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ABSTRACT

Bidirectional Three-Phase AC-DC Power Conversion

Using DC-DC Converters and a Three-Phase Unfolder

by

Weilun Warren Chen, Doctor of Philosophy

Utah State University, 2017

Major Professor: Regan Zane, Ph.D.
Department: Electrical and Computer Engineering

Strategic use of energy storage systems alleviates imbalance between energy generation

and consumption. Battery storage of various chemistries is favorable for its relatively high

energy density and high charge and discharge rates. Battery voltage is in dc, while the

distribution of electricity is still predominantly in ac. To effectively harness the battery

energy, a dc-ac inverter is required. For low-voltage applications (<500 V and <100 kW),

a three-phase two-level voltage source inverter (VSI) is the preferred topology due to its

simplicity. The VSI is pulse-width modulated at high frequency to obtain the desired line

currents. The high switching frequency typically results in increased switching loss and

generation of large voltage harmonics that require filtering. A dc-dc stage, commonly of a

dual-active bridge (DAB) topology, is often used between the battery and VSI to step up

the battery voltage and provide galvanic isolation. It is also operated at high frequency to

reduce passive component sizes.

To reduce size and weight over the conventional two-stage converter, this dissertation

proposes an alternative two-stage topology based on a three-phase unfolding inverter (un-

folder). The proposed topology reduces the number of high-frequency switching stages.

The unfolder stage operates at line frequency to directly connect each dc-dc stage output
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with the corresponding phase depending on the phase angle. The line-frequency operation

generates negligible switching loss and minimal current harmonics in the unfolder but does

not allow control of line currents. They are instead shaped by the high-frequency dc-dc

stage.

A line filter is still required to attenuate harmonics from the dc-dc stage but is reduced

in size through integration with existing passive components. To quantity the size reduction,

major passive and filter components are designed in an unfolding converter with the dc-dc

stage implemented with two dual-bridge series resonant converter (DBSRC) modules. An

optimized DBSRC design procedure is provided to minimize conduction loss when used with

unfolder. The procedure is used to generate an example 10-kW design. A 40% reduction on

total passive and filter component volume is concluded when compared to a conventional

DAB-VSI converter of the same ratings.

The shaping of the three-phase line currents using the two DBSRC modules in the dc-

dc stage is investigated through various controller designs. The design process is assisted

by development of detailed dynamic models of the unfolding converter. Various more basic

controllers are attempted before settling on a final version. A feedforward controller enables

operation at non-unity power factors by fine-tuning the applied unfolder and reference cur-

rent sectors. An integral output feedback controller tuned using linear quadratic regulator

ensures stability with a highly inductive grid or load. These benefits are combined into a

robust rotating-frame controller. It is verified in simulation and experiment. It meets the

IEEE 1547 harmonic requirement and produces total harmonic distortion below 5% at any

values of power factor and line inductance.

(175 pages)
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PUBLIC ABSTRACT

Bidirectional Three-Phase AC-DC Power Conversion

Using DC-DC Converters and a Three-Phase Unfolder

Weilun Warren Chen

Strategic use of energy storage systems alleviates imbalance between energy generation

and consumption. Battery storage of various chemistries is favorable for its relatively high

energy density and high charge and discharge rates. Battery voltage is in dc, while the

distribution of electricity is still predominantly in ac. To effectively harness the battery

energy, a dc-ac inverter is required.

A conventional inverter contains two high-frequency switching stages. The battery-

interfacing stage provides galvanic isolation and switches at high frequency to minimize

the isolation transformer size. The grid-interfacing stage also operates at high frequency

to obtain sinusoidal grid currents and the desired power. Negative consequences of high-

frequency switching include increased switching loss and the generation of large voltage

harmonics that require filtering.

This dissertation proposes an alternative two-stage inverter topology aimed at reducing

converter size and weight. This is achieved by reducing the number of high-frequency

switching stages and associated filter requirements. The grid-interfacing stage is operated

at the line frequency, while only the battery-interfacing stage operates at high frequency

to shape the line currents and control power flow. The line-frequency operation generates

negligible switching loss and minimal current harmonics in the grid-interfacing stage. As a

result, the required filter is reduced in size. Hardware designs are performed and compared

between the conventional and proposed converters to quantify expected size reduction.

Control methods are developed and verified in simulation and experiment to obtain high-

quality line currents at all power factors.
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CHAPTER 1

INTRODUCTION

1.1 Background

The increasing penetration of renewable power sources such as wind and solar into the

existing power grid has presented challenges to grid stability and reliability. These challenges

originate from the sources’ highly variable output power and their dispersed locations. The

imbalances between generation, distribution and consumption can be balanced by strategic

use of energy storage systems [1].

There are different types of energy storage systems presently used in the electric grid [2].

The earliest and presently largest in capacity is the pumped hydro. Compressed air storage

is also widely used. The fastest growing types are various forms of battery energy storage.

The most mature battery chemistries are lead-acid, sodium-sulfur and lithium-ion. These

different types of energy storage serve different purposes, with technologies high in capacity

used infrequently but usually for extended periods in hours, and those high in power used

more frequently but for short durations in minutes. Lithium-ion batteries typically fall

in the latter category, where they are often used to improve power quality for industrial

and residential users. Commercial solutions have been developed in both sectors. ABB has

developed the DynaPeaQ line of products that use static var compensator techniques. They

provide active power support through internal lithium-ion batteries and can supply active

power of 50 MW for up to 60 min [3]. Tesla has developed the Power Wall for residential

use [4]. There is also active research on grid integration of batteries in electric vehicles with

vehicle-to-grid [5] and vehicle-to-home concepts [6–8].

Almost all grid-tied battery systems require an inverter to interface between ac voltages

on the grid and dc voltage from the battery. The inverter acts as a power flow controller.

The desired amount of power used to charge or discharge the battery is controlled via the
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inverter. Similar amounts of power will be either received from or delivered to the grid.

The difference in power is lost in the inverter. The power has both active and reactive

components. The existing grid has compensation mechanisms to balance the active and

reactive powers between supply and demand. The result is a well-maintained ac voltage

magnitude and frequency. With higher penetration of grid-tied inverters, this compensation

mechanism can also be built into the inverters, allowing automatic regulation of grid voltage

and frequency.

A grid-tied inverter operating at below 100 kW and 500 V is typically implemented

using a three-phase two-level voltage source inverter (VSI). The VSI switches are modulated

at more than 20 times the fundamental grid frequency to output sinusoidal currents through

an inductive filter. This filter, typically the LCL type, attenuates the high-order current

harmonics beyond the switching frequency. These high-order harmonics are a result of the

high-frequency switching in the VSI, which is necessary for current control. A well-controlled

VSI provides suppression of low-order current harmonics, even under distorted grid voltages.

The resulting line currents should be of sufficient quality to command the desired active and

reactive powers. To reduce switching loss and ease thermal management in a hard-switched

VSI using insulated-gate bipolar transistors (IGBTs), the switching frequency is usually

limited to below 20 kHz [9, 10]. This low switching frequency requires an even lower filter

corner frequency to maintain the same attenuation at harmonic frequencies. This usually

results in a large line filter.

In case of a grid failure due to voltage and frequency faults, the inverter will have

to be disconnected from the grid to prevent energizing it. This is done to avoid hazards

to grid maintenance personals. Early inverters, especially those designed for photovoltaic

systems, are designed to simply disconnect from the grid. With this, the user loses access to

voltages, similar to a blackout situation. More recent works have proposed to use battery-

connected inverters to support critical loads when the grid is unavailable [6–8, 11]. This

is known as an islanded or grid-forming mode. In this mode, the inverter is responsible

for maintaining well-regulated ac voltage to the load. Similarly important is the ability to
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smoothly disconnect from and reconnect to the grid and not interrupting voltage supply to

the load. In this regard, the inverter behaves similar to a line-interactive uninterruptible

power supply (UPS). A grid-interactive inverter designed to operate in both grid-tied and

grid-forming modes shall maintain ac voltage and current regulation under load and grid

disturbances and ensure smooth mode transitions.

It is common to install an isolation transformer between the inverter output and grid

connection. The transformer is primarily used to ensure safety to both the end user and

grid. Due to nonidealities in control and modulation, a VSI can output small amounts

of zero-sequence and dc currents. These parasitic currents disrupt normal grid operations

and should be limited to acceptable levels [12]. The use of isolation transformer blocks

these currents from entering the grid [13]. Another purpose of the isolation transformer is

in adjustment of inverter output voltage through its turns ratio [14], which is commonly

selected to step up the output voltage. This is necessary with a low input dc voltage such

as that from photovoltaic and battery sources, or for interfacing the inverter with a medium

voltage grid (>1 kV) [10].

The drawbacks of the isolation transformer are its bulky size and weight, as it operates

at line frequency. Many turns are required to reduce the peak flux density to avoid core

saturation. In addition to increasing the VSI output voltage by the isolation transformer,

the same can be achieved by increasing its input dc voltage. A boost dc-dc converter

is inserted between the VSI and dc source to step up the source voltage. The resulting

intermediate voltage between the boost and VSI stages is commonly referred as the dc-link

voltage and is typically higher than the source voltage [10,11,15,16].

There is great motivation to reduce converter size and weight and to retain benefits

of the isolation transformer. The solution is to integrate isolation into the dc-dc converter.

The dc-dc transformer size and weight are greatly reduced compared to a line-frequency

transformer of similar ratings, due to much higher operating frequency. In additional to

galvanic isolation, this high-frequency transformer is designed with a turns ratio used to

step up the dc source voltage to the appropriate dc-link voltage required by the VSI. As
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long as the zero-sequence and dc currents at the VSI output are kept within the required

limits, the line-frequency transformer can be largely removed.

In battery systems, the isolated dc-dc converter is required to process bidirectional

power. Among various suitable topologies, the dual-active bridge (DAB) dc-dc converter

is widely used. There are many publications on the two-stage converter with DAB and

VSI stages. The targeted applications include battery energy storage [17], electric vehicle

battery charger [18,19] and solid-state transformer [20].

1.2 Research Objectives

Motivated by further reduction in size and weight over the conventional DAB-VSI

converter, this dissertation investigates a proposed two-stage converter topology based on a

three-phase unfolding inverter (unfolder). There are two main research objectives. The first

is to formulate design procedures of the proposed converter hardware and to quantify the

size reduction. The second objective is in development of a suitable controller to operate

the proposed converter in grid-tied mode.

The hardware design of the unfolding converter is studied in detail to highlight the

reduction in line filter size. The filter size reduction is made possible through reducing

the number of high-frequency switching stages. In a conventional two-stage converter, the

VSI stage operates at high frequency to control and shape the line currents. The dc-dc

stage also operates at high frequency to reduce converter size. In a hard-switched VSI, the

high-frequency operation results in high switching loss and large voltage harmonics around

and beyond the switching frequency. These harmonics require filtering before the VSI is

connected to the grid.

In the unfolding converter, the unfolder stage operates at line frequency, generating

negligible switching loss and minimal line current harmonics. Shaping of the line currents

is performed by the high-frequency dc-dc stage. A line filter is still required to attenuate

the dc-dc generated harmonics but is reduced in size through integration with existing dc-

dc stage components. The line-frequency operation of the unfolder removes its ability to

control the line currents. This control burden is placed on the dc-dc stage. This necessitates
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the development of new models and control methods to achieve common control objectives

of a grid-tied converter.

1.3 Dissertation Organization

Following this brief introduction, the remainder of this dissertation is divided into the

following chapters.

Chapter 2 provides a comprehensive review of the existing literature on the design and

control of a conventional two-stage DAB-VSI converter. The review focuses on the VSI filter

design considerations in grid-tied and grid-forming modes, based on regulatory standards

from IEEE and IEC. The designed filter has consequences on control of the VSI. The various

control objectives of the VSI are reviewed. The design of the DAB is also reviewed, and a

hardware design of a complete 10-kVA converter is carried out as a reference for comparison

with the proposed converter.

Chapter 3 introduces the topology of the proposed converter. The derivation of the

unfolder circuit is provided, and some background motivating its creation is provided from

high power factor three-phase rectifiers. The design requirements on the dc-dc stage are

summarized from analysis of the unfolder operation. The dc-dc stage is implemented using

two dual-bridge series resonant converter (DBSRC) modules, due to their wide operating

ranges and fast dynamic responses. A modulation strategy of the DBSRC is reviewed and

is based on minimizing its resonant tank current.

Chapter 4 provides detailed design procedures on major passive and filter components

in the unfolding converter. Estimates of component rms currents are provided to aid their

design. The rms currents can be optimized by careful selection of the transformer turns

ratio. The line filter is designed to comply with the IEEE 1547 current harmonic limits.

A hardware design of a 10-kVA DBSRC-unfolding converter is conducted and compared

with the DAB-VSI converter at same ratings. The reductions in filter and overall passive

volumes are quantified.

Chapter 5 develops a feedforward controller for the grid-tied unfolding converter. To

aid controller design, a dynamic converter model is derived and verified in simulation. The
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model reveals distortion in line currents at non-unity power factors due to limited DBSRC

response. A method to reduce distortion is proposed and tested.

Chapter 6 develops two feedback controllers to improve on the previous feedforward

control. Integral control corrects for errors between actual and reference currents. State

and output feedback ensure stability with large line inductances. Both approaches rely on

a high closed-loop bandwidth to ensure accurate current tracking. Current regulation is

good at unity power factor but worsens at non-unity power factors.

Chapter 7 develops a rotating-frame controller to improve on the previous stationary-

frame controllers. The rotating-frame controller combines benefits of feedforward and feed-

back controllers. It can maintain a high current quality at all power factors and in presence

of large parameter variation. Simulation results are provided on the 10-kVA converter

designed in Chapter 4. Experimental results are provided on a 1-kVA hardware prototype.

Chapter 8 provides conclusions on the design and control of the unfolding converter.

Some possible future research directions are highlighted.
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CHAPTER 2

REVIEW OF ISOLATED BIDIRECTIONAL THREE-PHASE CONVERTERS

This chapter provides a review of conventional isolated bidirectional three-phase con-

verters. The modulation, control and filter design aspects of the three-phase two-level VSI

are covered. The control and filter design are reviewed for both grid-tied and grid-forming

modes. The requirements on a dc-dc converter for use with the VSI are provided. They

include capabilities such as isolation and voltage step-up.

2.1 Voltage Source Inverter

A two-level VSI is the preferred topology in low-voltage applications (<500 V and

<100 kW). The VSI is needed to generate the desired ac output voltage or current, from

a constant dc input voltage. The output voltage can be used to power ac loads while the

utility grid is unavailable. The output current can be fed into or drawn from the ac grid.

Semiconductor switches in the VSI are operated at a fixed switching frequency that is

more than 20 times the frequency of the desired signal. Pulse width of the switch voltage is

modulated using one of many pulse-width modulation (PWM) methods. At the end of each

switching period, the period-averaged switch voltage is approximately equal to the input

signal sampled at the period’s beginning. The desired output signal is obtained as a moving

average of the modulated switch voltage.

2.1.1 Output Filter Design in Grid-Forming Mode

Consider a three-phase two-level VSI with LC filter outputting voltage into a resis-

tive load in Fig. 2.1a. Gate pulses of the IGBT switches are generated using space-vector

modulation (SVM), which offers better input voltage utilization and ripple rejection than

sinusoidal PWM [21]. Depending on implementation, it can also reduce switching loss. The

drawback of SVM is computational complexity but can be overcome using modern embed-
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ded processors. The reference three-phase voltages (vra, vrb, vrc) are transformed into an

equivalent rotating vector in stationary frame. In the illustrated open-loop implementa-

tion, the vector’s vrα and vrβ components along with the input voltage V are inputs to the

space-vector modulator. In a realistic closed-loop setup, the input vector is generated from

a feedback loop on the output voltage.

The per-phase equivalent circuit of the VSI is shown in Fig. 2.2. The purpose of the

LC filter is to attenuate dominant harmonics while leaving the fundamental unaffected.

This is generally true for light loads, where voltage drop in the filter can be neglected. The

filter offers −40 dB/dec of attenuation above its corner frequency fc. Once the required

attenuation is known, from standards such as the IEC 62040, fc can be determined [22].

A large value of fc usually implies smaller filter size, but requires increasing the switching

frequency, and doing so increases switching loss.

Define the modulation index mi as ratio between actual and maximum output vector

magnitudes and the modulation frequency mf as ratio of switching to fundamental frequen-

cies. The three modulated switch voltages referenced to the neutral point of the output

filter are visualized in Fig. 2.1b for mi = 0.75 and mf = 10. The reference voltages are also

shown for comparison. In the harmonic spectrum shown in Fig. 2.3 for the same mi but

increasing mf to 100, the switch voltage has fundamental magnitude slightly less than the

reference, primarily due to open-loop control. It additionally has harmonics around integer

multiples of mf , with the dominant harmonics at mf ± 2. Magnitude of the dominant

harmonic can be readily found from simulation but can also be derived analytically [21].

2.1.2 Line Filter Design in Grid-Tied Mode

In addition to the stand-alone application of regulating voltage into ac loads, the VSI

is commonly used to interface with the grid and regulate power flow. In a grid-tied VSI,

the control and quality of current is of major concern, as defined in standards such as the

IEEE 1547 [12]. Consider a grid-tied three-phase two-level VSI with LCL filter in Fig. 2.4.

