with

the three methods discussed, using the experimental setup for the operating points

listed in Fig. 4.10.

In the experiment, the points A, A1, B1 will have similar losses for the hybrid

method and operating with UPF at the source side, i.e., Mode-1. In these points, the

hybrid method does not use any reactive power as the points are below the boundary

of overmodulation.

On the other hand, Point B is above the boundary of overmodulation, which means

if the Vienna rectifier is controlled by Mode-1, it would create overmodulation. This

is reflected in the increased current THD, as shown in Fig. 4.16(f). In this case, when

the converter operates in Mode-1 the phase displacement between the current and the

reference voltage would be 6.2 degrees. When the hybrid modulation is used, the angle

will be reduced to 5.26 degrees, which is the critical angle for Point B (calculated by

solving (4.4)). This is done by injecting 0.22A of reactive current. The experimental

results show that the hybrid modulation has better performance compared to Mode-

1 even though it injects the above reactive current. This is because when Mode-1

is used, the converter operates in overmodulation and the higher harmonic content

produces extra losses. However, when Mode-2 is used, this phase displacement angle

is made zero by injecting 0.95A of reactive current, and hence it has the lowest
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(a) (b)

(c)

Figure 4.19: Effect of the voltage loop bandwidth on the current waveform quality
under different modulation and control techniques: (a) Mode-1 [24], (b) Mode-2 and
(c) hybrid modulation scheme.

efficiency for Point B.

Since Point C operates with a modulation index m = 1.14, when the converter

operates with the hybrid modulation, the reactive current injected is 1.24A, which is

lower than the reactive current used in Mode-2 (1.42A). Therefore, when the converter

is operating at Point C, the hybrid modulation shows higher efficiency, compared to

Mode-2. However, in this operating point, Mode-1 would perform better even with

overmodulation because the reactive currents in the other two methods are significant.

Overall, the hybrid modulation has better efficiency than Mode-2, and equal or less

efficiency compared to Mode-1, depending on the operating point.

4.3.3 Transient Response

Selection of the voltage loop bandwidth in the VOC is important in this applica-

tion, and it would be a trade-off between the current THD and the transient response.

For the experiments illustrated in Fig. 4.15, a 10Hz voltage control loop bandwidth

is selected. The experiment is repeated with different voltage loop bandwidths in

the VOC under the three different modulation and control methods discussed in this

chapter, which are summarized in Fig. 4.19. In all three methods, slower voltage
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loop yields better line current quality. The improvement in current waveform quality

is better when the converter operates with Mode-2, however at the cost of increased

component rating. The proposed hybrid method generates good current waveform

quality, with less reactive current requirement.

4.3.4 Seamless Transition

The proposed hybrid modulation does not inject any reactive current unless there

is overmodulation, caused by the special zero sequence. If reactive current is required,

(4.14) provides the exact reactive current value and the transition between operating

points would be seamless, unlike the solution that forces the converter to operate

with UPF at the converter terminals (Mode-2).

Fig. 4.20 depicts the main waveforms when the operating point is shifted from

Point A to B. According to Fig. 4.20(a), when the converter operates in Point A,

Mode-1 does not create any overmodulation. However, when the operating point is

shifted to Point B, if no special action is taken, the current waveform will be distorted

due to overmodulation. This is evident when the current THD values (operating Point

(a) (b)

(c)

Figure 4.20: Seamless transition between operating points: (a) Mode-1, (b) Mode-2
and (c) with the hybrid modulation.
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B) in Fig. 4.20(a) are compared with those in Fig. 4.20(b), the latter being corrected

with Mode-2. In Fig. 4.20(c), the step change in the reactive current is less when

hybrid modulation is used, compared to Mode-2 (Fig. 4.20(b)) and the transition

happens smoothly.

4.4 Conclusion

In this chapter, the current distortion produced in the Vienna rectifier around

zero current crossings has been analyzed, and a hybrid modulation method has been

presented to reduce such distortion. The method consists of adding a special zero

sequence to the reference signal while maintaining UPF at the source-side. How-

ever, overmodulation may be produced when operating with high modulation indices

and large phase displacement angles. This problem can be avoided by injecting a

calculated amount of reactive current in real-time just to avoid the overmodulation

created by the notches introduced by the special zero sequence. By using the pro-

posed method, low-frequency distortion due to the current zero crossings can be

avoided without restricting the modulation index and with a minimal amount of re-

active current. The study on efficiency shows clear improvements agreeing with the

reactive current savings achieved by the hybrid modulation and control. Further-

more, the effect of the voltage control loop bandwidth that regulates the dc-link on

the current waveform quality is demonstrated. When the operating point is shifted,

the transients are smooth as the reactive current step is small.