The topology and modulator is same as the previous example. The main difference is the

filter structure and grid connection. Most early designs have used the L filter [23,24]. The
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Fig. 2.1: VSI with LC filter connected to resistive load. (a) Circuit and controller. (b)
Switch and reference voltages at modulation index of 0.75 and modulation frequency of 10
(50 Hz fundamental and 500 Hz switching frequencies).
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Fig. 2.2: Per-phase equivalent circuit of VSI with LC filter connected to resistive load.

drawback is the bulky inductor size due to a large inductance required to meet regulations.

Later designs use the LCL filter that is smaller than L filter at the same attenuation. The

drawback of LCL is possible resonance, which requires use of passive or active damping,

and more susceptible to grid voltage distortions [25].

In the considered open-loop implementation, the per-phase equivalent circuit of Phase

A is shown in Fig. 2.5. Both the switch and grid voltages can contain harmonics. Neglect

the harmonics for now and consider only their fundamental components, represented as

phasors. This gives a phasor equivalent circuit in Fig. 2.6a, where the two filter inductances

can be combined below the filter’s resonant frequency [26].
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and modulation frequency of 100 (50 Hz fundamental and 5 kHz switching frequencies),
showing harmonic magnitudes of switch voltage Vsa(ω) and filtered output voltage Va(ω),

IEC 62040 limits and filter attenuation F (s) = va(s)
vsa(s) .
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Fig. 2.4: VSI with LCL filter connected to three-phase grid.

The inductor or grid current is controlled by adjusting the magnitude and phase of

the switch voltage relative to the grid voltage. This is visualized in Fig. 2.6b, where four

symbolic points are identified. As the switch voltage moves to Point 1, the grid current and

voltage become aligned, and power is delivered to the grid at unity power factor. Similarly,

Point 2 means receiving power at unity power factor. Points 3 and 4 denote pure reactive

and no active power. Any intermediate point means delivering or receiving a combination

of active and reactive powers. Also note that the current magnitude is proportional to the

applied voltage and inversely proportional to the inductance. So with a large inductance,

a higher voltage is required to produce the same current. Using a small inductance will
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Fig. 2.5: Per-phase equivalent circuit of VSI with LCL filter connected to three-phase grid.

require fine adjustments in switch voltage to get the desired current. This is almost always

accomplished by closed-loop control.

2.1.3 Example 10-kVA VSI Filter Design

Besides influencing control, the LCL filter is designed to attenuate the dominant cur-

rent harmonics around the switching frequency. Referring to the equivalent circuit in

Fig. 2.5, as previously stated, the switch voltage due to SVM produces dominant harmonics

at mf ±2. The filter admittance at these harmonic frequencies is chosen to produce the de-

sired magnitude of the corresponding line current harmonics. The magnitude is determined

based on the rated current and limits specified in IEEE 1547 [12]. Once the admittance is

known, the filter component values can be selected for a specified switching frequency.

There is some freedom in value selection. In most cases, the size and cost of the filter

are dominated by the filter inductors, and their sizes are to be optimized. Increasing the

filter capacitance leads to lower inductance values. The drawback is more reactive current

and more susceptible to grid voltage harmonics [25]. Beside energy storage requirements,

losses are to be considered when designing the inductors. DC copper losses in both inductors

+

Vsa

−

Ls + Lg Ia
+

Ea

−

(a)

1
2

3

4 1

2

3
4Ea

Vsa

VLaIa

(b)

Fig. 2.6: VSI current control. (a) Phasor equivalent circuit. (b) Phasor diagram.
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are evaluated using the rms line current and the respective winding’s dc resistance. The

inverter-side inductor Ls is subject to considerable core loss, which should be evaluated

considering the varying peak flux density over the line period [27].

As example, Table 2.1 provides the designed LCL filter components for a 10-kVA

three-phase two-level VSI switching at 10 kHz. The filter capacitor is chosen as 10 µF

or 5% of base capacitance. The filter inductors are built with iron powder toroidal cores

from Micrometals. The iron powder material is favored for properties such as low cost,

high saturation flux density and distributed air gap. There are also many other suitable

magnetic materials [28]. The inductor design uses a set of common constraints that include

maximum temperature rise of 40 oC and maximum window fill factor of 40%. The two

inductance values are fine-tuned to produce the minimum combined size and the required

filter admittance at the specified filter capacitance value. Performance of the designed filter

is evaluated in simulation and satisfies IEEE 1547, as shown in Fig. 2.7.

In the example design, the VSI filter size can be further reduced by increase in switching

frequency. Burkart and Kolar claim that for a 10-kVA two-level VSI implemented with

silicon carbide devices, increasing switching frequency beyond 20 kHz provides diminishing

return on reduction of inductor volume [10]. The main reasons provided are increased

switching loss, which requires more heat sink volume, and high-frequency inductor loss,

which complicates inductor design.

2.1.4 Control in Grid-Tied Mode

The line current is controlled to obtain the desired amount of power. Assuming ideal

grid voltage with only a fundamental component, the amount of power delivered to or

received from the grid can be easily derived from the voltage and current phasors. In this

case, by controlling magnitude and phase of the current, the active and reactive powers are

controlled. To maintain the same amount of power output, the current will be dynamically

adjusted as the voltage changes. Nevertheless, the core of VSI control in grid-tied mode

is the regulation of line current. A direct control also ensures high current quality, free of

harmonics and complying with international standards.
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Table 2.1: 10-kVA grid-tied VSI line filter design.

Component Parameter Value

Nominal DC Voltage 800 V

Nominal AC Line-to-Line Voltage 480 V rms

Nominal Three-Phase Power 10 kVA

Switching Frequency 10 kHz

Maximum Core Fill Factor 40%

Maximum Temperature Rise 40 ◦C

Cooling Method Natural Convection

Inverter-Side Inductance 1300 µH

Inductor (Ls) Core Size and Material T400-34D

Number of Turns 135

Wire Size 9 AWG

Estimated Loss 27 W

Grid-Side Inductance 500 µH

Inductor (Lg) Core Size and Material T249-34

Number of Turns 96

Wire Size 11 AWG

Estimated Loss 12 W

Capacitor (Cg) Capacitance 10 µF

Series EPCOS B32796

Specs 10 µF 875 V

In case of a distorted grid voltage, there are two methods to control the line current.

The first is to still only control the fundamental current component and suppress as much

as possible the harmonics caused by the distorted voltage. Assume in the ideal case where

only the fundamental current component exists. The active power is then produced by only

the fundamental components of voltage and current. Reactive power can be produced by

harmonics of the grid voltage in addition to its fundamental. This can lead to ripple in

the instantaneous power. This control method is commonly adopted in high-performance

and high-power inverters. The reason is to avoid further distorting the grid voltage and to

comply with international standards.
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Fig. 2.7: Line filter design for a 10-kVA, 10-kHz grid-tied VSI operating at 800 V dc and
480 V rms line-to-line voltages, showing harmonic magnitudes of switch voltage Vsa(ω) and

filtered line current Ia(ω), IEEE 1547 limits and filter admittance Y (s) = ia(s)
vsa(s) .

A second method controls the current harmonics in addition to the fundamental. A

classic example is the boost power factor correction circuit, where the line current is com-

manded to track the instantaneous grid voltage. Ideal tracking will produce harmonics in

the line current, and they are at same frequencies as the voltage harmonics. For the VSI,

current harmonics can be controlled to cancel out those that are produced by a nearby sys-

tem with distorted current. The operation will be similar to an active power filter. Inverters

in this category will have more complex control, and different standards will apply.

Line current control of only the fundamental components using the three-phase VSI

with LCL filter is now reviewed. The control references are provided as a two-dimensional

vector in stationary or rotating frame representing the fundamental component. The con-

troller is designed to minimize errors between fundamental components of reference and

actual current signals, as well as suppressing low-order harmonics in the actual signal. Er-

rors can come from a variety of sources, such as inaccuracies and delays caused by the

modulator, variations in the input voltage, harmonics in the grid voltage, and inductor

nonlinearities.

Linear control methods are widely used as the tuning procedures for stability and per-

formance are well known. They are typically used with a pulse-width modulator. Different

linear methods have been used to minimize the errors. Early methods attempt to minimize
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the instantaneous error using a proportional-integral (PI) compensator. However, even with

a high compensator gain, there is unavoidably still considerable error in the fundamental

components [23,24]. A later method uses Clark and Park transformations to map the actual

time-varying signals into a reference frame that rotates at the fundamental frequency [13].

The original fundamental components become dc components in this rotating frame. Er-

rors between commanded and transformed dc components can be easily minimized with

the integral term in the PI compensator. The drawback of this approach is the compu-

tation complexity of the transformations. A similar method also minimizes error on the

fundamental components but uses a proportional-resonant (PR) controller, which has an

extremely large gain at the fundamental frequency [24,29,30]. The controlled quantities are

kept in the stationary frame, so transformations are not needed. This method is well suited

in a grid-tied converter, as variation in grid frequency is usually small, so the controller’s

resonant frequency can be constant.

In either the rotating frame with PI or the stationary frame with PR controllers, the

harmonic current components are suppressed by increasing the closed-loop regulation band-

width [29–31]. Higher bandwidth also improves transient response to changes in reference

commands, and can lead to reduced energy storage requirements on the dc-link capaci-

tor [32, 33]. Increase in bandwidth is usually limited by the switching frequency and to

avoid instability. Using a low switching frequency or large filter values usually lowers the

regulation bandwidth. As an example, the bandwidth of a VSI switching between 5 and

10 kHz is around 500 Hz and covers up to the seventh harmonic [26, 27, 29, 34]. Nonlinear

controllers such as dead-beat predictive control can be used to obtain faster closed-loop

dynamics, but they have other limitations such as difficulty in minimizing the steady-state

error [35].

2.1.5 Control in Grid-Forming Mode

Standalone or grid-forming inverters regulating ac voltage are predominantly used in

uninterruptible power supplies (UPS), whose performance has to satisfy the IEC 62040 [22].

In particular, the load regulation characteristics are specified. The steady-state voltage
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harmonic limits and total harmonic distortion (THD) are specified and need to be met with

either linear or nonlinear loads. The dynamic voltage over and undershoot are specified for

linear and nonlinear load steps. These stringent requirements are hardly, if ever, met with

the basic open-loop controller in Fig. 2.1a, and closed-loop control is almost always used.

Repetitive control of output voltage is based on the internal model principle and offers large

loop gain only at harmonic frequencies [14,36,37]. It is able to produce high-quality voltage

even with nonlinear loads and still ensures stability.

Other published works include additional feedback signals in addition to the output

voltage. A popular method uses an inner current loop and an outer voltage loop [38–40].

The inner current loop ensures high regulation bandwidth and stability of the inductor

current. It also allows monitoring of the inductor current for protection. The outer voltage

loop is designed around the plant with compensated current loop. This compensated plant

largely masks the inductor dynamics and eases the voltage loop design. The compensators

are of PI in synchronous frame or PR in stationary frame to remove steady-state error on the

fundamental voltage. Relying only on feedback is sometimes difficult to achieve satisfactory

dynamic response with nonlinear loads and under load transients. The feedforward of

load current in generation of PWM signals is used to improve dynamics [41, 42]. The

feedforward action lowers the inverter’s output impedance and reduces the sensitivity to

load disturbances [43].

2.1.6 Control in Grid-Interactive Mode

A significant feature of UPS is to provide uninterrupted supply of power to critical ac

loads [44]. In a line-interactive UPS, the grid voltage is constantly monitored. When a grid

fault is detected, the series switch between grid and load is opened, and the UPS starts to

supply the entire load power. Recent grid-tied inverters have incorporated voltage controls

that allow them to function similar to a line-interactive UPS during a grid fault [40,42,45].

As soon as a fault is detected, the inverter and loads are disconnected from the grid and

form an island. The inverter also switches from line current to load voltage regulation.

The process is reversed during reconnection to grid. The primary challenges are to ensure
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smooth mode transitions, load voltage quality and line current quality.

In an island, it is often desired to share the load power evenly across multiple inverters.

Various control schemes have been proposed to achieve this, including droop [11,46–48], and

master-slave methods [39, 49]. In the master-slave method, the master inverter regulates

voltage, while the slave inverters regulate current. Communication is required between

master and slave inverters. In the droop method, all inverters regulate voltage and frequency

by adjusting their active and reactive powers based on a common droop curve. Sharing

of load power occurs naturally, and communication between inverters is not required. The

droop method can also be used in grid-tied mode to regulate grid voltage and frequency [47].

When grid voltage and frequency change depending on load, the inverters can be used

to support the grid, by providing supporting features. The major difference between a grid-

tied and grid-interactive inverter is in generation of phase angle and command references.

In a grid-tied inverter, the angle directly comes from a phase-locked loop (PLL) that is

synchronized with the grid voltage. However, studies have shown that this scheme can

destabilize the grid if it is a microgrid formed by many inverters operating at the same time.

In the microgrid, the inverters shall be controlled to stabilize the voltage and frequency.

This can be accomplished by either a centralized approach or a distributed approach such

as droop control. Most of these approaches keep the inner current loop mostly unchanged.

2.2 Two-Stage DAB-VSI Converter

It is common to install an isolation transformer between the inverter output and grid

connection. The transformer is primarily used to ensure safety to both the end user and

grid. Due to nonidealities in control and modulation, a VSI can output small amounts of

zero-sequence and dc currents. These parasitic currents disrupt normal grid operation and

should be limited to acceptable levels [12].

The use of isolation transformer blocks these currents from entering the grid [13].

Parasitic leakage current can flow on the earth ground connection due to the pulsating VSI

switch voltage and capacitive coupling between the dc source and ground [50]. Excessive

leakage current is unsafe to the user but can occur due to large parasitic capacitance to
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ground. This is commonly the case when the dc source has significant surface area, such as

in photovoltaic panels and electric vehicle battery packs [51,52]. Using isolation transformer

reduces the effective parasitic capacitance and thereby lowers the leakage current.

Another purpose of the isolation transformer is in adjustment of the inverter output

voltage through its turns ratio [14], which is commonly selected to step up the output

voltage. This is necessary with a low input dc voltage such as that from photovoltaic and

battery sources, and for interfacing the inverter with a medium voltage grid (>1 kV) [10].

Finally, parasitics of the isolation transformer, mainly its leakage inductance, can be used

as part of the line filter [13]. The drawbacks of the isolation transformer are its bulky size

and weight, as it operates at line frequency. A large number of turns is required to reduce

the peak flux density to avoid core saturation.

In addition to increasing the VSI output voltage by the isolation transformer, the same

can be achieved by increasing its input dc voltage. A boost dc-dc converter is inserted

between the VSI and dc source to step up the source voltage. The resulting intermediate

voltage between the boost and VSI stages is commonly referred as the dc-link voltage and

is typically higher than the source voltage [10,11,15,16].

2.2.1 DC-DC Converter Selection

There is great motivation to reduce converter size and weight and to retain benefits

of the isolation transformer. The solution is to integrate isolation into the dc-dc converter.

The dc-dc transformer size and weight are greatly reduced compared to a line-frequency

transformer of similar ratings, due to much higher operating frequency. In addition to

galvanic isolation, this high-frequency transformer is designed with a turns ratio used to

step up the dc source voltage to the appropriate dc-link voltage required by the VSI. As

long as the zero-sequence and dc currents at the VSI output are kept within the required

limits, the line-frequency transformer can be largely removed.

In battery systems, the isolated dc-dc converter is required to process bidirectional

power. Among various suitable topologies, the dual-active bridge (DAB) dc-dc converter is

widely used. There are many publications on the two-stage converter with DAB and VSI
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stages, as shown in Fig. 2.8. The targeted applications include battery energy storage [17],

electric vehicle battery charger [18,19] and solid-state transformer [20].

2.2.2 Example 10-kW DAB Design

For grid-tied battery energy storage applications, a DAB dc-dc converter can be used

between the battery pack and VSI [17–19,53]. The DAB circuit has been shown in Fig. 2.8.

The DAB transfers power between its input and output ports by adjusting the phase shift

between its primary- and secondary-side bridges. For a narrow range of variation in input

and output voltages, the single-angle modulation technique is adequate and is considered for

subsequent DAB design. For larger variations, dual- or three-angle modulation techniques

can yield lower circulating current and higher efficiency [54].

The DAB size and weight are largely influenced by its major passive components,

which include the tank inductor, transformer, input and output capacitors. They have been

selected for a 10-kW design. This design provides a reference for subsequent comparison

with the proposed converter of similar ratings. A summary of the DAB design is provided

in Table 2.2.

Lr
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−
CkVin

+

−

Cin

...

...

...

...

Ls

Cg

Lg

Battery
Pack Dual-Active Bridge

DC
Link VSI Line Filter Grid

Fig. 2.8: Two-stage DAB-VSI converter.
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Table 2.2: 10-kW DAB passive component design.