When the proposed hybrid modulation is used, full control of the converter can

be achieved, as if it was a T-type converter (with top and bottom switches instead

of only diodes). The proposed method can also be used for variable source voltages

such as those generated from a variable-speed permanent magnet synchronous gen-

erator. Effectiveness of the proposed methods has been demonstrated and verified

by a hardware prototype.



Chapter 5

Generator-Fed Vienna Rectifier

In this chapter, the Vienna rectifier is connected to a generator, and various chal-

lenges associated with this application are discussed, including the operation with

variable frequency. Also, some types of generators are compared for future MEA,

and the permanent magnet synchronous generator (PMSG) is selected for the exper-

iments, considering its advantages (high efficiency and power density). The target is

to adapt the modulation and control strategies described in Chapters 3 and 4 to the

case of the generator instead of a strong grid with fixed frequency.

5.1 Introduction

The benefits of the Vienna rectifier make it a suitable candidate for front-end

rectification in transportation electrification applications. Permanent magnet syn-

chronous generators (PMSGs) are becoming popular due to the high power density

and high efficiency they offer over wound-rotor synchronous, induction and switched

reluctance machines. PMSGs are becoming widely used in transportation applica-

tions, including aircraft applications [5].

5.1.1 A Comparison of MEA Generators

A review on aerospace electrical power generation is done in [5,88]. For the MEA,

electrical machines with brushes or commutators are not considered as they require

frequent maintenance and have reliability issues [88]. Currently, three-stage wound-

rotor generators [5, 89] and PMSGs are used in aircraft operating with variable fre-
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quency. However, PMSGs are favored over the wound-rotor synchronous generators

due to their higher power density [5]. For different reasons, the feasible candidates for

future MEA power generators are the PMSG, induction generator (IG) and switched

reluctance generator (SRG) [5, 88].

IGs are popular due to their low cost, high reliability, minimum maintenance, and

ruggedness in harsh operating conditions. The disadvantages are low power density,

large size and low efficiency. In [90], the Vienna rectifier is driven by an IG in a

wind energy conversion system. It shows that the Vienna rectifier is more efficient

than the classical two-level converter, when they are connected to an IG. An LC

filter is connected between the IG and the converter, as the Vienna rectifier cannot

supply enough reactive power to the machine, and the IG is self-excited using the

delta connected capacitor. Since a single capacitance level cannot guarantee the angle

constraint for the entire speed range, a switched capacitor bank is proposed.

The advantages of the SRG are robustness, intrinsic fault tolerance, and potential

use in harsh environments. The thermal and mechanical properties are superior

to the other two types of generators discussed in this section as it is capable of

withstanding high mechanical and thermal stress. This is due to the absence of

winding or permanent magnet (PM) in the rotor. But it suffers from lower power

density, high torque ripple, loud noise and low efficiency.

PMSGs can be broadly classified into two types based on the rotor construction;

surface mounted PM (SPM) and interior PM (IPM). In the IPM generators, the

reluctance along the d-axis is higher than in the q-axis resulting in Ld < Lq, due to the

saliency. On the other hand, SPM machines have similar values for Ld and Lq. The

main advantages of PMSGs are high power density and efficiency, which are both very

important for aircraft applications. But it has the disadvantages of demagnetization

at high temperatures and higher cost due to the use of rare earth materials for the

PMs. In [66], the Vienna rectifier is interfaced to a PMSG using direct torque control

(DTC). A predictive control approach is implemented in a Vienna rectifier application

interacting with a PMSG in [91,92].

The performance criteria comparison among the three generator types is summa-

rized in Table 5.1 [88].
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Table 5.1: Comparison of Generator Types

Performance criteria IG SRG PMSG

Fault tolerance Low High High
Power density Moderate Moderate High
Robustness Yes Yes No
Efficiency Moderate High High
Cost Low Low High
Acoustic noise No Moderate Low

Table 5.2: Generator Parameters

Description Specification

Stator Inductance (uH) 30, 45, 60
Back EMF constant (Vpeakl-l/krpm) 108.87
Pole pairs 8
Nominal rms current (A) 500
Fault current (p.u.) 2.50, 1.67, 1.25
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Figure 5.1: PMSG-fed Vienna rectifier.

5.1.2 Challenges in Generator-fed Vienna Rectifier

Fig. 5.1 illustrates a PMSG-fed Vienna rectifier where the stator windings perform

as boosting inductors [93], and no additional inductors are used in this generator-

connected application. Three candidate surface PMSGs are considered with the

machine parameters listed in Table 5.2 for the analysis. The difference among the

three generators is their stator inductance. With increased fundamental frequency (as

high as 800Hz in aerospace applications), the phase displacement angle would increase

creating more distortion in input currents at high engine speeds. Apart from that,

with the variable speed of the generator shaft, the back electromotive force (EMF)

is a function of the rotor speed. To increase the speed range of the generator, flux

weakening is an option, which is performed by reactive power injection to the stator
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circuit [89], given the fact that the Vienna rectifier is a two-quadrant converter and it

could operate within the {−π
6

+π
6
} phase region. With a careful design, the generator

can operate at high speeds while the Vienna rectifier draws sinusoidal currents and

provides a constant voltage dc-link that feeds critical loads.

As discussed earlier, when the Vienna rectifier is operating with a certain phase

displacement angle, it creates distortion at the current zero crossings. This will be

a problem in variable speed applications, as shown later using simulations, and it is

addressed by using the hybrid modulation discussed in Chapter 4. Nevertheless, the

phase displacement should be less than π/6 as it is a topological limit in the Vienna

rectifier.

When the rectifier was connected to the grid, the grid voltages were measured to

extract the voltage vector angle by a PLL in order to synchronize the rectifier with the

grid. However, when the rectifier is connected to a generator, because the machine

stator winding is used as boost inductances in this particular application, measuring

the source voltage (back EMF) would not be possible. Using the converter terminal

voltages is problematic because it contains PWM switching waveforms. Instead, the

generator rotor angle could be measured and used for the estimation of the back

EMF voltages. The next section discusses additional challenges when the rectifier is

connected to the generator;

1. In the previous chapters, VOC method was used, with the controller parameters

of the PI loops tuned to a specific operating point. However, in the generator-fed

Vienna rectifier application, the frequency would change as a result of the engine

speed changing depending on the phase of the flight. For this thesis, it is assumed

that the engine speed can vary in the range 3000 rpm - 6000 rpm, and the fundamental

frequency of the stator back EMF will be within the interval 400-800Hz. Thus, the

controller should be able to work with this varying fundamental frequency.

2. Despite being a two-quadrant converter, as the Vienna rectifier has the phase

angle restriction of {−π
6

+π
6
}, it would be convenient to operate with lower induc-

tances such that even at higher fundamental frequencies the rectifier would operate

without having any restrictions. However, the inductance values depend on the gen-

erator design. Besides, if low inductances could be achieved, this would result in high

fault currents, and aerospace applications require lower fault currents.

3. With the variable speed of the generator shaft, frequency and back EMF are a
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function of the rotor speed. Consequently, the EMI filter should be designed to work

with a range of fundamental frequencies, instead of a fixed frequency. However, this

is not discussed in this chapter as it is beyond the scope of this thesis.

5.2 Application of Hybrid Modulation and Con-

trol to the Generator-fed Vienna Rectifier

5.2.1 PMSG-fed Vienna Rectifier Modeling

Fig. 5.2 depicts a single-phase equivalent circuit of a PMSG and its phasor diagram

when the generator is connected to a Vienna rectifier system with a resistive load. The

armature reaction effects and the self-inductance in the generator are represented by

the series reactance Xs. The winding resistance Rs is neglected for simplicity (since

Xs � Rs). Ex and Vx are the internally generated voltage (back EMF) and the

generator terminal voltage, respectively. The angle between Ex and Vx is the torque

angle δ.

In this dissertation, the grid-connected system had id associated with active cur-

rent and iq with reactive current, as the direct axis (d-axis) was aligned with the

voltage vector. However, in generator-connected systems the d-axis is usually aligned

with the rotor flux position, hence the d-axis accounts for the reactive component

and quadrature axis (q-axis) for the active component. By using the aforementioned

convention for the PMSG and the amplitude conservative dq transform, the following

Ex Vx

Ix jXS

Ex

Ix Vx

jXSIx
δ

Figure 5.2: Simplified single phase circuit of PMSG-fed Vienna rectifier and phasor
diagram at unity power factor operation.
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Figure 5.3: Field-oriented control of the generator-fed Vienna rectifier with hybrid
modulation.

can be obtained [66,89]:

vd = Rsid + Ld
did
dt
− ωreLqiq (5.1)

vq = Rsiq + Lq
diq
dt

+ ωreLdid + ωreψr (5.2)

where vd, vq, id, and iq, are the d-axis and q-axis components of the PMSG output

voltage and current components, Rs, Ld and Lq are the stator resistance and dq

transformed stator inductances, ωr is the mechanical speed, ωre is the electrical rotor

speed (ωre = pωr), ψr is the PM flux and p is the number of pole pairs. Here, the

active current component is iq, which is related to the torque, while id is related to the

flux. Fig. 5.3 depicts the field-oriented control (FOC) implemented using (5.1) and

(5.2). The control loops provide decoupled dq control with PI controllers. The main

difference of the FOC compared to the VOC used in the previous grid-connected

system is the alignment of the d-axis. Also, the PLL is not needed as the angle

is measured from an encoder. In this chapter, the PI controller gains are selected

such that the current and voltage bandwidth are 5kHz and 500Hz, respectively, with

the fundamental frequency chosen as 800Hz (tuned to the highest frequency in the

range). The rectifier switches at 50kHz.