Component Parameter Value

Nominal Input Voltage 300 V

Nominal Output/DC-Link Voltage 800 V

Nominal Power 10 kW

Switching Frequency 50 kHz

Maximum Core Fill Factor 40%

Maximum Temperature Rise 40 ◦C

Cooling Method Natural Convection

Transformer Turns Ratio 2.7

Number of Cores 5

Core Size E65/32/27

Number of Primary Turns 5

Primary Wire Size 15 AWG (×10)

Number of Secondary Turns 68

Secondary Wire Size 17 AWG

Estimated Loss Per Core 7.2 W

Estimated Temperature Rise 38 ◦C

Tank Inductance 20 µH

Inductor Number of Cores 4

(Lr) Core Size E42/21/20

Air Gap Length 3.7 mm

Number of Turns 8

Wire Size 15 AWG (×8)

Estimated Loss Per Core 3.8 W

Estimated Temperature Rise 39 ◦C

Input Capacitance 40 µF

Capacitor Series EPCOS B32774

(Cin) Specs 10 µF 450 V (×4)

DC-Link Capacitance 100 µF

Capacitor Series EPCOS B32778

(Ck) Specs 50 µF 900 V (×2)
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2.3 Improved Two- and Single-Stage Converters

Regulation of the dc-link voltage between the dc-dc and VSI stages in a cascaded

converter is required. Poor regulation can degrade ac waveforms and create additional

stress on the semiconductor devices [53]. The dc-link voltage variation is a function of the

difference in instantaneous powers of the two stages and the amount of dc-link capacitance.

The power difference is a result of different closed-loop dynamics between the two stages.

Voltage regulation can be achieved either through the dc-dc converter or the VSI [53]. To

reduce dc-link capacitance, it is beneficial to regulate voltage using the stage with faster

dynamics [53]. Furthermore, the commanded power can be fed forward to the voltage

controller to reduce voltage variation and capacitance requirement [33].

Existing works have presented various efforts to improve on the two-stage DAB-VSI

topology. These works can be grouped into two classes. The first class of converters do

not significantly deviate from the two-stage topology but apply incremental improvements,

primarily in control. A stiff dc-link voltage is necessary for ensuring converter stability and

typically requires significant amount of capacitance. The dc-link capacitance and associated

energy storage requirement can be reduced while still ensuring stability through improve-

ments in VSI control [55], or by coordinatively regulating the dc-link voltage using both

stages [53]. The capacitance requirement is further relaxed by not requiring a stiff voltage

but instead intentionally allowing a sixth harmonic ripple [56–59]. As the ripple is aligned

with the peak line-to-line voltages, fewer switching actions are required of the VSI while

still producing the desired output waveforms. The result is reduced switching loss.

The second class of converters apply more dramatic topological changes, typically re-

sulting in just a single power conversion stage. These single-stage converters are identified

by the absence of any decoupling capacitor. Single-stage converters first appeared as high

power factor rectifiers [60], with advantages including reduced component count and im-

proved efficiency. Similar concept has been applied to bidirectional converters [61,62]. New

modulation and control techniques are developed and reported along with these topologies.
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2.4 Summary

This chapter has provided a review of the conventional DAB-VSI converter. The mod-

ulation, control and filter design aspects of the three-phase two-level VSI are reviewed. An

example line filter design is provided in a 10-kVA grid-tied VSI to comply with IEEE 1547

limits. The requirements on a dc-dc converter for use with the VSI are provided, which

include capabilities of isolation and voltage step-up. The design of the dc-link capacitor is

highlighted. The DAB dc-dc topology is chosen. The design and selection of major passive

components in a 10-kVA DAB-VSI converter are provided as a reference of comparison to

the proposed converter of similar ratings.
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CHAPTER 3

UNFOLDING CONVERTER TOPOLOGY AND OPERATION

This chapter introduces an alternative two-stage grid-tied converter whose operation

is significantly different from the previous DAB-VSI topology. The grid-interfacing stage

is a line-frequency unfolding inverter (unfolder). Its invention is inspired by high power

factor rectifier topologies. The chapter starts with a review of two rectifier topologies,

before introducing the three-phase unfolder. The unfolder operation and its implication on

the dc-dc stage design are discussed. Subsequently, the selection and analysis of a suitable

dc-dc converter are provided.

3.1 Review of Three-Phase Rectifiers

3.1.1 Single-Switch Rectifier

Three-phase active rectifiers are widely used in industry to obtain regulated dc output

voltage and to actively shape the line currents to reduce harmonics. In Fig. 3.1a, one of

the most basic topologies, the single-switch rectifier, is first considered [63]. It consists of

a diode bridge followed by a boost converter. This topology is commonly used to obtain

output voltages higher than the peak line-to-line voltage to supply a load. The load can be

passive as depicted, or active such as an inverter in a motor drive.

The boost inductor current is controlled based on two objectives. The first is to obtain

the desired amount of power to supply the load. This is achieved by control of the rms

value of the fundamental line current. The second is to ensure high power factor. This is

challenging due to a low current quality in this topology, as only two diodes in the bridge

are conducting at any time, due to the peak detector nature of the diode bridge.

A simple and common method of controlling the rectifier is shown in Fig. 3.1b. In this

scheme, the inductor current is controlled to a constant value Ir. This current flows on two
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Fig. 3.1: Single-switch rectifier. (a) Circuit topology. (b) Typical waveforms.

out of three phases at any time, resulting in block-shaped line currents. The line current

THD is high, at close to 30% [63].

3.1.2 Third-Harmonic Current Injection Rectifier

The single-switch rectifier suffers from low current quality due to 120◦ periods of non-

conduction in each line current. To improve current quality, it is necessary to ensure contin-

uous conduction of line currents. A topology known as the third-harmonic current injection

rectifier has been designed for this purpose [63,64].

The concept of this topology is shown in Fig. 3.2a. Notice its similarity with the single-

switch rectifier, with the line phases connected to the diode bridge and a dc-dc converter,

represented by current source ir. The phases are additionally connected to an added current

injection network, which consists of three four-quadrant switches (Qa, Qb, Qc) and a second

converter i2.

The injection network adds more versatility in line current control, which is not possible

in the single-switch rectifier. Based on 60◦ sectors of the line voltages, the corresponding

injection switch is turned on to connect the otherwise non-conducting phase to the injection

source. The source currents ir and i2 are controlled to track 120◦ profiles as shown in
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Fig. 3.2: Third-harmonic current injection rectifier. (a) Circuit topology. (b) Typical
waveforms.

Fig. 3.2b. Both currents vary at the third-harmonic frequency to shape the fundamental-

frequency line currents. The two current sources can also be treated as outputting segments

of the line currents, and that these segments are reconstructed into sinusoidal currents by

the diode bridge and injection network.

The additional controls offered in the third-harmonic current injection rectifier signif-

icantly improve current quality at unity power factor. THD values of line currents can be

reduced below 5% [63,64].

3.2 Three-Phase Unfolder

The third-harmonic current injection rectifier can be modified to enable bidirectional

power flow and operation at non-unity power factors by replacing the bridge diodes with

current bidirectional switches, while leaving the injection network intact. This results in

the general circuit topology of the three-phase unfolding inverter (unfolder), depicted in

Fig. 3.3a. It is fed by two symmetrical current sources in the dc link, although they may

also be configured asymmetrically similar to the third-harmonic current injection rectifier

in Fig. 3.2a.
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Fig. 3.3: Three-phase unfolding inverter. (a) Generic topology fed by symmetrical current
sources. (b) Typical waveforms at unity power factor.

The unfolder switches are controlled using a switching sequence generated based on

sectors identified from the unfolder output voltage. With the unfolder outputs directly

connected to balanced grid voltages of fundamental magnitude Vm and angular frequency

ω, 



va = Vm cos (ωt)

vb = Vm cos
(
ωt− 2π

3

)

vc = Vm cos
(
ωt+ 2π

3

)
, (3.1)

the voltage angle θ∗ is estimated using a phase-locked loop (PLL) on the grid voltages,

θ∗ ≈ mod(ωt, 2π) = ωt− floor

(
ωt

2π

)
· 2π, 0 < θ∗ < 2π. (3.2)

The sector variable S is then generated as an integer between one and six and is updated

every 60o based on θ∗,

S = ceil

(
θ∗

π/3

)
, 1 ≤ S ≤ 6. (3.3)

In each sector, a different set of unfolder switches are activated to generate dc-link voltages
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v1 and v2 rectified from the grid voltages. As shown in Fig. 3.3b, the dc-link voltages overlap

with portions of the line-to-line grid voltages and vary between zero and 1.5Vm.

Application of this switching sequence results in a direct connection between each line

and dc-link node. These connections establish voltage and current relationships between line

and dc-link quantities in each sector, as identified in Table 3.1. The relationships describe

the rectification of grid voltages into dc-link voltages as well as the required dc-link currents

to produce the desired line currents. Waveforms of the dc-link currents required to produce

line currents of fundamental magnitude Im at unity power factor are shown in Fig. 3.3b,

where each dc-link current varies between 0.5Im and Im.

The three-phase unfolder can be implemented with three-level inverter topologies [65].

The implementation using the neutral point clamped topology is shown in Fig. 3.4 [66].

Compared to a high-frequency switched VSI, the unfolder operates at line frequency and

generates negligible switching loss and minimal line current harmonics, assuming proper

control and filtering of the dc-link currents. The very low switching frequency, however,

prohibits the unfolder from directly controlling the line currents. Instead, they are shaped

by the dc-dc stage which controls the dc-link currents. Therefore, the performance of this

two-stage unfolding converter depends very much on the design and control of the dc-dc

stage.

The design requirements of the dc-dc stage can be obtained from the line voltages and

currents and using the unfolder relationships. Consider desired line currents of fundamental

Table 3.1: Unfolder relationships.

Sector v1 = v2 = i1 = i2 =

1 vab vbc ia −ic
2 −vab −vca ib −ic
3 vbc vca ib −ia
4 −vbc −vab ic −ia
5 vca vab ic −ib
6 −vca −vbc ia −ib
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Q1
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ia

+
v1
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i1

+
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Sector On Switches
1 Q1, 2, 6, 7, 11, 12
2 Q2, 3, 5, 6, 11, 12
3 Q3, 4, 5, 6, 10, 11
4 Q3, 4, 6, 7, 9, 10
5 Q2, 3, 7, 8, 9, 10
6 Q1, 2, 7, 8, 10, 11

Fig. 3.4: Unfolder implemented with neutral point clamped topology.

magnitude Im and phase shift ψ





ia = Im cos (ωt− ψ)

ib = Im cos
(
ωt− 2π

3 − ψ
)

ic = Im cos
(
ωt+ 2π

3 − ψ
)

(3.4)

where ψ determines the power factor as

PF = cos(ψ), −1 ≤ PF ≤ 1. (3.5)

Positive power factors imply generation of active power or inverter operation, while negative

values represent absorption of active power or rectifier operation. Meanings of different

power factors are defined from three-phase active power P , reactive power Q and complex

power

S = P + jQ =
3

2
VmIme

jψ (3.6)

in the PQ plane shown in Fig. 3.5 [67].

The required dc-link currents i1 and i2 to produce line currents at any power factor

can be derived from Table 3.1. Waveforms of the first current are shown for several power

factors in Fig. 3.6. The second current has the same wave shape but phase-shifted by 60◦.
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Fig. 3.5: PQ plane.

Notice at non-unity power factors, the dc-link currents abruptly reverse at sector beginnings.

These current transients occur due to unequal line currents as the unfolder switches between

sectors. As a result, the dc-link current variation increases as the power factor deviates from

unity. To quantify, define the variation as the peak-to-peak value of each dc-link current,

Ipkpk = max(i1)−min(i1) = max(i2)−min(i2), (3.7)

where it is plotted against power factor in Fig. 3.7a. The minimum variation of 0.5Im occurs

at unity power factors, while the maximum of
√

3Im occurs at zero power factor. The dc-dc

stage is then required to output bidirectional currents containing large variation and fast

transients at non-unity power factors. Compared to the large difference between maximum

and minimum variations, the peak value of the dc-link currents stays fairly constant,

Ipk = max(|i1|) = max(|i2|), (3.8)

where it is also plotted in Fig. 3.7a. As a result, the dc-dc stage shall be capable of

outputting current peaks of Im.
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Fig. 3.6: Normalized dc-link voltage, current and power waveforms at various power factors.

Stemming from variations in the dc-link voltage and current, each dc-dc output port

processes varying instantaneous power,

p1 = v1i1 and p2 = v2i2. (3.9)

Waveforms of the first output power are shown for several power factors in Fig. 3.6. Because

of momentary reversals in each dc-link current at non-unity power factors, the corresponding

output power also at times reverses, even though the power flow to the grid is constant.

The power reversals are due to the reactive power being circulated between the two output

ports. They are best seen at zero power factor, where one port delivers power, and the

other receives the same amount of power. The average output power

P̄ =
1

T

∫ T

0
p1 dt =

1

T

∫ T

0
p2 dt (3.10)

is plotted against power factor in Fig. 3.7b. Notice that each dc-dc output port processes

on average half the active power regardless of power factor, or P̄ = 0.5P . The peak output

power

Ppk = max(|p1|) = max(|p2|) (3.11)

is also plotted in Fig. 3.7b. As a result, each output port shall be capable of outputting

power peaks of the full apparent power.
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Fig. 3.7: Normalized dc-link quantities versus power factor. (a) Current. (b) Power.

From the above analysis of dc-link voltage, current and power, the following require-

ments can be summarized on each output port of the dc-dc stage:

• Operate with wide-varying output voltage between zero and 1.5Vm or close to the

peak line-to-line voltage.

• Deliver Im or the peak line current at any output voltage within its range.

• Produce fast-changing and bidirectional steps of output current with variations of up

to
√

3Im at zero output voltage.

• Deliver average and peak powers of half and full values of the three-phase apparent

power, respectively.

3.3 DBSRC Operation

Based on requirements identified from the three-phase unfolder, an appropriate topol-

ogy of the dc-dc stage shall be selected. The general topology is a three-port converter

with its input port connected to an energy source and its two output ports connected to

the unfolder. The output ports shall be capable of independent and bidirectional control of

currents. The converter shall operate efficiently under wide output voltage variation. In-

tegrated three-port topologies satisfying these requirements are rare in existing literature.
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Alternatively, the dc-dc stage can be implemented with two identical two-port converter

modules by connecting their inputs in parallel and outputs in series.

Dual-active bridge (DAB) converters support bidirectional power flow and provide gal-

vanic isolation between their primary and secondary circuits. Isolation ensures safe oper-

ation of multiple DAB modules connected input-parallel output-series. With the modules

connected to the unfolder and the grid, isolation also provides the necessary safety barrier

between the energy source and grid.

Various topological variants of the DAB have been compared by Zhao et al. [68]. Com-

pared to non-resonant or resonant transition DAB topologies, the dual-bridge series resonant

converter (DBSRC) offers reduced circulating current at non-unity voltage conversion ra-

tios. Compared to other resonant variants, the phase-shift modulated DBSRC offers faster

dynamic response. Therefore, the DBSRC topology is considered for the dc-dc stage of the

unfolding converter.

The DBSRC power circuit is shown in Fig. 3.8a. Its operation is similar to the DAB,

in that phase-shift modulation is used to control power flow. They are different in their

tank current profiles, in that the DBSRC tank current is closer to a sinusoid, whereas

the DAB tank current transitions are piecewise. Analysis of converter operation is also

different. Fundamental approximation is used to analyze the DBSRC, by assuming the

fundamental components of the resonant tank voltage and current are dominant. This

approximation produces accurate results when the resonant and switching frequencies are

close. The convenience of this technique is that linear analysis can be used, where the tank

voltages and currents are treated as phasors at the switching frequency.

It is challenging to control the DAB and DBSRC at non-unity conversion ratios, as the

circulating tank current can become excessive and degrades efficiency [68]. Compared to

single-angle control, multi-angle control reduces the circulating current [54, 69]. Consider

in Fig. 3.8b the switching voltage and its fundamental component in each leg. For analysis,

each leg operates at a duty ratio of 50%. Actual duty ratio will be less due to dead

time. Leg A is chosen as the reference leg, so that three angles (φAB, φAD, φDC) are used
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Fig. 3.8: DBSRC. (a) Power circuit. (b) Ideal waveforms.

to control the relative phases of the remaining three legs. The steady-state fundamental

switching voltages vX,1 and their phasors VX are

vA,1(t) = Re{VAe
jωst}, where VA =

2

π
Vine

j0, (3.12)

vB,1(t) = Re{VBe
jωst}, where VB =

2

π
Vine

j(−φAB), (3.13)

vD,1(t) = Re{VDe
jωst}, where VD =

2

π
V ej(−φAD), (3.14)

vC,1(t) = Re{VCe
jωst}, where VC =

2

π
V ej(−φAD−φDC). (3.15)

The range of φAD is between −π and π. The ranges of φAB and φDC are both between 0

and 2π. The primary-side differential switching voltage is

VAB = VA −VB =
4

π
Vin sin

(
φAB

2

)
· ej(π2−

φAB
2

) = |VAB| · ejφ1 , (3.16)

where φ1 is the phase of VAB. Similarly, the secondary-side differential switching voltage is

VDC = VD −VC =
4

π
V sin

(
φDC

2

)
· ej(π2−φAD−φDC

2
). (3.17)
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This voltage is reflected to the transformer primary side as

Vp =
VDC

n
= |Vp| · ejφ2 , (3.18)

where φ2 is the phase of Vp.