5.2.2 Flux Weakening Control

As a result of variable frequency operation, the generator produces voltages with

variable amplitude and frequency. In the wound rotor generator, the output voltages
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Figure 5.4: Operation of the generator-fed Vienna rectifier at different speeds.

are controlled by the GCU by controlling the field current. In PMSG, this is done

by reactive power injection to the stator circuit [89, 94, 95], and it is known as flux

weakening control. When the generator shaft is above a certain speed, in order to

limit the generator output voltages, the machine flux is gradually decreased. This

is achieved by regulating id (flux current component) to create an opposite flux to

the PM flux and hence reduce the machine back EMF. With this, the generator

can operate at high speeds while maintaining the magnitude of the generator output

voltages. There are many flux weakening control strategies presented in the literature.

In [96], flux weakening is used for an interior PM starter generator. In the motoring

mode, maximum torque per ampere (MTPA) control is used to set the torque and,

Table 5.3: Operating Points in the Vienna Rectifier for Constant Power Load at
Different Generator Speeds

Operating Speed Freq. Back Phase displacement (deg) Modulation

point (rpm) (Hz) EMF (V) Gen1 Gen2 Gen3 index, m

A 3000 400 133.3 15.79 22.98 29.49 0.54

B 3500 466.7 155.6 13.62 19.98 25.86 0.63

C 4000 533.3 177.8 11.97 17.65 22.98 0.72

D 4500 600 200 10.67 15.79 20.66 0.81

E 5000 666.7 222.2 9.63 14.28 18.74 0.90

F 5500 733.3 244.4 8.77 13.03 17.14 0.99

G 6000 800 266.7 8.05 11.97 15.79 1.08
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in the generator mode, the dc-link voltage is regulated. This enables the generator to

operate at constant power. The instantaneous modulation index is used to determine

whether flux weakening is required or not. In an aircraft with variable frequency

generator (VFG), the fundamental frequency changes from 360Hz to 800Hz during

landing and take off, but 80-90% of the time the frequency will be constant [5]. As

shown in the next section, the hybrid modulation and control uses reactive current,

nevertheless it employs the minimum amount of reactive current as possible, just to

avoid overmodulation.

5.2.3 Hybrid Modulation and Control

This section analyzes a PMSG-fed Vienna rectifier system and adapts the carrier-

based modulation and control strategies described in Chapter 4 to the case of the

generator instead of the grid. Fig. 5.4 illustrates the different trajectories when

the speed is varied from 3000 rpm to 6000 rpm, while operating with the hybrid

modulation and control for three generators with different parameters. The operating

points are obtained analytically, as summarized in Table 5.3, when the rectifier output

is connected with a 620 µF dc-link capacitance and regulated at 700 V output voltage.

The generators Gen1, Gen2 and Gen3 represent the PMSGs having 30 µH, 45 µH

and 60 µH stator winding inductance and per-unit fault currents 2.50, 1.67 and 1.25,

respectively. As the dc-link voltage is regulated at 700 V and the load is unchanged,

the traces in Fig. 5.4 represent constant power (200 kW). When the generator speed

is low, the back EMF is low, which means for the same power the rectifier will draw

higher current.

Fig. 5.5 illustrates the main waveforms when the Gen1 configuration is connected

to the Vienna rectifier with the hybrid modulation and control at various speeds.

As expected, at Point G when the speed is the highest, the hybrid controller injects

reactive current, to avoid overmodulation. Fig. 5.6 shows the current spectra at

different speeds with their respective THD values. The current waveform quality is

better at lower speeds as the current amplitude increases.

Fig. 5.7 compares the current spectra when the Gen-1 is connected to the Vienna

rectifier and operating at 800Hz with Mode-1 and with hybrid modulation. As this

operating point lies above the boundary of overmodulation Mode-1 produces distorted

current waveforms with low frequency harmonics.
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(a) (b)

(c)

Figure 5.5: Main waveforms from the Gen1 generator-fed Vienna rectifier at different
speeds when the proposed hybrid modulation is used: (a) Point A, (b) Point D and
(c) Point G.



Chapter 5: Generator-Fed Vienna Rectifier 92

THD = 1.07%

5 10 15 20 25 30 35 40
Harmonic Order

0

0.2

0.4

0.6

0.8

1

C
ur

re
nt

M
ag

.(
%

of
th

e
fu

nd
.)

(a)

THD = 1.46%

5 10 15 20 25 30 35 40
Harmonic Order

0

0.2

0.4

0.6

0.8

1

C
ur

re
nt

M
ag

.(
%

of
th

e
fu

nd
.)

(b)

THD = 1.88%

5 10 15 20 25 30 35 40
Harmonic Order

0

0.2

0.4

0.6

0.8

1

C
ur

re
nt

M
ag

.(
%

of
th

e
fu

nd
.)