Together, VAB and Vp are applied to the resonant tank and result in the equivalent

circuit in Fig. 3.9, where the primary-side tank current is

Ip =
Vt

Zt
=

VAB −Vp

Zt
. (3.19)

In this analysis, a lossless tank is assumed and has an impedance of

Zt = jXt = j

(
ωsLr −

1

ωsCr

)
. (3.20)

To simplify analysis, a change of phase reference to Vp is applied as

V̂p = Vpe
j(−φ2) = |Vp|ej0. (3.21)

This also modifies VAB as

V̂AB = VABe
j(−φ2) = |VAB|ej(φ1−φ2) = |VAB|ejφ. (3.22)

+
VAB

−

Lr Cr Ip

+ Vt −

Sout

+
Vp

−

Fig. 3.9: Equivalent tank circuit.
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The angle φ = φAD + φDC−φAB
2 represents the phase difference between VAB and Vp. The

modified tank current is now solved

Îp =
V̂t

Zt
=

V̂AB − V̂p

Zt

=
Vm1 sin(φ)

Xt
+ j

Vm2 − Vm1 cos(φ)

Xt

= Re{Îp}+ jIm{Îp}. (3.23)

The tank output power is defined as the complex power received by Vp,

Sout =
1

2
VpI∗p =

1

2
V̂pÎ∗p

=
1

2
|Vp|

(
Re{Îp} − jIm{Îp}

)

=
|VAB||Vp| sin(φ)

2Xt
+ j
|VAB||Vp| cos(φ)− |Vp|2

2Xt

= Pout + jQout. (3.24)

There can be many values of φ that all provide the same active power but different reactive

power. A modulation strategy minimizes the required tank current at any given active

power. This is achieved by minimizing the reactive power, or equivalently minimizing the

angle between Vp and Ip.

Neglecting converter losses, the active power at the tank output is losslessly transferred

to the converter output. From Equation 3.24, the desired output power is obtained by

applying the appropriate phase-shift angles

Pout =
8

π2

VinV

nXt
· sin

(
φAB

2

)
sin

(
φDC

2

)
sin

(
φAD +

φDC − φAB

2

)

= Pmax · U, (3.25)

where Pmax represents the maximum output power, and U is an applied power command

with values between ±1. The power command expression hints at ways to obtain the desired

power through adjustment of the control angles. Consider first setting φAB = φDC = π to
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provide maximum magnitudes on VAB and VDC. The maximum powers ±Pmax are then

obtained at φAD = ±π
2 . Zero power is obtained at φAD = 0. Any intermediate power is

obtained by controlling φAD on the α trajectory,




φAB

φAD

φDC




=




φAB,α

φAD,α

φDC,α




=




π

arcsin(U)

π



. (3.26)

Although the DBSRC can be controlled using just a single angle φAD, doing so generates

excessive circulating current, especially when the conversion ratio M deviates from unity,

where

M =
V

nVin
. (3.27)

Wide-range operation is required when the DBSRC is used with the unfolder. The circu-

lating current is minimized by simultaneously modulating three angles (φAB, φAD, φDC)

based on values of both U and M . They consist of trajectories γ±, λ± and the previously

provided α, 


φAB,γ±

φAD,γ±

φDC,γ±




=




π ± π ∓ 2 arcsin
(√

M2 + U2
)

φAB,γ±
2 + arctan

(
U
M

)
− π

2

π



, (3.28)




φAB,λ±

φAD,λ±

φDC,λ±




=




π

−φDC,λ±
2 + arctan(UM) + π

2

π ± π ∓ 2 arcsin
(√

1
M2 + U2

)



. (3.29)
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Together, they make up the family of minimum current trajectories (MCT) [69],




φAB

φAD

φDC




=





[
φAB,γ± φAD,γ± φDC,γ±

]>
, if M < 1 and |U | <

√
1−M2;

[
φAB,α φAD,α φDC,α

]>
, if M < 1 and |U | ≥

√
1−M2;

[
φAB,λ± φAD,λ± φDC,λ±

]>
, if M ≥ 1 and |U | <

√
1− 1

M2 ;
[
φAB,α φAD,α φDC,α

]>
, if M ≥ 1 and |U | ≥

√
1− 1

M2 .

(3.30)

These trajectories are visualized at two exemplary conversion ratios in Fig. 3.10. The

detailed derivation of these trajectories has been provided by Corradini et al. [69].

The maximum DBSRC output power is limited by its resonant tank design and varies

with the input and output voltages. In applications where a constant power characteristic

is desired, the DBSRC may be replaced with the bidirectional zero voltage switching (ZVS)

full-bridge dc-dc converter [70], whose maximum power is not limited by topology.

3.4 DBSRC-Unfolding Converter

The three-phase unfolding converter is constructed by connecting two identical DBSRC

modules to the unfolder. As shown in Fig. 3.11, the two modules are connected input-parallel

to a dc source and output-series to the dc link. Each module is phase-shift modulated using

the MCT algorithm. Inputs of each modulator include the power command and the sensed

input and dc-link voltages for computing the conversion ratio. The generation of phase-shift

angles can be implemented using different approaches. One approach computes the angles

on-line by directly applying the algorithm [71]. Another approach performs computations

off-line and selects the appropriate angles using a look-up table. The second approach is

preferred for flexibility in tuning and adaptability to other algorithms.

Besides modulating all three angles using MCT, the DBSRC can also be modulated

using just a single angle. This earlier method does not require voltage sensing and uses only

the α trajectory to modulate φAD, while keeping φAB and φDC at 180◦. This method works

well for a narrow range of operation around M = 1 but may generate excessive circulating
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Fig. 3.10: DBSRC minimum current trajectories. (a) At M = 0.5. (b) At M = 1.5.

current in the resonant tank in wide range operation. To quantify the advantage of MCT

modulation, it is compared with the single-angle modulation in the unfolding converter.

Both methods are applied to an example DBSRC design. The transformer turns ratio is

selected to operate at conversion ratios between zero and one. The tank inductance and

capacitance are designed to operate at command values between 0.4 and 0.8 at rated power

and unity power factor.

The trajectories of the conversation ratio M1 and power command u1 of the first DB-

SRC module are derived from its dc-link voltage and current and are shown in Fig. 3.12.

The second module operates similarly and is omitted in this analysis. Also shown are two

sets of tank phasors at three operating points on the trajectories, as identified by the phase

angle. These points correspond to operations at low, medium and high values of M1 and

u1. At low values, operating on the α trajectory cannot adjust VAB and thus applies a

larger-than-necessary tank voltage Vt. This results in a large reactive component of It.

In contrast, operating on γ trajectory adjusts VAB and Vt to eliminate the reactive com-

ponent, resulting in 50% reduction in tank current magnitude at this point. At medium

values, the amount of reduction is smaller at 20%, as the required VAB and Vt magnitudes

become larger in order to produce a larger It due to increase in power. At high values, the

MCT algorithm selects the α trajectory.
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Fig. 3.11: MCT-modulated DBSRC modules with unfolder.

Since each module spends a majority of time at low to medium M and u values,

the MCT modulation shall also reduce the overall tank current. This can be verified by

comparing the tank rms currents over a line period,

Ip,rms,line =

√
1

T

∫ T

0
i2p(t) dt ≈

√
1

T

∫ T

0
i2p,rms(t) dt, (3.31)

where ip,rms is the moving rms of the tank current over each switching period [72]. In the

analysis conducted in Matlab, ip,rms is found for every point over a line period, using the

phasor formula based on fundamental approximation. Then, the mean of all values of i2p,rms

is found, and its square root is taken to obtain Ip,rms,line. In the considered DBSRC design

operating between 0 ≤ M ≤ 1 and 0.4 ≤ u ≤ 0.8, Ip,rms,line is reduced by 25% using MCT

over single-angle modulation. Similar amount of reduction is expected in most other designs

used in the unfolding converter, as the conversion ratio drops to zero every 120◦.
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Fig. 3.12: Comparison of tank phasors of the first DBSRC module in an unfolding con-
verter operating at unity power factor. Xγ and Xα represent phasors from using γ and α
trajectories, respectively.

Based on the reduction in rms tank current and consequently the conduction loss using

MCT, it is chosen as the preferred modulation scheme for analysis and implementation in

subsequent chapters. A drawback of MCT is the neglect of switching loss. As a result, the

DBSRC switches have limited ZVS ranges. The switching loss can be reduced by modulating

the DBSRC on a ZVS trajectory [73], at the expense of slightly increased rms tank current

and conduction loss. Alternatively, the ZVS range can be extended by adding and phase-

shifting an auxiliary half-bridge leg to each main DBSRC leg [74], while retaining MCT

and its benefits. This is the ZVS approach adopted in subsequent experimental setup. A

fixed auxiliary-to-main phase-shift angle is used for simplicity, although it can be varied

depending on converter operating point to further optimize ZVS.
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3.5 Summary

This chapter introduces the topology and operation of the three-phase unfolding con-

verter. The grid-interfacing stage is a line-frequency unfolding inverter (unfolder). Its in-

vention is inspired by high power factor rectifier topologies, specifically the third-harmonic

current injection rectifier. The unfolder switches are controlled using a switching sequence

generated based on sectors of the grid voltages. This line-frequency switching generates

negligible switching loss and minimal current harmonics. However, the unfolder is not able

to actively control the line currents. Instead, they are shaped by the dc-dc stage. The

power and dynamic requirements of the dc-dc stage are obtained by analyzing the unfolder

dc-link voltages, currents and powers at all power factors. Two dual-bridge series resonant

converter (DBSRC) modules are selected for the dc-dc stage for their power-bidirectional

capability and high-frequency isolation between the dc source and ac grid. Fundamental

approximation and phasor analysis are reviewed to derive the tank current and output

power based on the applied phase-shift angles. A three-angle modulation technique based

on minimum current trajectories (MCT) is reviewed and used to minimize the tank current

at any given output power. The MCT technique is compared with single-angle modulation

in the DBSRC-unfolding converter to highlight the reduction in rms tank current.
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CHAPTER 4

UNFOLDING CONVERTER DESIGN AND COMPARISON

Chapter 3 reveals that each DBSRC module in the unfolding converter works over

a wide range of operating points, due to periodic variations in its dc-link voltage and

current. These variations complicate the design of DBSRC power components, as their rms

currents need to be evaluated over a line period and may vary with power factor. The

design procedure can be simplified by introducing two design parameters, which are peak

conversion ratio and peak power command. The variations in rms currents are evaluated for

different values of design parameters and power factor. It turns out that the rms currents

can be minimized by optimizing the design parameters.

The resonant current in the DBSRC tank contributes to line current harmonics and

necessitates filtering by the line inductors and dc-link capacitors. Formulas are provided to

estimate the harmonic magnitudes and to design the required line filter.

The passive and filter components are then designed for a 10-kVA unfolding converter,

using the obtained design guidelines. This chapter concludes with a comparison of physical

component sizes between the unfolding converter and a conventional DAB-VSI converter.

The advantages of the unfolding converter are highlighted in terms of significant reduction

of line filter and dc-link capacitor volumes, leading to an overall reduction in passive volume.

4.1 DBSRC Design for Unfolding Converter

Consider now the design of each DBSRC module in a three-phase unfolding converter,

as shown in Fig. 4.1. Each module is modulated with control angles generated from MCT.

Compared with a DBSRC designed for dc operation, its design for use in the unfolding

converter requires special considerations, due to periodic variations in its output voltage

and power.

In a 10-kVA unfolding converter, each DBSRC shall be designed to output average
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Fig. 4.1: Circuit diagram of grid-tied DBSRC-unfolding converter.

and peak powers of 5 and 10 kW, respectively. Its design specifications are summarized in

Table 4.1. The nominal voltage and power ratings are same as those in the conventional

DAB-VSI converter from Chapter 2.

The transformer turns ratio n is the first component parameter to be determined. A

more general way to select n is to first express it in terms of the peak conversion ratio Mpk,

which occurs at the peak output voltage Vpk,

n =
Vpk

MpkVin
. (4.1)

Thus, the selection of n becomes the selection of Mpk. It will become clear in subsequent

analysis that Mpk has a significant impact on the tank current.

Once n has been determined, the tank reactance Xt can be found. From the previous

steady-state DBSRC analysis, the tank reactance determines the maximum power of the

DBSRC. Consider the maximum available power Pmax,pk from the resonant tank at the

peak output voltage,

Pmax,pk =
8

π2

VinVpk

nXt
=
Pout,pk

Upk
=
|S|
Upk

. (4.2)

Here, the tank is assumed to be lossless. The peak output power Pout,pk of each module
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Table 4.1: 10-kVA DBSRC-unfolding converter design specifications

Parameter Value

Nominal DC Input Voltage 300 V

Nominal AC Line-to-Line Voltage 480 V rms

Nominal Three-Phase Power 10 kVA

Magnetics Ku 40%

Magnetics ∆Tmax 40 ◦C

DBSRC fs 50 kHz

DBSRC Mpk 1

DBSRC Upk 0.8

DBSRC r0 0.6

is set equal to the nominal three-phase apparent power. This is the highest amount of

instantaneous power that each module will process at nominal ratings. Operating at non-

unity power factors will reduce the peak power. To aid the selection of Xt, the peak power

command Upk needs to be specified. This is the designed and expected value when each

module operates at peak output voltage and power. It is necessary to set Upk less than one.

Reducing Upk reduces Xt and will provide more power to handle overload conditions.

Thus far, two design parameters, Mpk and Upk, have been identified to produce the

transformer turns ratio n and the tank reactance Xt. The selection of these two parameters

have consequences on component stresses. It is important to study how these stresses change

with the parameter values. In addition, the stresses will have to be analyzed over a line

period. The primary-side rms tank current over a line period is

Ip,rms,line =

√
1

T

∫ T

0
i2p(t) dt ≈

√
1

T

∫ T

0
i2p,rms(t) dt, (4.3)

where ip,rms is the moving rms of the tank current over each switching period [72]. In the

analysis conducted in Matlab, ip,rms is found for every point over a line period, using the

phasor formula based on fundamental approximation. Then, the mean of all values of i2p,rms

is found, and its square root is taken to obtain Ip,rms,line. To illustrate, ip,rms is solved for

DocuSign Envelope ID: D346C8FB-947F-4AC0-A6D2-039F7C3412F9



45

a design with Mpk = 1 and Upk = 0.8 and is plotted over a line period in Fig. 4.2 at unity

power factor. The simulation result is also shown for comparison.

In the converter design, the components shall be selected based on the worst-case

operating condition. In the case of the rms tank current, the operating condition that

produces its highest value needs to be found. At a given power factor, the use of MCT

ensures that the tank current scales linearly with the line current. Thus, the highest tank

current is expected at the full nominal power. The question that remains is how the current

changes with power factor. The relationship is visualized in Fig. 4.3, where the line rms

values of tank currents in both modules are obtained in both analysis and simulation. Notice

that the worst-case tank current occurs at unity power factors. This worst-case current has

been previously considered in Fig. 4.2.

Note that Ip,rms,line will change depending on the selections of Mpk and Upk. Their

selections also affect the secondary-side tank current

Is,rms,line =
Ip,rms,line

n
. (4.4)

Both Ip,rms,line and Is,rms,line are solved for a variety of Mpk and Upk values at unity power

factor. To remove their dependencies on the operating voltages, these rms values are nor-

malized to the average input and rms line currents and are plotted in Fig. 4.4. Three Upk

0◦ 60◦ 120◦ 180◦ 240◦ 300◦ 360◦
18

36

54

ωt

[A]

ip1,rms

0◦ 60◦ 120◦ 180◦ 240◦ 300◦ 360◦

ωt

ip2,rms

Analysis

Simulation

Fig. 4.2: Moving rms values of primary tank currents, ip1,rms and ip2,rms, of each DBSRC
module in an unfolding converter designed with Mpk = 1 and Upk = 0.8 and operating at
unity power factor.
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Fig. 4.3: Line rms values of primary tank currents, Ip1,rms,line and Ip2,rms,line, plotted against
power factor in an unfolding converter designed with Mpk = 1 and Upk = 0.8.

values of 0.4, 0.6 and 0.8 are studied. The simulation results are also plotted to verify anal-

ysis. Notice that the dependency on Upk is weak. Decreasing Mpk below one significantly

increases Ip,rms,line but has little influence on Is,rms,line. On the other hand, increasing Mpk

above two increases Is,rms,line but has little effect on Ip,rms,line. The increase in rms currents

is due to increase in circulating currents on either side of the transformer, as its turns ratio is

changed. In summary, the tank currents are minimized by choosing Mpk within an optimal

range between one and two.
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Fig. 4.4: Primary and secondary rms tank currents, Ip,rms,line and Is,rms,line, normalized
respectively to input and line currents, Iin and Iline, and plotted against Mpk at various Upk

values, all at unity power factor.
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4.2 Component RMS Currents

Following selections of Mpk and Upk, the active and passive components can be designed

based on converter specifications. They include the eight active switches in each DBSRC

and passive components including the tank inductor, tank capacitor, transformer, input

capacitor and dc-link capacitor. The design and selection of all of these components require

knowledge of their rms currents over a line period. The dependencies of primary and

secondary tank currents on power factor and Mpk and Upk values have already been plotted

in Figs. 4.3 and 4.4.