(c)

Figure 5.6: Input current spectra from the Gen1 generator-fed Vienna rectifier at
different speeds when the proposed hybrid modulation is used: (a) Point A, (b)
Point D and (c) Point G.
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Figure 5.7: Operation of the Gen1 generator-fed Vienna rectifier at 800Hz: (a) Main
waveforms of Mode-1 and (b) with and without the hybrid modulation.

Fig. 5.8 illustrates the main waveforms when the Gen2 generator is connected to

the Vienna rectifier. Similar to the previous case, at Points D1 and G1, the hybrid

controller injects reactive current to avoid overmodulation. Fig. 5.9 shows the current

spectra at different speeds with their respective THD values.
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(a) (b)

(c)

Figure 5.8: Main waveforms from the Gen2 generator-fed Vienna rectifier at different
speeds when the proposed hybrid modulation is used: (a) Point A1, (b) Point D1 and
(c) Point G1.
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Figure 5.9: Input current spectra from the Gen2 generator-fed Vienna rectifier at
different speeds when the proposed hybrid modulation is used: (a) Point A1, (b)
Point D1 and (c) Point G1.
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Figure 5.10: Operation of the Gen2 generator-fed Vienna rectifier at 800Hz: (a) Main
waveforms of Mode-1 and (b) with and without the hybrid modulation.

Fig. 5.10 compares the current spectra of the Gen-2 connected Vienna rectifier

operating at 800Hz with Mode-1 and with hybrid modulation. As this operating

point lies above the boundary, Mode-1 produces overmodulation.

Fig. 5.11 illustrates the main waveforms when the Gen3 generator, which is having

the highest stator inductance, is operated with the Vienna rectifier. Similar to the

previous case, at Points D1 and G1, the hybrid controller injects reactive current to

avoid overmodulation.
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(a) (b)

(c)

Figure 5.11: Main waveforms from the Gen3 generator-fed Vienna rectifier at different
speeds when the proposed hybrid modulation is used: (a) Point A2, (b) Point D2 and
(c) Point G2.
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Figure 5.12: Input current spectra from the Gen3 generator-fed Vienna rectifier at
different generator speeds when the proposed hybrid modulation is used: (a) Point
A2, (b) Point D2 and (c) Point G2.

Fig. 5.12 shows the current spectra at different speeds with their respective THD

values. Figs. 5.13 and 5.14 compare the current spectra of the Gen-2 connected

Vienna rectifier operating at 800Hz with Mode-1 and with hybrid modulation. As

Fig. 5.14 shows at 800Hz the current distortion is significant, unless the hybrid

modulation is used.
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Figure 5.13: Operation of the Gen3 generator-fed Vienna rectifier at 600Hz: (a) Main
waveforms of Mode-1 and (b) with and without the hybrid modulation.
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Figure 5.14: Operation of the Gen3 generator-fed Vienna rectifier at 800Hz: (a) Main
waveforms of Mode-1 and (b) with and without the hybrid modulation.
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Figure 5.15: Input current DO-160 compliance of different generator configurations
for the generator-fed Vienna rectifier operating at 800 Hz fundamental frequency,
when the proposed hybrid modulation is used: (a) Gen1, (b) Gen2 and (c) Gen3
generator-fed Vienna rectifier.

Fig. 5.15 shows the input current spectra when the generator configurations are

operating at 800 Hz fundamental frequency. The generator configuration Gen1, hav-

ing the lowest stator winding inductance, does not violate the harmonic limits im-

posed by the DO-160 standard, even when the traditional modulation strategies are

used. However, in generator configurations Gen2 and Gen3, the harmonics limits
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Figure 5.16: Dynamic simulation of the Vienna rectifier operating with hybrid mod-
ulation when Gen3 frequency changes from 400Hz to 800Hz.

are exceeded when the traditional modulations are used. When the proposed hybrid

modulation method is applied, the current harmonics are well below the standard

limits, guaranteeing the DO-160 standard compliance. Since aerospace applications

prefer machines with higher stator winding inductance (in order to limit the fault

current), the hybrid modulation will be very useful if a Vienna rectifier is used for

the ac-to-dc converter.

Fig. 5.16 depicts the transient simulation where the Vienna rectifier is connected

to the Gen3 generator configuration and the fundamental frequency changes from

400Hz to 800Hz (engine speed changes from 3000rpm to 6000rpm) starting at 5ms.

When the frequency increases, the hybrid controller starts injecting reactive current

to avoid overmodulation, as seen from the id trace, which increases from 0A to 11.5A.
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5.3 Summary

In this chapter, the hybrid modulation is applied to a generator-connected Vienna

rectifier to improve the current waveform quality, and tested in various operating

conditions. Three PMSG configurations having different stator winding inductances

are being considered to analyze the operation of the Vienna rectifier. In all generator

configurations, for higher speeds, reactive current is required to avoid overmodula-

tion. With the hybrid modulation and control, the generator-fed Vienna rectifier has

superior current waveform quality throughout the required speed range, compared to

the traditional method.
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Conclusion and Future Work

This chapter summarizes the main conclusions of this research and points out some

future work that can be developed from the studies performed in this PhD dissertation.

6.1 Conclusions

Transportation electrification is a global trend towards a sustainable future. Dif-

ferent countries in the world have aggressive plans to achieve net-zero emissions. In

aviation, extensive research is being done for electrification to improve the overall

performance of the aircraft, and make air transportation more sustainable. The rec-

tifier, which connects the aircraft generator to the dc-bus, is a main component in

the MEA. After comparing different topologies to perform the ac to dc conversion,

the Vienna rectifier topology has been selected for this aerospace application. The

Vienna rectifier is a three-level unidirectional power flow topology based on a diode

bridge rectifier, but with advanced PWM features. Compared to the well-established

two-level converter, the Vienna rectifier offers significant benefits in aspects like cur-

rent waveform quality, power density, reliability, etc. Since the application does not

require 4-quadrant operation, the Vienna rectifier offers fewer failure points (only

needs 6 gate drivers for the active switches), with simple circuit structure and cost

benefits compared to the other three-level topologies. This thesis has discussed the

state of the art of the Vienna rectifier and addressed its current zero crossing distor-

tion issue, while allowing it to operate in a wide modulation index range, even with

high phase displacement angle, which makes it an ideal candidate for the variable

speed generator connected application. The main conclusions are summarized below.
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The Vienna rectifier does not perform well under non-unity power factor operation

due to current distortion near the zero crossings. The challenge of this research is to

improve the performance of the Vienna rectifier under such operating conditions.

First, the current distortion produced in the Vienna rectifier around zero current

crossings has been analyzed and then, a modulation and control method comprising

of two modes has been presented to reduce such distortion. Mode-1 consists of

adding a proper zero sequence to the reference signals while maintaining UPF at

the grid-side. However, overmodulation may be produced when operating with high

modulation indices and large phase displacement angles. This problem can be avoided

by activating Mode-2 where reactive power (calculated in real-time) is injected to

obtain UPF at the converter terminals. Since there is no phase angle displacement

between the converter reference voltages and the grid currents, the zero-crossing

current distortion is avoided. An algorithm for transiting from one method to another

makes use of a twin controller that runs in parallel with the main controller, to check

the peak of the reference signals, and determine the operation mode that needs to be

applied to the converter. Mode-1 is more suitable for low modulation index operation,

while for high modulation indices Mode-2 is more convenient. When the two methods

are combined, full control of the converter can be achieved, within the {−π
6

+π
6
}

region. UPF at the converter terminals is used as a distortion mitigation technique

in this context. However, it increases the VA rating of the converter, therefore the

algorithm selects Mode-1 over Mode-2 if possible. The algorithm only switches to

Mode-2 when needed to avoid low-frequency current distortion.

In order to further improve the performance of the Vienna rectifier, the injected

reactive current is reduced such that it is just enough to avoid the overmodulation

created by the notches introduced by the special zero sequence. With the proposed

hybrid modulation and control, low-frequency distortion due to the current zero cross-

ings can be avoided without restricting the modulation index, and with a minimal

amount of reactive current. The study on efficiency shows clear improvements agree-

ing with the reactive current savings achieved by the hybrid modulation and control.

Furthermore, the effect of the voltage control loop bandwidth that regulates the dc-

link on the current waveform quality is demonstrated. When the operating point is

shifted, the transients are smooth as reactive current steps are avoided. Finally, the

solutions are tested with the generator-fed Vienna rectifier system.
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6.2 Future Work

6.2.1 Sensorless Control with Source Unbalance

As mentioned in the previous chapter, eliminating the speed sensor will increase

the reliability of the system. However, due to the mission critical nature of the

application, if the sensor is removed, the converter should still function well even in

the event of source imbalance. In aircraft applications, the generator is allowed to

have 3V rms voltage imbalance and phase imbalance of ± 4 degrees [57], in traditional

115V ac systems.

From symmetrical components, balanced systems have only a positive sequence,

and the negative sequence is zero all the time. However, in unbalanced systems, there

are positive and negative sequences. This can be represented by defining two refer-

ence frames (double synchronous reference frame). As elaborated in [97], dq+1 frame

rotates in the positive direction and the other frame dq−1, rotates in the negative di-

rection. These two frames will have coupling and will interact with each other. The

negative sequence is projected on the positive reference frame and, the positive se-

quence is reflected on the negative reference frame. Second-order oscillations appear,

which need to be filtered.

A PLL elaborated in [98] and [97]; decoupled double synchronous reference frame

(DDSRF) can be used to extract the positive sequence of the source voltage. The low-

pass filters (LPFs) in DDSRF PLL cause an issue for variable frequency applications.