The line rms currents in the remaining components, namely the primary and secondary

switches and the input and dc-link capacitors, are solved similarly as the tank currents, both

analytically in Matlab and from simulation in Simulink/PLECS. Since these currents are

usually found after the tank currents, their solutions are presented as normalized values

to either the primary or secondary tank current, depending on where the component is

located. They are solved for a variety of power factors, Mpk and Upk values to determine a

worst-case condition. The solution’s dependency on power factor is analyzed using a design

with Mpk = 1 and Upk = 0.8. The dependency on design parameters Mpk and Upk is

analyzed at PF = 1.

The normalized rms primary and secondary switch currents,
Ips,rms,line

Ip,rms,line
and

Iss,rms,line

Is,rms,line
,

are plotted in Fig. 4.5. From the analytical results, each switch carries about 70%, or
√

2
2

times, its corresponding tank current, regardless of power factor, tank design or transformer

turns ratio. This is because each switch always conducts at close to 50% duty ratio. The

analytical results are confirmed in simulation, with negligible discrepancy between the two.

The rms input capacitor current is normalized to the primary tank current, and the

result
Icin,rms,line

Ip,rms,line
is plotted in Fig. 4.6. The input capacitor is shared between the paral-

leled DBSRC inputs and shunts the input ripple current originating from the primary tank

currents. Thus, Icin,rms,line is contributed by both DBSRC modules. This capacitor carries

about 110% of each primary tank current in the worst case at PF = −1, Mpk = 1 and

Upk = 0.8.
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Fig. 4.5: Primary and secondary switch currents, Ips,rms,line and Iss,rms,line, normalized to
their respective tank currents, Ip,rms,line and Is,rms,line, and plotted against Mpk and Upk and
against power factor.

The rms dc-link capacitor current is normalized to the secondary tank current, and the

result
Ick,rms,line

Is,rms,line
is plotted in Fig. 4.7. Ick,rms,line is the same in both capacitors. Each dc-link

capacitor shunts the output ripple current originating from each secondary tank current. It

carries at most 70% of the secondary tank current and occurs at PF = 1, Mpk = 1.5 and

Upk = 0.8.

Based on the analysis and simulation results, the worst-case line rms currents in the

converter components are summarized in Table 4.2. Also shown are their values in terms of

the average input and rms line currents in an example design with Mpk = 1 and Upk = 0.8

operating at unity power factor.
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Fig. 4.6: Input capacitor current Icin,rms,line normalized to primary tank current Ip,rms,line

and plotted against power factor and against Mpk and Upk.
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Fig. 4.7: DC-link capacitor current Ick,rms,line normalized to secondary tank current Is,rms,line

and plotted against power factor and against Mpk and Upk.

Table 4.2: Component rms currents over a line period, in worst cases and in an example
design with Mpk = 1, Upk = 0.8 and operating at unity power factor. Results are presented
in terms of the converter’s average input current Iin or rms line current Iline, depending on
component location.

Component Worst Case Example Design

Primary Tank (Ip,rms,line) - 2Iin

Secondary Tank (Is,rms,line) - 1.4Iline

Primary Switch (Ips,rms,line) 0.7Ip,rms,line 1.4Iin

Secondary Switch (Iss,rms,line) 0.7Is,rms,line Iline

Input Capacitor (Icin,rms,line) 1.1Ip,rms,line 2.2Iin

DC-Link Capacitor (Ick,rms,line) 0.7Is,rms,line Iline
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4.3 Example 10-kVA Unfolding Converter Design

Having identified guidelines on design parameter selection and component rms currents,

a physical design of the 10-kVA DBSRC-unfolding converter previously specified in Table 4.1

is carried out in this section. Its nominal voltage and power ratings are same as those in the

conventional DAB-VSI converter from Chapter 2. The design focuses on obtaining physical

sizes of passive components to facilitate a comparison with the conventional converter.

Thus, the same magnetic design constraints are also used to ensure a fair comparison.

Each DBSRC is designed to output average and peak powers of 5 and 10 kW, respec-

tively. Its tank design starts with selection of parameters Mpk and Upk. Mpk is set to one,

which falls within its optimal range as previously concluded. The selected Mpk along with

nominal ratings determine the transformer turns ratio from Equation 4.1

n =
Vpk

MpkVin
=

√
6

2 × 480

1× 300
≈ 2. (4.5)

Upk can be selected to provide the maximum required power at the minimum input and line

voltages. In absence of these specifications, Upk is set to 0.8 at the nominal ratings. The

selected Upk determines the tank reactance from Equation 4.2,

Xt =
8

π2

VinVpkUpk

|S| =
8× 300×

√
6

2 × 480× 0.8

π2 × 10000
Ω ≈ 5.8 Ω. (4.6)

The switching frequency is selected as 50 kHz, which has been reported in a DBSRC designed

at similar ratings using IGBTs [75]. To solve for the tank inductance and capacitance values,

the ratio r0 of resonant to switching frequency needs to be specified

r0 =

1√
LrCr

2πfs
. (4.7)

In this design, r0 is set to 0.6, to produce an inductive tank. This value of r0 along with

the tank reactance produce tank inductance and capacitance values of 29 µH and 1 µF,

respectively. The rms primary and secondary tank currents over a line period are 32 and
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16 A, respectively.

4.3.1 Tank Inductor

With the tank inductance and current determined, the physical design of the tank

inductor can proceed. The design goal is to minimize the inductor core volume, while

satisfying the temperature rise constraint in Table 4.1. Therefore, the inductor losses need

to be kept in check. Only the core and dc copper losses are considered, while the high-

frequency ac copper losses due to skin and proximity effects are neglected. At a given

volume, the thermal resistance can be reduced by increasing the surface area. A popular

approach is to use multiple smaller cores for the tank inductor [17,76]. The same approach

is adopted in this design, where multiple identical smaller inductors are used in series to

make up the tank inductor. The tank inductance Lr is split into smaller inductances L̂r,

where

Lr = NLL̂r, (4.8)

and NL is the number of split inductors used.

The core loss in each split inductor is strongly dependent on its peak flux density. Since

the envelop of the tank current varies at the third-harmonic line frequency, so will the peak

flux density. The instantaneous peak flux density in each inductor is

Bpk =
L̂rIp,pk

AcNt
, (4.9)

where Ip,pk is the envelop or instantaneous peak value of the primary-side tank current, Ac

is the core cross-sectional area, and Nt is the number of turns in each inductor. Selection of

appropriate Nt limits the maximum peak flux density Bpk,max and avoids core saturation,

Bpk,max =
L̂rIp,pk,max

AcNt
. (4.10)
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An air gap is needed in a ferrite core to produce the required inductance. The necessary

gap length in each inductor is

lg =
µ0AcN

2
t

L̂r

. (4.11)

Large gap lengths shall be avoided to prevent excessive high-frequency copper loss due to

fringe field in the gap. The instantaneous core loss is calculated from a curve-fit equation,

in the form of Steinmetz’s equation, as provided by the ferrite core manufacturer [77]

pfe = af csB
d
pk, (4.12)

where a, c and d are curve-fit parameters for a specific ferrite material as provided by the

manufacturer. The average core loss over a line period is

Pfe =
1

T

∫ T

0
pfe dt. (4.13)

The copper loss is dependent on the adopted winding design. A multi-strand copper

wire approach is used. The cross-sectional area of each wire strand is determined from the

effective window area

Aw =
KuWa

NtNw
, (4.14)

where Wa is the core window area, Ku is the window fill factor, and Nw is the number of

wire strands used for each turn. The copper resistance is

RL =
ρNtlt
AwNw

, (4.15)

where ρ is the copper resistivity, and lt is the mean-length-per-turn of the core geometry.

The low-frequency copper loss is

Pcu = I2
p,rms,lineRL. (4.16)
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Neglecting high-frequency losses due to skin and proximity effects, the total loss in each

split inductor is

PL̂ = Pfe + Pcu. (4.17)

The temperature rise of each inductor can be estimated from its thermal resistance based

on the core volume, using a manufacturer curve-fit formula that assumes natural convection

as cooling method [78]

Rth = 53V −0.53
c , (4.18)

where Vc is the core volume. The estimated temperature rise is

∆T = RthPL̂. (4.19)

The completed design for the 29 µH tank inductor uses four split inductors (NL = 4).

Each uses the E42/21/20 core and Magnetics P material. Each has an air gap length of

4 mm. Each has 10 turns, with each turn wound using 8 strands of 16 AWG copper wire.

This produces a window fill factor of 40%. The estimated core and copper loss of each

inductor are 2.1 and 1.6 W, respectively. The estimated temperature rise of each inductor

is 37 ◦C.

4.3.2 Transformer

The transformer is designed using a similar procedure as the tank inductor. It also

uses a split core approach. The transformer is implemented with NT number of smaller

transformers with their primary windings connected in series and their secondary windings

connected in parallel. The core flux density can be found from either its primary or sec-

ondary voltage. Using the secondary voltage is more straightforward, as it is just equal to

the secondary-side differential switching voltage vDC(t)

vDC(t) = NsAc
dB

dt
(4.20)
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Using the fundamental approximation on vDC(t) to solve for B(t) results in

B(t) ≈ |VDC|
NsAcωs

sin(ωst+ 6 VDC). (4.21)

The instantaneous peak flux density is

Bpk =
|VDC|
NsAcωs

=

4
πV sin

(
φDC

2

)

NsAcωs
. (4.22)

The maximum value of the peak flux density shall be limited to avoid core saturation. The

instantaneous and average core losses can be solved from Bpk using Equations 4.12 and

4.13. The number of secondary turns Ns is selected to obtain a reasonable core loss. The

number of primary turns Np is then found,

Np =
Ns

nNT
. (4.23)

Care must be taken on turns selection, as using more turns reduces core loss but increases

copper loss.

The wire sizing requires knowledge on how to allocate the available window size. For

this two-winding transformer, evenly splitting the window to primary and secondary wind-

ings minimizes the overall copper loss [72], or Ku,p = Ku,s = 0.5Ku. The primary and

secondary copper resistances (Rp and Rs) can then be determined from Equations 4.14 and

4.15. The primary-side copper loss is

Pcu,p = I2
p,rms,lineRp. (4.24)

The secondary-side copper loss is

Pcu,s =

(
Is,rms,line

NT

)2

Rs. (4.25)
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Neglecting high-frequency losses due to skin and proximity effects, the total loss in each

split transformer is

PT = Pfe + Pcu,p + Pcu,s. (4.26)

The temperature rise of each transformer can be estimated using Equations 4.18 and 4.19.

The completed transformer design in each DBSRC is split into two smaller cores (NT =

2). Each uses the E65/32/27 core and Magnetics P material. Using a window fill factor of

40%, the primary winding in each transformer has 7 turns, with each turn wound using 7

strands of 15 AWG copper wire. The secondary winding in each transformer has 28 turns,

with each turn wound using 2 strands of 16 AWG copper wire. The estimated core, primary

and secondary copper losses are 3.1, 1.9 and 2 W, respectively. The estimated temperature

rise of each transformer is 37 ◦C.

4.3.3 Tank Capacitor

The resonant tank capacitor is implemented using the polypropylene film material. Its

selection is primarily determined by the required capacitance and its rms voltage rating.

The common optimization objective of size minimization still applies. Since the capacitor

carries the full primary tank current, its voltage will vary at the switching frequency, while

its envelop varies at the third-harmonic line frequency,

ip(t) = Cr
dvcr

dt
≈ |Ip| cos(ωst+ 6 Ip). (4.27)

Solve for the capacitor voltage

vcr(t) =
|Ip|
ωsCr

sin(ωst+ 6 Ip). (4.28)

The maximum peak capacitor voltage in a line period is

Vcr,pk,max =
Ip,pk,max

ωsCr
. (4.29)
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The rms capacitor voltage over a line period is

Vcr,rms,line =
Ip,rms,line

ωsCr
. (4.30)

The film capacitor is selected based on both Vcr,pk,max and Vcr,rms,line. The rated dc voltage

shall be higher than Vcr,pk,max. The rated rms ac voltage at switching frequency shall be

higher than Vcr,rms,line. Manufacturers often only provide the ac ratings at low frequency

(e.g. 60 Hz). However, one must verify this rating at the switching frequency, as it is most

often lower, due to capacitor losses. The 1 µF resonant capacitor is implemented using

a parallel combination of ten 100 nF B32654 film capacitors from EPCOS. Each has rms

voltage rating of 130 V at 50 kHz, which is higher than the estimated voltage of 105 V.

4.3.4 Input and DC-Link Capacitors

The input capacitor is shared by both DBSRC modules, as their inputs are connected in

parallel. It is also implemented using the polypropylene film material. Its selection is based

on a sufficient rms current rating and enough capacitance to limit the voltage ripple. The

worst-case rms input capacitor current Icin,rms,line has been previously derived based on the

rms tank current Ip,rms,line. The minimum capacitance required to generate peak-to-peak

input voltage ripple of Vin,pkpk,max is

Cin >
Ici,pkpk,max

2ωsVin,pkpk,max
, (4.31)

where Ici,pkpk,max is the maximum peak-to-peak value of the input capacitor current. In the

example design, the estimated input capacitor current is 30 A, and the minimum capacitance

required is 14 µF for a peak-to-peak voltage ripple of 12 V or 4% of the nominal 300 V. It is

implemented using four 10 µF, 450 V B32774 film capacitors from EPCOS. Each capacitor

has rms current rating of 7 A at 100 kHz.

Each of the two dc-link capacitors is selected similarly as the input capacitor, based on

its rms current and required capacitance. The dc-link capacitor is also part of the line filter.
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From each DBSRC of the example design, the estimated rms dc-link capacitor current is

11 A, and the minimum capacitance required is 3 µF for a peak-to-peak voltage ripple of

24 V or 4% of the peak dc-link voltage of 588 V. It is implemented using a 5 µF, 1050 V

B32794 film capacitor from EPCOS. It has rms current rating of 11 A at 10 kHz.

4.4 Line Filter Design

Thus far, all the passive components in a 10-kVA DBSRC-unfolding converter have

been designed, except for the line filter that is necessary for grid connection. The filter is

primarily needed to attenuate high-order (h > 50) line current harmonics due to switching

ripple in the DBSRC output currents. The filter is made up of the existing DBSRC output

capacitors in the dc link and the addition of series inductors on the grid connection. With

each DBSRC output modeled as a controlled current source, the complete converter model

for filter design is shown in Fig. 4.8a.

The low-order (h < 50) harmonics are mainly affected by control and not by filter.

They are therefore neglected for filter design. With this assumption, the DBSRC output

currents are assumed to have perfect tracking of their respective references, so the resulting

line currents have negligible low-order harmonics. It is therefore safe to model the output

currents, ik1 and ik2, as amplitude-modulated sine waves at twice switching frequency,





ik1 = ir1 [cos(2ωst) + 1]

ik2 = ir2 [cos(2ωst) + 1]

, (4.32)

where ir1 and ir2 are the reference currents. They are derived from the fundamental approx-

imation and are valid when the DBSRC operates on the γ trajectory. Given a much higher

switching frequency than line frequency, the output current averaged over each switching

period īk can be considered equal to its reference.

The current sources along with the dc-link capacitors can be pushed to the grid side

using the unfolder relationships. This results in a per-phase equivalent circuit of Phase

A shown in Fig. 4.8b, while Phase-B and -C circuits are similar. The equivalent Phase-A
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output current is

ika(t) = Im cos(ωt) [cos(2ωst) + 1] , (4.33)

The equivalent grid capacitance is Cg ≈ 3Ck. It is desired to attenuate the switching-

frequency harmonics in ika to produce the filtered grid current ia. Exemplary waveforms

illustrating ik1, ik2, ika and ia are shown in Fig. 4.8c for a modulation frequency mf of

mf =
fs

f
= 10. (4.34)

Referring to the equivalent circuit in Fig. 4.8b, the relationship between harmonic

magnitudes of the source current Ika(h) and the filtered current Ia(h) is

Ia(h) = |F (jhw)| · Ika(h), (4.35)

where |F (jhw)| is the filter attenuation at harmonic order h and is determined from the

impedances of Lg and Cg,

F (s) =

1
sCg

sLg + 1
sCg

. (4.36)

The dominant harmonic order is

hd = 2mf − 1, (4.37)

as the source current is modulated at twice switching frequency. Using Fourier analysis, the

relationship between magnitudes of the dominant source current harmonic Ika(hd) and the

fundamental is

Ika(hd) =
Im

2
. (4.38)

For the designed DBSRC switching at 50 kHz, the filtered grid current harmonic is to be

attenuated to below the IEEE 1547 limit around 100 kHz as

Ia(hd) < 0.003Im. (4.39)
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Fig. 4.8: Line filter design in a DBSRC-unfolding converter. (a) Full circuit. (b) Per-phase
equivalent circuit. (c) Exemplary waveforms at mf = fs

f = 10.

The required filter attenuation at the dominant harmonic |F (jhdw)| can then be found as

−45 dB. With the filter capacitance Cg at 15 µF, the required filter inductance Lg is 30 µH.

Using the same inductor design constraints in Table 4.1 results in a design of T106-34 core

wound with 31 turns of 14 AWG wire for Lg.

4.5 Discussion and Comparison with Conventional Converter

In this section, the completed passive component designs in the proposed DBSRC-

unfolding converter are summarized and compared with those in a conventional DAB-VSI

converter. The comparisons highlight the reduction in total passive volume using the pro-

posed converter. The reasons contributing to the volume reduction are discussed.

The passive component designs of the DAB stage in the conventional converter have

been conducted in Section 2.2.2. The DAB operates at 50 kHz and is designed for nominal

power of 10 kW and input and dc-link voltages of 300 and 800 V. For comparison, the

passive components in each DBSRC module of the unfolding converter have been designed

in Section 4.3. Each module also operates at 50 kHz but processes time-varying power

of 5 kW average and 10 kW peak. The DAB and DBSRC designs are summarized and

compared in Table 4.3.

The LCL line filter of the grid-tied VSI has been designed in Section 2.1.3 to meet the
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IEEE 1547 harmonic current limits. The 10-kVA, 10-kHz VSI connects to grid line-to-line

voltage of 480 V rms and dc-link voltage of 800 V. For comparison, the line filter design in

the unfolding converter has been conducted in Section 4.4 to the same requirements. The

line filter designs are summarized and compared in Table 4.4.

From the completed designs, the volume of each major passive component is identified

in Table 4.5. The volume comparisons are evaluated in terms of the resonant tank, line

filter, dc-link capacitor and the total volume. The DAB tank consists of the transformer

and inductor Lr and has a volume of 92 + 395 = 487 cm3. Each DBSRC tank consists

of the transformer, inductor Lr and capacitor Cr. The volume of both DBSRC tanks is

184 + 316 + 160 = 660 cm3. In comparison, the DBSRC tank is 36% larger than DAB. This

is primarily due to the additional volume contributed by the tank inductor and capacitor

in the DBSRC. However, the increase in volume is not double, as each DBSRC processes

on average only half the three-phase active power.

The VSI line filter consists of Ls, Cg and Lg and takes up volume of 513 + 36 + 159 =

708 cm3. In comparison, the line filter in the unfolding converter consists of Lg and Ck, with

a total volume of just 15 + 52 = 67 cm3. The significant reduction in filter volume is partly

due to the higher switching frequency of 50 kHz in the DBSRC, compared to 10 kHz in the

VSI. Another reason is the elimination of the converter-side inductor Ls, which is subject

to significant core loss. This reason often prohibits the increase in switching frequency in

the VSI [10,79].

The conventional converter has a single dc-link capacitor between the DAB and VSI,

with a designed size of 204 cm3. The dc link of the unfolding converter has a capacitor

at the output of each DBSRC. These two capacitors have a combined volume of 52 cm3.

In comparison, the dc-link capacitor volume is reduced by 70% in the unfolding converter.

The volume reduction is due to the unfolding converter having much smaller capacitance

(10 µF versus 100 µF), as the capacitors are not used for decoupling and are only needed

to provide line filtering [33,53].
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Finally, the total volume of passive components (transformers, inductors and capac-

itors) in both converters are compared. The conventional converter has a total passive

volume of 1447 cm3, while that of the unfolding converter is only 775 cm3. The volume

reduction is 45%, or almost half, despite the increase in tank volume in the dc-dc stage.

This is primarily a result of the significant volume reduction in the line filter and dc-link

capacitor.

4.6 Summary

Chapter 3 reveals that the DBSRC modules in the unfolding converter each work

over a wide range of operating points, due to periodic variations in the dc-link voltages

and currents. These variations complicate the design of DBSRC power components. The

design procedure can be simplified by introducing two design parameters, which are peak

conversion ratio Mpk and power command Upk. Converter rms currents are analyzed at

different values of Mpk and Upk and at different power factors. An optimal range for Mpk

is found that minimizes rms currents compared to other values. This results in optimal

selection of the transformer turns ratio for arbitrary converter specifications. These design

guidelines are then applied to design passive components in a DBSRC rated at 5 kW average

and 10 kW peak, for use in a 10-kVA unfolding converter.

The resonant current in the DBSRC tank contributes to line current harmonics and

necessitates filtering by line inductors and dc-link capacitors. Formulas are provided to

estimate the harmonic magnitudes and the required filter inductance value. A line filter is

then designed for the 10-kVA unfolding converter.

Sizes of its passive and filter components are compared to those in a conventional

DAB-VSI converter designed to the same specifications. The advantages of the proposed

converter are highlighted in terms of significant reduction of line filter and dc-link capacitor

volumes, leading to an overall reduction in passive volume.
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Table 4.3: Comparison of dc-dc stage passive component designs between DAB-VSI and
DBSRC-unfolding converters.

Component Parameter DAB DBSRC (each)

Transformer n 2.7 2

NT 5 2

Core E65/32/27 E65/32/27

Np 5 7

Np wire 15 AWG (×10) 15 AWG (×7)

Ns 68 28

Ns wire 17 AWG 16 AWG (×2)

Pcu,p [W] 1.9 1.9

Pcu,s [W] 1.9 2

Pfe [W] 3.4 3.1

∆T [◦C] 38 37

Lr Inductance [µH] 20 29

NL 4 4

Core E42/21/20 E42/21/20

lg [mm] 3.7 4

Nt 8 10

Wire 15 AWG (×8) 16 AWG (×8)

Pcu [W] 1.9 1.6

Pfe [W] 1.9 2.1

∆T [◦C] 39 37

Cr Capacitance [µF] - 1

Series - EPCOS B32654

Specs - 100 nF 1250 V (×10)

Cin Capacitance [µF] 40

Series EPCOS B32774

Specs 10 µF 450 V (×4)

Ck Capacitance [µF] 100 5

Series EPCOS B32778 EPCOS B32794

Specs 50 µF 900 V (×2) 5 µF 1050 V
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Table 4.4: Comparison of line filter component designs between DAB-VSI and DBSRC-
unfolding converters.

Component Parameter VSI DBSRC-Unfolder

Ls Inductance [µH] 1300 -

Core T400-34D -

Turns 135 -

Wire 9 AWG -

Pcu [W] 14 -

Pfe [W] 13 -

Lg Inductance [µH] 500 30

Core T249-34 T106-34

Turns 96 31

Wire 11 AWG 14 AWG

Pcu [W] 12 1.6

Cg Capacitance [µF] 10 -

Series EPCOS B32796 -

Specs 10 µF 875 V -

Table 4.5: Comparison of passive component volumes between DAB-VSI and DBSRC-
unfolding converters. Core volume is used for inductors and transformers. Case volume is
used for capacitors. For a component designed using multiple cores or capacitors, its volume
is expressed as quantity × volume of each core or capacitor. All volumes are in cm3.

Component DAB-VSI DBSRC-Unfolder

Transformer 5× 79 = 395 4× 79 = 316

Lr 4× 23 = 92 8× 23 = 184

Ls 3× 171 = 513 -

Lg 3× 53 = 159 3× 5 = 15

Cin 4× 12 = 48

Cr - 20× 8 = 160

Ck 2× 102 = 204 2× 26 = 52

Cg 3× 12 = 36 -
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CHAPTER 5

MODELING AND FEEDFORWARD CONTROL OF UNFOLDING CONVERTER

The reduction in passive and filter sizes using the unfolding converter is only valuable

if it achieves the basic control objectives of a grid-tied converter. These objectives are

summarized below:

• Obtain the desired line currents with minimal distortion at all power factors. This

is equivalent to ensuring minimal steady-state errors between actual and reference d-

and q-axis currents.

• Provide fast dynamic response to changes in reference currents, to ease the design of

higher-level voltage and power controllers.

• Ensure robust stability and performance to parameter variations, specifically the line

inductance value, and disturbances, such as grid voltage harmonics.

An iterative process is used to find the most suitable controller for the unfolding con-

verter. This chapter uses a basic feedforward controller, primarily aimed at developing and

verifying a suitable converter model.

5.1 Feedforward Control of Grid-Tied Unfolding Converter

To facilitate the design of closed-loop controllers to satisfy the aforementioned control

objectives, a suitable plant model of the unfolding converter is needed. The model is

derived and verified using a basic feedforward controller, constructed as shown in Fig. 5.1.

The feedforward controller can be divided into two interconnected parts.

The first part controls the unfolder by generating an appropriate switching sequence.

Its implementation has been discussed in Section 3.2 but is briefly recapped here. The

controller is first synchronized to grid voltages (ea, eb, ec) with a phase-locked loop (PLL),

which estimates the voltage angle θ∗. The estimated angle is then used to detect and
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Fig. 5.1: Unfolding converter with feedforward control.

identify one of six operating sectors of the unfolder. A unique switching sequence is then

applied based on the sector number S. The applied switching sequence allows the unfolder

to rectify the line voltages into dc-link voltages v1 and v2. It also establishes a relationship

between line and dc-link currents in each sector for current control.

The second part deals with control of the two DBSRC modules, and specifically, in

generation of their power commands u1 and u2. They shall be generated based on the

applied d- and q-axis reference currents, Ird and Irq. These references can be obtained from

a higher-level power controller, to produce the desired active and reactive powers, P ∗ and

Q∗. A basic power controller calculates the reference currents from the PLL-estimated grid

voltage magnitude E∗m [13],

Ird =
2

3E∗m
P ∗ and Irq = − 2

3E∗m
Q∗. (5.1)

The dq references are then transformed into time-varying dc-link references ir1 and ir2,

from which the DBSRC modules use to shape the dc-link currents i1 and i2 and to obtain

the desired line currents ia, ib and ic. The transformation is applied in two steps. In the

first step, a rotating to stationary frame transform, also known as Inverse Park Transform,

is applied on Ird and Irq to obtain the three-phase references, ira, irb and irc, using the
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estimated angle θ∗ from the PLL,




ira

irb

irc




=




cos(θ∗) − sin(θ∗)

cos
(
θ∗ − 2π

3

)
− sin

(
θ∗ − 2π

3

)

cos
(
θ∗ + 2π

3

)
− sin

(
θ∗ + 2π

3

)






Ird

Irq


 . (5.2)

In the second step, the dc-link references ir1 and ir2 are derived from the three-phase

references based on the sector number S and the unfolder current relationships defined

in Table 3.1. This feedforward controller generates u1 and u2 from ir1 and ir2 through a

proportion gain Kr, which is set to

Kr =
1

Ḡ0
(5.3)

to equalize the DBSRC dc gain Ḡ0 so that īk1 ≈ ir1 and īk2 ≈ ir2. As will be seen later,

this feedforward controller is able to obtain the desired dc-link and line currents, with small

values of filter inductance and dc-link capacitance. More importantly, it allows analysis of

converter plant dynamics to facilitate more sophisticated closed-loop controller design.

When line current flows through the filter inductor, a phase difference is generated

between the unfolder output and grid voltages. In terms of unfolder control, the issue

becomes whether to account for this phase difference in generating the switching sequence.

In Fig. 5.1, the unfolder output voltages relative to the grid neutral point are va, vb and vc.

It is then possible to express the dynamics between line voltages and currents as

d

dt




ia

ib

ic




= −Rg

Lg
I3




ia

ib

ic




+
1

Lg
I3




va

vb

vc



− 1

Lg
I3




ea

eb

ec



. (5.4)

To ease analysis, the three-phase dynamic equation is transformed into the rotating frame

synchronized to the grid voltages as

d

dt



id

iq


 =



−Rg

Lg
ω

−ω −Rg

Lg






id

iq


+

1

Lg
I2



vd

vq


− 1

Lg
I2



Em

0


 . (5.5)
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The steady-state unfolder output voltages are obtained by setting the derivative terms to

zero 



Vd = RgId − ωLgIq + Em

Vq = RgIq + ωLgId

. (5.6)

The phase difference φv between unfolder output and grid voltages is

tan(φv) =
Vq

Vd
=

RgIq + ωLgId

RgId − ωLgIq + Em
≈ φv, (5.7)

where the use of small-angle approximation is justified as Vd � Vq when Em is large.

Consider the previously designed 10-kVA unfolding converter with Lg = 30 µH and Rg =

10 mΩ and operating at rated voltage Em = 392 V, 60 Hz and rated currents at unity power

factor Id ≈ Ird = 17 A and Iq ≈ Irq = 0 A. This results in a phase difference of just 0.03◦

or equivalently a time difference of only 1.3 µs. The small phase and time differences allow

them to be neglected in unfolder control when Lg is small. The difference may need to be

accounted for large Lg or at low voltages, which are more applicable when the converter is

used in a weak grid or as a motor drive.

5.2 Modeling of Grid-Tied Unfolding Converter Plant

In choosing the feedforward controller gain Kr, one needs to know the dc gain of the

DBSRC. It can be derived from the steady-state output power expression in Equation 3.25,

Pout = Pmax · U =
8

π2

VinV

nXt
· U = V Ik, (5.8)

where Ik is the steady-state or long-term average value of the DBSRC output current ik.

The nominal dc gain Ḡ0 can then be expressed as

Ḡ0 =
Ik

U
=

8

π2

Vin

nXt
. (5.9)

These steady-state equations show that the DBSRC output current is insensitive to output
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voltage variations and is proportional to the applied power command. The actual command

to output current response will depend on dynamics of the resonant tank and modulator

but can be approximated using a second-order actuator model [80–82],

Giu(s) =
īk
u

= G0
ω2

k

s2 + 2ζωks+ ω2
k

, (5.10)

where īk is the average value per switching period of ik, or its short-term average value.

The actual dc gain G0 is modeled by its nominal value and deviation δG,

G0 = Ḡ0(1± δG), (5.11)

where δG depends on factors such as variation in Vin, modulator dead time and converter

losses. The DBSRC bandwidth ωk depends on dynamics of the resonant tank and modula-

tor.

Consider again the grid-tied unfolding converter with feedforward control as shown in

Fig. 5.1. The converter plant consists of all components between and including the DBSRC

output currents (ik1 and ik2) and grid sources (ea, eb and ec). Neglecting nonlinearities

in DBSRC dynamics and passive components, the plant is still nonlinear as the unfolder

switches from sector to sector. However, within a sector, there is no switching, and the

unfolder directly connects between the dc link and ac lines. Thus in each sector, an equiv-

alent circuit that is essentially linear can be constructed as shown in Fig. 5.2. Each of the

voltage sources (e1, e2, e3) represents the corresponding grid source that is connected to

the respective dc-link node in each sector by the unfolder. In other words, each source is

assigned to ea, eb or ec depending on the sector number.

As a result of implementing the unfolder with the neutral point clamped topology,

there are two clamping diodes in the dc link to ensure non-negative voltages on v1 and v2.

The diodes are normally reverse-biased and do not affect circuit operation. But they may

conduct very briefly at sector beginnings, making the equivalent circuit nonlinear, as will

be seen later. For now, it is safe to disregard the diodes, so that a linear dynamic equation
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Fig. 5.2: Unfolding converter generalized equivalent circuit.

can be derived,
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0 0 − 1
3Lg

2
3Lg

− 1
3Lg

1
Ck

0 0 0 0

0 1
Ck

0 0 0







īk1

īk2

e1

e2

e3




. (5.12)

The above dynamic equation is then augmented with the DBSRC dynamics in Equation 5.10

written in state-space form,

d

dt



īk

ī′k


 =




0 1

−ω2
k −2ζωk






īk

ī′k


+




0

G0ω
2
k


u. (5.13)

The result is a state model of the converter plant,

ẋp = Apxp + Bpu + Ew, (5.14)

where the plant states, control and disturbance inputs are





xp =

[
i1 i2 v1 v2 īk1 ī′k1 īk2 ī′k2

]>

u =

[
u1 u2

]>

w =

[
e1 e2 e3

]>
. (5.15)
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The coefficient matrices in the state model of Equation 5.14 are

Ap =




−Rg

Lg
0 2

3Lg

1
3Lg

0 0 0 0

0 −Rg

Lg

1
3Lg

2
3Lg

0 0 0 0

− 1
Ck

0 0 0 1
Ck

0 0 0

0 − 1
Ck

0 0 0 0 1
Ck

0

0 0 0 0 0 1 0 0

0 0 0 0 −ω2
k −2ζωk 0 0

0 0 0 0 0 0 0 1

0 0 0 0 0 0 −ω2
k −2ζωk




(5.16)

and

Bp =




0 0

0 0

0 0

0 0

0 0

G0ω
2
k 0

0 0

0 G0ω
2
k




and E =




− 2
3Lg

1
3Lg

1
3Lg

− 1
3Lg

2
3Lg

− 1
3Lg

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0




. (5.17)

The state model is derived by moving the line-side components through the unfolder

to the dc-link side. The same state model applies to all unfolder sectors. In each sector, the

model is linear, provided that the clamping diodes do not conduct. However, due to unfolder

switching and as result the different dc-link and line relationships established in each sector,

the disturbance inputs, output equations and initial conditions are set differently to relate

to the corresponding line quantities in each sector. Thus, the overall model is piecewise

linear over a line period. To use this piecewise linear model, the settings for disturbance

inputs, output coefficients and initial conditions in each sector are provided in Table 5.1.

The provided settings are made as general as possible to be applicable to a broad range of
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cases. For instance, the independent inputs and initial conditions are given implicitly, so

that distorted voltages and currents can be considered.

The disturbance inputs (e1, e2, e3) are assigned to their respective grid voltages (ea,

eb, ec) in each sector. The plant outputs are the line currents

yp =




ia

ib

ic




=

[
Cp 0

]
xp, where Cp =




C11 C12

C21 C22

C31 C32



. (5.18)

The initial conditions on the DBSRC output currents Ik10 and Ik20 depend on the applied

command. The initial conditions on their derivatives are set to zero for simplicity. In

calculating the initial conditions on the dc-link voltages V10 and V20, the voltage drop on

the inductor is neglected for simplicity, but the resistor voltage is accounted for. In all the

initial conditions, the values of the grid voltages and currents at sector beginnings are used

to calculate the initial values on the states in each sector.