If the fundamental frequency changes, as in this application, the LPF bandwidths

need to be changed. These filters will be tuned to remove the second order oscillations,

which would change with the variable frequency.

One way to address this is to use moving average filters (MAFs) [99, 100]. In the

MAF, the window of the filter can be changed to adapt different frequencies. Applying

this technique to the estimated back EMF of the generator will be interesting future

work.

6.2.2 Extension of the Hybrid Modulation

When the hybrid modulation is used, the controller avoids overmodulation, as

shown in Chapter 4. To achieve this, reactive current is injected. In order to improve



Chapter 6: Conclusion and Future Work 107

the efficiency of the converter even further, when the converter is entering over-

modulation, the reactive current injection could be delayed, such that the converter

operates with overmodulation, but still within the DO160 standard, not violating the

harmonic limits. Therefore, in this case a certain amount of overmodulation (a small

amount from the peak created by the special zero sequence) will be tolerated by the

controller and the distortion in the currents will be a bit higher than with the hybrid

modulation, but still less compared to the conventional methods. This will further

reduce the amount of reactive current being used.

Extensive mathematical analysis is required to find the relationship between the

reactive current that is required and the harmonic amplitudes of the input current

waveform. Taking into account the harmonic limits from the DO-160 standard, a

new boundary in the modulation vs. phase displacement plot would be derived. This

implementation will require to perform real-time fast Fourier transform (FFT) of the

input currents in the controller.

6.2.3 Min-max Zero Sequence Influence on the Converter

The min-max zero sequence is used to extend the modulation index and as an

additional benefit, it reduces the low frequency capacitor voltage ripple. Neverthe-

less, further mathematical analysis is required to understand the mechanism of the

harmonic reduction.

As illustrated in Fig. 6.1, the capacitor voltage ripple rms reduces from 491mV

to 287mV with 100V dc-link voltage, when the min-max zero sequence is introduced

(41.5% reduction). The reduction is from 634mV to 365mV, when the dc-link voltage

is 125V.

6.2.4 Address the Current Zero Crossing Distortion Issue

with Space-Vector Modulation and Model Predictive

Control

In the conventional VOC, the PI controllers are tuned for one operating point of

the Vienna rectifier. For variable frequency application, this can be further improved

by having kp, ki values stored in a lookup table for different generator speeds. An

alternative method would be to use model predictive control (MPC). The main ad-
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(a) (b)

(c) (d)

Figure 6.1: Main waveforms of the Vienna rectifier with the special zero sequence: (a)
When min-max zero sequence is not injected (100V dc-link), (b) when min-max zero
sequence is injected (100V dc-link), (c) when min-max zero sequence is not injected
(125V dc-link) and (d) when min-max zero sequence is injected (125V dc-link).

vantage of MPC is that it can control multiple variables at the same time besides

considering the constraints of the system. In the case of the Vienna rectifier, the con-

straints of the current direction can be included in the controller, i.e., if the current

goes towards the converter only positive and middle voltages can be generated, while

if it is in the opposite direction, only negative and middle voltages can be generated.

With these constraints, MPC is expected to optimize the operation of the Vienna

rectifier, similarly to what can be achieved with the solutions proposed in this thesis,

but avoiding any transition mode.

The research presented in this PhD dissertation uses CB-PWM technique. An-

other modulation method to address the current zero crossing distortion in the Vienna

rectifier would be SVM. Similar to MPC, the vectors that were not available for the

modulation would be removed from the space-vector diagram and, therefore, not con-
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sidered for the modulation. As a result, the space-vector diagram would be dynamic

and only the vectors available at any time would be considered for the modulation.

6.2.5 Reliability

From surveys done in industry [101], the most fragile components of the converter

are considered to be power semiconductor devices and capacitors. Therefore, much

attention should be paid when selecting these components. A study in [102], shows

that diode failure rate is very less where power device and capacitor failure rates are

34% and 20%, respectively.

For applications that demand high reliability, such as aircraft, film capacitors

are preferred even though they have less capacitance per unit volume compared to

electrolytic capacitors [103,104]. Also, the capacitance reduction is less significant in

film capacitors compared to Al-electrolyte ones during their lifetime [105].

In a study presented in [106], it is shown that IGBTs having higher blocking

voltages are less robust compared to low-blocking voltage counterparts. Because

the Vienna rectifier switches are blocking only half the dc-link voltage, the Vienna

rectifier has a clear advantage over the two-level converter. According to the model

in [106], the blocking voltage vblock of a device has a relationship with the reliability,

Nf ∝ v−0.751block (6.1)

where Nf is the number of cycles before failure. The Vienna rectifier would survive

1.68 times higher number of cycles before failure than the two-level converter, con-

sidering the fact that the Vienna rectifier requires active switches that block half the

dc-link voltage.