5.3 Model Verification

The obtained piecewise linear state model is applied to analyze the feedforward con-

trolled grid-tied unfolding converter. A prerequisite is the explicit derivation of inputs and

initial conditions to set up the model for analysis. They are explicitly derived using gen-

eral formulas provided in Table 5.1. With balanced three-phase grid voltages, the resulting

dc-link quantities show symmetry among all odd sectors and among all even sectors. The

symmetry is exploited by introducing a new angle

σ = θ∗ − (S − 1)
π

3
, 0 < σ <

π

3
, (5.19)

where θ∗ and S are the grid voltage angle and unfolder sector variable defined in Equa-

tions 3.2 and 3.3. As a result, the model settings can be reduced to just two sets, one for

odd and another for even sectors, from the six sets in Table 5.1.

Referring to Fig. 5.1, the command inputs u1 and u2 are generated from the feedforward
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Table 5.1: General settings for using the piecewise linear unfolding converter model.

Sector Disturbance Inputs Output Coefficients Initial Conditions

1 e1 = ea C11 = C22 = 1 I10 = Ia0

e2 = ec C21 = C32 = −1 I20 = −Ic0

e3 = eb V10 = Ea0 − Ec0 + (Ia0 − Ic0)Rg

V20 = Ec0 − Eb0 + (Ic0 − Ib0)Rg

2 e1 = eb C12 = C21 = 1 I10 = Ib0

e2 = ec C11 = C32 = −1 I20 = −Ic0

e3 = ea V10 = Ea0 − Eb0 + (Ia0 − Ib0)Rg

V20 = Eb0 − Ec0 + (Ib0 − Ic0)Rg

3 e1 = eb C21 = C32 = 1 I10 = Ib0

e2 = ea C12 = C31 = −1 I20 = −Ia0

e3 = ec V10 = Eb0 − Ea0 + (Ib0 − Ia0)Rg

V20 = Ea0 − Ec0 + (Ia0 − Ic0)Rg

4 e1 = ec C22 = C31 = 1 I10 = Ic0

e2 = ea C12 = C21 = −1 I20 = −Ia0

e3 = eb V10 = Eb0 − Ec0 + (Ib0 − Ic0)Rg

V20 = Ec0 − Ea0 + (Ic0 − Ia0)Rg

5 e1 = ec C12 = C31 = 1 I10 = Ic0

e2 = eb C11 = C22 = −1 I20 = −Ib0

e3 = ea V10 = Ec0 − Eb0 + (Ic0 − Ib0)Rg

V20 = Eb0 − Ea0 + (Ib0 − Ia0)Rg

6 e1 = ea C11 = C32 = 1 I10 = Ia0

e2 = eb C22 = C31 = −1 I20 = −Ib0

e3 = ec V10 = Ec0 − Ea0 + (Ic0 − Ia0)Rg

V20 = Ea0 − Eb0 + (Ia0 − Ib0)Rg

DocuSign Envelope ID: D346C8FB-947F-4AC0-A6D2-039F7C3412F9



73

controller with a proportional gain Kr from reference currents ir1 and ir2. Thus, they each

have a defined time trajectory based on the desired d- and q-axis references. The initial

DBSRC output currents Ik10 and Ik20 are derived by assuming good tracking between

reference and actual currents, which generally applies for a high DBSRC bandwidth, or

ωk � ω. The initial dc-link currents I10 and I20 account for the dc-link capacitor currents,

as each capacitor is periodically charged and discharged by its varying dc-link voltage. Note

that the capacitor currents are not corrected by the feedforward controller and contribute

to regulation errors in the line currents. The initial dc-link voltages V10 and V20 account for

the voltage drop due to grid resistance Rg but neglect the inductor voltage. The derived

inputs and initial conditions are summarized in Table 5.2.

Using the derived inputs and initial conditions for a feedforward controlled unfolding

converter, its piecewise linear state model is integrated in Matlab using ODE23. The

analytical results are then compared with simulation results with the unfolder implemented

with circuit model and the DBSRC implemented with actuator model. The comparison is

conducted using parameters from the 10-kVA unfolding converter design. They are grid

voltage Em = 392 V and frequency f = 60 Hz, line inductance Lg = 30 µH and resistance

Rg = 0.1 Ω, dc-link capacitance Ck = 5 µF, DBSRC bandwidth fk = 10 kHz and damping

ratio ζ = 0.7.

The comparison is first conducted at unity power factor and 10 kW, by setting reference

currents to Ird = 17 A and Irq = 0 A. The simulated line currents are shown over a line

period in Fig. 5.3a. The current profiles are sinusoidal, but current oscillation and distortion

exist at sector beginnings. The dc-link voltage and current as well as the DBSRC output

current are compared between simulation and analysis in Sector 2 in Fig. 5.3b. Notice that

the integrated state model using the derived inputs and initial conditions can reproduce

both the low-frequency trajectories and the high-frequency oscillation in simulation. The

close matching between the two results verifies accuracy of the converter plant model.
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Table 5.2: Piecewise linear model settings for a feedforward controlled unfolding converter.

Sector Inputs Initial Conditions

Odd u1 = KrIrd cos(σ)−KrIrq sin(σ) I10 = Ird −
√

3
2 EmωCk

u2 = KrIrd sin(σ + π
6 ) +KrIrq cos(σ + π

6 ) I20 = 1
2Ird +

√
3

2 Irq − 3
√

3
2 EmωCk

e1 = Em cos(σ) V10 = 3
2Em + 3

2IrdRg +
√

3
2 IrqRg

e2 = Em cos(σ + 2π
3 ) V20 = −

√
3IrqRg

e3 = Em cos(σ − 2π
3 ) Ik10 = Ird

Ik20 = 1
2Ird −

√
3

2 Irq

Even u1 = KrIrd sin(σ + π
6 ) +KrIrq cos(σ + π

6 ) I10 = 1
2Ird +

√
3

2 Irq − 3
√

3
2 EmωCk

u2 = KrIrd cos(σ)−KrIrq sin(σ) I20 = Ird −
√

3
2 EmωCk

e1 = Em cos(σ − π
3 ) V10 = −

√
3IrqRg

e2 = −Em cos(σ) V20 = 3
2Em + 3

2IrdRg +
√

3
2 IrqRg

e3 = Em cos(σ + π
3 ) Ik10 = 1

2Ird −
√

3
2 Irq

Ik20 = Ird
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Fig. 5.3: Model verification at unity power factor with Ird = 17 A and Irq = 0 A. (a)
Simulated line currents over a line period. (b) Simulated (solid) and state model (dashed)
results of dc-link voltage v1, current i1 and DBSRC output current īk1 in Sector 2.
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5.4 Analysis of Current Distortion at Non-Unity Power Factors

This section begins by continuing with the simulation verification of the state model

of the unfolding converter plant. The analytical and simulation results of the feedforward

controlled converter are compared using the same parameters but operated at a non-unity

power factor of 0.7 (capacitive) with Ird = Irq = 12 A. In the simulated line currents

shown in Fig. 5.4a, noticeable differences from unity power factor are larger initial current

excursions at sector beginnings and weakly damped current oscillations.

At the same power factor, the dc-link voltage and current are compared between sim-

ulation and analysis in Sector 2 in Fig. 5.4b. The analytical model predicts larger voltage

and current oscillations than simulation. The discrepancies are not due to error in the

state model, as both results converge and match after oscillations have subdued. Instead,

they are due to conduction of the unfolder clamping diode at sector beginnings. The diode

conduction makes circuit operation nonlinear and is not considered in the state model.

To more accurately model and predict circuit behavior at sector beginnings, it is nec-

essary to analyze circuit operation during diode conduction. The simulation waveforms are

studied at the beginning of Sector 2 in Fig. 5.5, where the first dc link current is switched

from Phase A to B. Both the unfolder and reference enter Sector 2 at T0. The dc-link

capacitor has been fully discharged, and thus the dc-link voltage has fallen to zero at T0.

The capacitor cannot be discharged further, and any additional discharge current will flow

through the clamping diode,

iD(T0) = ib(T0)− i1(T0) = ib(T0)− īk1(T0). (5.20)

During diode conduction, a short exists across the top dc link, and the dc-link current

follows the DBSRC output current and increases until it is equal to Phase-B current, and

the diode stops conducting. In the same period, the short is also applied between Phases A

and B, causing Phase-B current to drop and Phase-A current to rise. The equivalent circuit

during diode conduction is shown in Fig. 5.6. The diode will conduct as long as ib > īk1.

During diode conduction, īk1 rises due to the step increase in command u1, while ib falls as
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Fig. 5.4: Model verification at power factor of 0.7 (capacitive) with Ird = Irq = 12 A. (a)
Simulated line currents over a line period. (b) Simulated (solid) and state model (dashed)
results of dc-link voltage v1 and current i1 in Sector 2.

the Phase-B inductor is discharged. Referring back to Fig. 5.5, the two currents converge

at T1, or ib(T1) = īk1(T1), and the diode stops conducting.

It is of interest to estimate and limit the amount of current excursion ∆Ib on ib, where

∆Ib = |ib(T1)−ib(T0)|, as it increases distortion and induces oscillation on the line currents.

Intuitively, the current excursion can be decreased in two ways. The first is to reduce the

diode conduction time. This can be accomplished by increasing the DBSRC bandwidth

but is not practical as it is ultimately limited by the switching frequency. Alternatively, a

second method is to reduce the rate of change in ib by increasing the line inductance. The

drawback is increased inductor size.

Before further investigating these remedies, it is first necessary to estimate the expected

current excursion ∆Ib. This involves solving for the diode conduction time ∆T = T1 − T0.

To do that, it is necessary to obtain expressions for ib(T0 + ∆t) and īk1(T0 + ∆t), where the

variable ∆t is the elapsed time from T0 and has values between zero and ∆T . For īk1, this

is straightforward by approximating it with a constant slope,

īk1(T0 + ∆t) = īk1(T0) +Ki∆t. (5.21)
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Fig. 5.5: Simulated converter waveforms at beginning of Sector 2 at power factor of 0.7
(capacitive) with Ird = Irq = 12 A.
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ib Lg
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−
eab
+ia

+ VLa −

ea

Ic

Fig. 5.6: Unfolding converter equivalent circuit in Sector 2 during conduction of clamping
diode.

The slope Ki can be estimated using parameters in the DBSRC actuator model.

The rate of change on ib largely depends on the line inductance Lg and its applied

voltage vLb. For simplicity, the line resistance Rg and its voltage drop are neglected in

subsequent analysis. Due to equal line inductance in Phases B and A, the two inductors

will equally share the line-to-line grid voltage eab,

vLb = −vLa =
1

2
eab. (5.22)

Phase-B current is then obtained by integrating the inductor voltage,

ib(T0 + ∆t) =
1

Lg

∫ T0+∆t

T0

vLb dt+ ib(T0). (5.23)
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The integral is solved by assuming ideal grid voltage eab =
√

3Em cos(ωt+ π
6 ),

ib(T0 + ∆t) =

√
3Em

2ωLg
[cos(ω∆t)− 1] + ib(T0). (5.24)

By setting ∆t = ∆T = T1 − T0, Phase-B and DBSRC output currents at T1 are

obtained. By knowing that they are equal, ib(T1) = īk1(T1), the following equation is set

up to solve for ∆T ,

√
3Em

2ωLg
[cos(ω∆T )− 1] + ib(T0) = Ki∆T + īk1(T0). (5.25)

The small values of ∆T in the range of microseconds, compared to a line period of millisec-

onds, justifies the use of small-angle approximation,

cos(ω∆T ) ≈ 1− (ω∆T )2

2
. (5.26)

Applying the approximation simplifies Equation 5.25 into

√
3Emω

4Lg
(∆T )2 +Ki∆T + īk1(T0)− ib(T0) = 0. (5.27)

The diode conduction time ∆T can then be readily solved using the quadratic formula, once

all the coefficients are known. For the feedforward controlled converter, the initial currents

īk1(T0) and ib(T0) can be found using Table 5.2,





īk1(T0) = 1
2Ird −

√
3

2 Irq

ib(T0) = 1
2Ird +

√
3

2 Irq − 3
√

3
2 EmωCk

. (5.28)

The current slope Ki of īk1 can be estimated based on the relationship between rise time

and bandwidth of a well-damped second-order model,

Ki ≈
(0.9− 0.1) · [ir1(T1)− īk1(T0)]

0.35
fk

≈ 4fkIrq. (5.29)
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Plug the obtained coefficients into Equation 5.27 and solve for ∆T ,

√
3Emω

4Lg
(∆T )2 + 4fkIrq∆T −

√
3Irq +

3
√

3

2
EmωCk = 0. (5.30)

Finally, the solution of ∆T is used to find the amount of current excursion in ib,

∆Ib = |ib(T1)− ib(T0)| =
√

3Em

2ωLg
[1− cos(ω∆T )] ≈

√
3Emω

4Lg
(∆T )2. (5.31)

The analytical solutions for ∆T and ∆Ib are compared with simulation results using

the same parameters from the previously provided 10-kVA unfolding converter design. They

are grid voltage Em = 392 V and frequency f = 60 Hz, line inductance Lg = 30 µH and

resistance Rg = 0.1 Ω, dc-link capacitance Ck = 5 µF, DBSRC bandwidth fk = 10 kHz and

damping ratio ζ = 0.7. The converter is operated at a power factor of 0.7 (capacitive) with

Ird = Irq = 12 A. The diode conduction time is 34 and 33 µs in analysis and simulation,

respectively. The current excursion is 2.5 and 2.8 A in analysis and simulation, respectively.

Another case is considered by increasing Lg to 60 µH. There is little change in ∆T , but

∆Ib is reduced to 1.4 and 1.6 A in analysis and simulation, respectively.

5.5 Mitigation of Current Distortion at Non-Unity Power Factors

This section provides a control method to mitigate the current distortion at sector

beginnings at non-unity power factors. The method reduces current distortion without

altering physical converter parameters, such as line inductance or switching frequency. The

method works by phase-shifting the sector variables used to generate the unfolder switching

sequence and the reference currents. The added phase shift compensates for limited DBSRC

bandwidth by taking advantage of the conduction periods of the unfolder clamping diodes.

The amount of phase shift is analytically derived and generalized to all power factors.

The reduction in current distortion is quantified in simulation. Finally, a sector-adjusting

algorithm is provided to implement this method.
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5.5.1 Capacitive Case

Consider in Fig. 5.7 the converter waveforms under same operating conditions as in

Fig. 5.5 but with both unfolder and reference sectors advanced in time by ∆Ta. Thus, both

unfolder and reference enter Sector 2 at T0−, where T0− = T0−∆Ta. The dc-link capacitor

is rapidly discharged due to the difference between Phase-B and DBSRC output currents.

Subsequently, the clamping diode conducts. Due to a short discharge duration compared

with ∆Ta, it is neglected, and the diode is assumed to conducted at T0− in the following

analysis. The sector advances cause the clamping diode to conduct earlier.

The equivalent circuit during diode conduction is the same as in Fig. 5.6. However, it

is noted that the waveforms behave differently, where Phase-B current first rises then falls.

Specifically, notice that ib increases between T0− and T0 and decreases between T0 and T1.

This is due to a polarity change in the inductor voltage vLb, as it tracks the grid voltage

eab during diode conduction. The diode stops conducting at T1 when the DBSRC output

current rises to where Phase-B current has fallen to.

The amount of current excursion can be controlled by adjusting the advanced time.

The method can also be understood as providing extra time for the DBSRC output current

to rise to Phase-B current and thus compensating for limited DBSRC bandwidth. Define

the positive excursion in ib as ∆Ib+ = |ib(T0) − ib(T0−)|, and the negative excursion as

∆Ib− = |ib(T1) − ib(T0)|. The overall current excursion is then ∆Ib = max(∆Ib+,∆Ib−).

Whereas previously ∆Ib is primarily mitigated by increasing Lg, it can now be reduced by

adjusting ∆Ta, which can be understood as providing more time for īk1 to rise.

The question then becomes how to choose ∆Ta to minimize ∆Ib. To do that, it is

necessary to obtain ∆Ib+ and ∆Ib− from solving the inductor current. Similar to previous

analysis, Rg is neglected to simplify analysis, so that each inductor shares eab equally,

ib(T0− + ∆t) =
1

Lg

∫ T0−+∆t

T0−

1

2
eab dt+ ib(T0−). (5.32)
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Fig. 5.7: Simulated converter waveforms at beginning of Sector 2 at power factor of 0.7
(capacitive) with Ird = Irq = 12 A and advancing both unfolder and reference sectors by
40 µs.