From current stress aspect, the two-level converter is prone/less tolerant to shoot-

through currents that might be triggered by erroneous drive signals [107], because

it has active switches across the dc-link. This affects reliable converter operation.

In the Vienna rectifier, inherently there would not be any shoot-through current as

there are no switches connecting to top and bottom voltage levels. Then, regarding

precharging, for both the two-level converter and the Vienna rectifier, additional

circuitry is required for startup to control the inrush current.

In studies done in [108, 109], it is found that SiC MOSFETs are more robust
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compared to Si MOSFETs and IGBTs in terms of single-event-burnout failures caused

by terrestrial cosmic radiation. This is an important aspect for aerospace application

as the cosmic ray intensity is up to 300 times stronger at aircraft cruising altitudes

than at sea level [103].

In terms of components count, the two-level converter will win since the Vienna

rectifier has 6 additional diodes (However, the Vienna rectifier has the least compo-

nent count when compared with other three-level rectifier topologies).

From the aircraft zonal safety point of view, the reliability requirement of the

power converter would vary, and further extensive analysis is required with mission

profiles. As such, this study does not address all the challenges associated with the

converter reliability, and it is included as future work.



Appendix A

Design Equations

A.0.1 Capacitor Sizing

The capacitance required at the output of the Vienna rectifier needs to be designed

from two approaches, which are:

1. Minimum capacitance required based on the neutral point voltage ripple.

The neutral point voltage ripple is discussed in [R1] where the maximum value

occurs when the modulation index is unity. The maximum normalized voltage

ripple can be represented as,

∆VNPn
2

=
∆VNP/2

IRMS/fC
= 0.02973 (A.1)

where ∆VNP is the peak-to-peak voltage ripple, IRMS the RMS value of the

input current, f the fundamental frequency and C the capacitance. Let us

consider the 1-kW, 700 Vdc example system. As the standards do not specify

a particular limit to the neutral point voltage ripple, a 5% voltage ripple am-

plitude is assumed and this gives a capacitance value of 49.3 µF. This is the

capacitance value for each of the two capacitors connected to the dc-link. The

relationship in (A.1) is for a neutral-point-clamped (NPC) converter, however,

the result for the Vienna rectifier or a T-type converter would be approximately

the same one.

[R1] J. Pou, R. Pindado, D. Boroyevich, and P. Rodriguez, ”Evaluation of the

low frequency neutral-point voltage oscillations in the three-level inverter,”IEEE

Trans. Ind. Electron., vol. 52, no. 6, pp. 1582-1588, Dec. 2005.
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2. Minimum capacitance required from the dc-link energy buffer point of view.

In this method, the capacitor is sized based on the energy it should buffer. If

the rated power of a converter is P and the output voltage dips down to Vdcmin

in time thold while the rated output voltage is Vdc, the buffered energy is given

by,

Ebuffer = Pthold = 0.5C(V 2
dc − V 2

dcmin) (A.2)

by isolating the capacitance,

C =
2Pthold

V 2
dc − V 2

dcmin

(A.3)

From the standard MIL-STD-704F, a 270-V aircraft power system cannot have

more than 20 V dip for a time duration more than 30 ms. By extrapolating

to a 700-V example system (the maximum voltage dip would be 51.85 V), the

required capacitance for the 1 kW rectifier can be calculated by solving (A.3)

as 142.8 µF.

The above value is obtained considering the total capacitance Cdc in the dc-link.

The Cdc consists of two series-connected capacitors. Therefore, the value for a

single capacitor is double this amount, which is 285.6 µF.

Taking into account the two capacitance values, the more conservative should be

selected (which is the higher capacitance, and it is the capacitance value from the

energy buffer concept) to be used as the dc-link capacitor.

The aerospace standard mentioned above is for 270 V systems. The aircraft stan-

dards will have to be amended for power systems that use higher voltages and powers

in the future.
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A.0.2 Inductor Sizing

Figure A.1: Inductor current ripple.

The inductor current ripple can be calculated when the neutral point switch is on.

Then,

Vdc
2
− Vin = L

∆i

DTs
(A.4)

and by isolating the current ripple,

∆i = (
Vdc
2
− Vin)

DTs
L

. (A.5)

By substituting Vin = m(Vdc/2) sinωt and D = m sinωt

∆i =
Vdc
2
m sinωt(1−m sinωt)

Ts
L
. (A.6)

Differentiating with respect to time,

d∆i

dt
=
mVdcTsω

2L
cosωt(1− 2m sinωt). (A.7)

The current ripple will be maximum when,

sinωt =
1

2m
. (A.8)

Thus, the inductance which gives this current ripple can be found by solving (A.6),

L =
Vdc

8fs∆imax
. (A.9)

Substituting the system parameters,

Dc-link voltage Vdc = 700 V,
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Switching frequency fs = 50 kHz,

Maximum current ripple δimax = 0.58 A,

the required inductance is calculated as 3 mH.
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