Assuming ideal grid voltages, the positive current excursion is solved,

∆Ib+ = |ib(T0)− ib(T0−)| =
√

3Em

2ωLg
[1− cos(ω∆Ta)] ≈

√
3Emω

4Lg
(∆Ta)2. (5.33)

To find the negative current excursion, the diode conduction time ∆T is solved using the

same earlier procedure by equating Phase-B and DBSRC output currents at T1,

ib(T1) =

√
3Em

2ωLg
[cos(ω∆T − ω∆Ta)− cos(ω∆Ta)] + ib(T0−)

= Ki∆T + īk1(T0−) = īk1(T1). (5.34)

After applying small-angle approximation and using expressions for the initial currents in

Equation 5.28 and the current slope in Equation 5.29, the following quadratic equation of

∆T is obtained,

√
3Emω

4Lg
(∆T )2 +

(
4fkIrq −

√
3Emω

2Lg
∆Ta

)
∆T −

√
3Irq +

3
√

3

2
EmωCk = 0. (5.35)

The solution of ∆T then allows estimation of the negative current excursion,

∆Ib− = |ib(T1)− ib(T0−)| ≈
√

3Emω

4Lg
[(∆T )2 − 2∆T∆Ta]. (5.36)
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Comparing Equations 5.36 to 5.31, which is the negative current excursion without

sector advances, it is noted that increasing ∆Ta reduces ∆Ib−. However, care should be

taken as doing so increasing the positive current excursion from Equation 5.33. There exists

an optimal amount of advanced time that yields minimal overall current excursion for given

converter parameters and operating condition. The optimal value of ∆Ta is obtained by

setting ∆Ib+ = ∆Ib− = ∆Ib, and a relationship between ∆Ta and ∆T is found,

∆T = (
√

2 + 1)∆Ta. (5.37)

Combining this with Equation 5.35 provides a solvable quadratic equation on the optimal

value of ∆Ta,

√
3Emω

4Lg
(∆Ta)2 + 4(

√
2 + 1)fkIrq∆Ta −

√
3Irq +

3
√

3

2
EmωCk = 0. (5.38)

The effect of advancing the unfolder and reference sectors is compared between analysis

and simulation using the same parameters from the previously provided 10-kVA unfolding

converter design. The converter is operated at a power factor of 0.7 (capacitive) with

Ird = Irq = 12 A. In analysis, the optimal value of advanced time is obtained as 16 µs, and

the current excursion is 0.5 A. With this time applied in simulation, the current excursion is

1.2 A, which is higher than analysis but is much less than the 2.8 A without sector advances.

In the line current waveforms shown in Fig. 5.8, the reduction in distortion is visible over

case without sector advances.

5.5.2 Inductive Case

Thus far, the considered non-unity power factors have all been capacitive. The con-

verter behavior with inductive loads can be quite different. The simulated line current

waveforms are shown over a line period in Fig. 5.9a at a power factor of 0.7 (inductive) with

Ird = −Irq = 12 A. Notice the larger current distortion and oscillation at sector beginnings,

compared to the capacitive case.
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Fig. 5.8: Comparison of simulated line currents over a line period with and without sector
adjustment of ∆Ta = 40 µs at power factor of 0.7 (capacitive) with Ird = Irq = 12 A.

The closeup waveforms at beginning of Sector 2 are shown in Fig. 5.9b. There are

no sector advances, so both the unfolder and reference enter Sector 2 at T0. A noticeable

difference from the capacitive case is the large current excursion in ib between T0 and TD.

This is because the DBSRC output current now has to fall to Phase-B current, which is

initially negative. The difference between Phase-B and DBSRC output currents charges

the dc-link capacitor as īk1(T0) > 0 and ib(T0) < 0. The stored energy in the capacitor is

then transferred to Phase-B and -A inductors through a half-period resonance, which ends

when the clamping diode conducts at TD. During the resonance, the line current excursions

can be significant, especially with a small line inductance and a large reactive current. In

Fig. 5.9b, the excursion in ib is ib(TD)− ib(T0) = 25 A, compared with a reference current

magnitude of
√
I2

rd + I2
rq = 17 A. Obviously, the amount of excursion needs to be reduced.

From the analysis of Fig. 5.9b, it can be deduced that to reduce the large excursion

in line currents at sector beginnings at inductive power factors, the rapid charging of the

dc-link capacitor shall be avoided. In other words, it is necessary to reduce the difference

between the DBSRC output current and the upcoming line current. This is accomplished

by advancing the reference sectors and delaying the unfolder sectors. Doing so causes the

capacitor to be initially discharged, instead of being charged.

The simulation waveforms with the same duration ∆Ta applied to advance reference
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Fig. 5.9: Simulated converter waveforms at power factor of 0.7 (inductive) with Ird = −Irq =
12 A. (a) Line currents over a line period. (b) Waveforms at beginning of Sector 2.

and delay unfolder sectors are shown in Fig. 5.10. The reference sector is advanced from

the original T0 and enters Sector 2 at T0− = T0 −∆Ta. The unfolder remains in Sector 1

until T1 = T0 + ∆Ta when it enters Sector 2. Between T0− and T1, the equivalent circuit of

Sector 1 shown in Fig. 5.11 applies and is used in subsequent analysis. Soon after T0−, the

dc-link capacitor is discharged by the difference between Phase-A current and the falling

DBSRC output current. The capacitor is completely discharged at TD, and the clamping

diode starts to conduct. The conducting diode shorts Phases A and B, so that the grid

voltage eab is applied on the inductors. The circuit behavior during diode conduction is

similar to that at capacitive power factors, in that ib first rises till T0 and then falls, while ia

changes in the opposite manner. Neglecting TD or the capacitor discharge time, the positive

excursion in ib is calculated using Equation 5.33. The diode stops conducting at T1 as the

unfolder enters Sector 2.

It can be seen that during the period T1−T0− = 2∆Ta, īk1 is allowed to fall to īk1(T1).

The value of īk1(T1) can be adjusted by changing ∆Ta. But one can observe that past T1, the

current excursion is minimized if īk1(T1) ≈ ib(T1). For the feedforward controlled converter,

this is achieved by choosing ∆Ta so that īk1(T1) = ir1(T1). The desired adjustment can then
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Fig. 5.10: Simulated converter waveforms at beginning of Sector 2 at power factor of 0.7
(inductive) with Ird = −Irq = 12 A and advancing reference and delaying unfolder sectors
both by 30 µs.
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Fig. 5.11: Unfolding converter equivalent circuit in Sector 1 during conduction of clamping
diode.

be solved based on Equations 5.21 and 5.29,

∆Ta =
T1 − T0−

2
=
īk1(T1)− īk1(T0−)

2Ki

=
ir1(T1)− īk1(T0−)

2Ki

≈
1
2Ird +

√
3

2 Irq − (1
2Ird −

√
3

2 Irq)

2 · 4fkIrq

≈ 0.2

fk
. (5.39)

The overall current excursion can then be estimated based on Equation 5.33,

∆Ib ≈ ∆Ib+ = |ib(T0)− ib(T0−)| ≈
√

3Emω

4Lg
(∆Ta)2. (5.40)

DocuSign Envelope ID: D346C8FB-947F-4AC0-A6D2-039F7C3412F9



86

The sector adjustments at inductive power factors are compared between analysis

and simulation using the same parameters from the previously provided 10-kVA unfold-

ing converter design. The converter is operated at a power factor of 0.7 (inductive) with

Ird = −Irq = 12 A. In analysis, the optimal value of adjustment is obtained as 20 µs, and

the current excursion is 0.9 A. With this time applied in simulation, the current excursion

is also 0.9 A and much less than the 25 A without sector adjustments. In the line current

waveforms shown in Fig. 5.12, significant reduction in distortion is visible over case without

adjustments.

5.5.3 Sector-Adjusting Algorithm

Based on conclusions on adjustments to the unfolder and reference sectors, the feed-

forward controller is modified as shown in Fig. 5.13. The unfolder sectors are generated by

first phase-shifting the estimated grid voltage angle θ∗ by an amount φf,

θf = θ∗ + φf. (5.41)

The resulting unfolder angle θf is then used to generate the unfolder sector variable

Sf = ceil

(
θf
π/3

)
. (5.42)

The reference sector variable Sr is generated in the same manner using φr,

θr = θ∗ + φr, (5.43)

Sr = ceil

(
θr

π/3

)
. (5.44)

The phase shifts φf and φr are produced from a sector-adjusting algorithm. The al-

gorithm inputs are the estimated grid frequency ω∗ and the q-axis reference current Irq.

Internally, there is also an adjustable threshold Ith (> 0). The algorithm is based on the
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Fig. 5.12: Comparison of simulated line currents over a line period with and without sector
adjustment of ∆Ta = 30 µs at power factor of 0.7 (inductive) with Ird = −Irq = 12 A.

derived formulas for time ∆Ta but specifically on Equation 5.39. If Irq > Ith,

φf = φr =
0.2ω∗

fk
; (5.45)

else if Irq < −Ith,

φf = −φr = −0.2ω∗

fk
; (5.46)

else,

φf = φr = 0. (5.47)

5.6 Summary

This chapter starts with a review of basic control objectives in a grid-tied converter.

They can be classified by the converter’s steady-state and dynamic performance. In the un-

folding converter, a suitable controller is developed to achieve these performance objectives.

The controller development is an iterative process, where multiple controllers for the same

system are designed, evaluated and compared before settling on the most suitable choice.

Fundamental to any controller design is the development of a suitable model of the

plant to be controlled. This chapter develops a piecewise linear state model of the unfolding
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Fig. 5.13: Unfolding converter with feedforward control and sector adjuster.

converter. The model is based on a dc-link-side equivalent circuit of the converter. Each

DBSRC output is modeled as a dependent current source controlled by the power command

through a second-order actuator model. In the piecewise model, the same state equation

is valid in all sectors, but different inputs and initial conditions have to be applied in each

sector. The model is verified in simulation using a basic feedforward controller.

The model also reveals current distortion at sector beginnings, which becomes signif-

icant at non-unity power factors. From analysis of the equivalent circuit, the distortion

origins are traced to the finite DBSRC rise time when responding to step changes in ap-

plied command. A remedy that takes advantage of the conduction of the unfolder clamping

diodes is proposed and tested by phase-shifting the unfolder and reference sectors.
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CHAPTER 6

FEEDBACK CONTROL IN STATIONARY FRAME

Recall the primary control objective of a grid-tied converter, which is to obtain the

desired line currents with minimal distortion and error with the reference. In the unfolding

converter, with the unfolder stage properly synchronized to the grid voltages and switch-

ing at the correct instants, six sectors are identified. In each sector, each line is directly

connected to its corresponding dc-link node. With a known relationship between the line

and dc-link currents in each sector, the control objective is then achieved by shaping each

dc-link current to a desired profile that is defined by the desired line currents in that sector.

In Chapter 5, it has been observed that the current relationship in each sector holds

true unless the clamping diodes conduct. The diode conduction creates a short between two

phases and shunts the dc-link current from the line currents. Although diode conduction

changes the unfolder circuit behavior and may cause current distortion, when controlled

properly, the diode conduction time can be leveraged to compensate for the limited DBSRC

bandwidth.

Disregarding deviations from the ideal current relationship, to achieve the control ob-

jective, each DBSRC module is controlled to produce the desired dc-link current. In the

feedforward controller, the module commands are directly generated from the references

through a simple proportional gain. This method produces module output currents that

rapidly track step reference changes, fully utilizing the available open-loop bandwidth, but

does not correct for errors between actual and reference currents.

6.1 Integral Control

The sources of error can be deduced by studying the output circuit of a single DBSRC

module in open loop as shown in Fig. 6.1. The circuit can be considered redrawn from

Fig. 5.2, neglecting the influences from the second module, and merging the components of
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two phases. The dc-link current i is affected by both the module output current īk and the

dc-link capacitor current ic,

i = īk − ic. (6.1)

The error between i and reference current ir can be contributed by both īk and ic.

Although the output current īk is primarily dependent on the applied command, it can still

be affected by other factors, such as the output or dc-link voltage. Considering that such

dependencies are minor due to the inherent insensitivity from output voltage to current in

the DBSRC, error can still be caused by the capacitor current ic. Neglecting Lg and Rg for

simplicity, the capacitor current is

ic

∣∣∣∣Lg=0
Rg=0

= −Ck
de

dt
. (6.2)

Thus, variation and distortion in the grid voltage e affect both ic and i. It is considered as

a disturbance on the dc-link current and is characterized by the following transfer function

Gie(s) =
i(s)

e(s)

∣∣∣∣
u=0

= − ic(s)

e(s)

∣∣∣∣
u=0

. (6.3)

The feedforward controller does not actively reject this disturbance, making the dc-link

current easily affected by the grid voltage.

6.1.1 Controller Design

The tracking error between the reference and dc-link currents can be corrected by

feedback control. A basic closed-loop controller is constructed in Fig. 6.2, by generating the

īk
Giu(s)u Ck

ic

i

+
v
−

2Lg 2Rg

−
+ e

Fig. 6.1: Output port model of each DBSRC module in the unfolding converter.
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module command from a compensator K(s) that acts on the error between the reference

and sensed currents. The current sensor is modeled by a second-order model,

Hi(s) =
xi(s)

i(s)
= Hi0

ω2
i

(s+ ωi)2
. (6.4)

The closed-loop converter block diagram is shown in Fig. 6.3. The compensator can be

designed using the frequency-domain design approach based on the loop gain L(s), which

consists of sensor, compensator and converter plant dynamics,

L(s) = Hi(s)K(s)Giu(s)Gii(s), (6.5)

where Gii(s) is the module output to dc-link current response.

The closed-loop reference to dc-link current response is

Tr(s) =
i(s)

ir(s)

∣∣∣∣
e=0

=
Hi0

Hi(s)

L(s)

1 + L(s)
. (6.6)

The closed-loop disturbance to dc-link current response is

Tw(s) =
i(s)

e(s)

∣∣∣∣
ir=0

=
Gie(s)

1 + L(s)
. (6.7)

Notice that the closed-loop |Tw| is reduced over the open-loop |Gie| with a large loop gain,

resulting in better disturbance rejection.

īk

Giu(s)

Ck

ic

i

+
v
−

2Lg 2Rg

−
+ e

Hi(s)

i

xi
−
+ Hi0r

irK(s)
ε

u

Fig. 6.2: Feedback control of each DBSRC module in the unfolding converter.
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Fig. 6.3: Block diagram of a feedback controlled DBSRC module.

The compensator is selected as the integral type,

K(s) =
Ke

s
, (6.8)

and the integral gain Ke is tuned to obtain a high closed-loop bandwidth for accurate

reference tracking. Stability concerns usually limit the closed-loop bandwidth to several

times lower than the open-loop bandwidth.

6.1.2 Controller Tuning

To evaluate the effectiveness of integral control, the compensator is designed for the

10-kVA unfolding converter. The DBSRC actuator model has a dc gain of G0 = 22 and

bandwidth of fk = 10 kHz. The current sensor model has an attenuation of Hi0 = 0.05 and

bandwidth of fi = 10 kHz. The converter component values are Ck = 5 µF, Lg = 30 µH

and Rg = 0.1 Ω.

The integral gain is selected as Ke = 5000 to obtain a loop gain crossover frequency of

about 1 kHz and phase margin of 70◦, as shown in Fig. 6.4. A high crossover frequency is

required for tracking of the reference current, which varies at 180 Hz. But further increase

is difficult due to degradation in phase margin.

The closed-loop reference to dc-link current response is shown in Fig. 6.5. It has a

unity gain and provides accurate reference tracking up to a closed-loop bandwidth of about

1 kHz. But notice that its phase drops to −10◦ at 180 Hz. This will result in a phase error

between actual and reference currents.
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Fig. 6.4: Bode plot of loop gain L(s) with integral gain of Ke = 5000.
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Fig. 6.5: Bode plot of closed-loop reference to dc-link current response Tr(s) with integral
gain of Ke = 5000.

The closed-loop and open-loop disturbance to dc-link current responses are compared

in Fig. 6.6. There is a reduction of 15 dB at 180 Hz using integral control.

6.1.3 Simulation Results

The designed integral controller is verified in simulation with the unfolder implemented

with circuit model and the DBSRC implemented with actuator model. The simulation is

constructed as shown in Fig. 6.7. The simulation is conducted using the selected integral

gain of Ke = 5000 and same sensor and converter plant parameters used in controller tuning.

They are grid voltage Em = 392 V and frequency f = 60 Hz, line inductance Lg = 30 µH

and resistance Rg = 0.1 Ω, dc-link capacitance Ck = 5 µF, DBSRC dc gain G0 = 22 and

bandwidth fk = 10 kHz, current sensor attenuation Hi0 = 0.05 and bandwidth fi = 10 kHz.

The simulation is first conducted at unity power factor and reduced power of 3 kW,

by setting the reference currents to Ird = 5 A and Irq = 0 A. The simulated Phase-A
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Fig. 6.6: Magnitude plots of open-loop and closed-loop grid voltage to dc-link current
responses, Gie(s) and Tw(s), with integral gain of Ke = 5000.
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Fig. 6.7: Unfolding converter with integral feedback control.

current is compared to that in the feedforward controlled converter in Fig. 6.8. Notice

that amplitude and phase differences exist between the reference and actual feedforward

controlled line currents, otherwise known as steady-state amplitude and phase errors [24].

Operating at reduced power amplifies these errors in the feedforward controlled line current,

as the capacitor current becomes more dominant. In contrast, the integral controller reduces

these errors so that the actual line current more closely follows its reference.

Two weaknesses are associated with integral control. The first is a small but noticeable

phase error, primarily due to limited tracking performance with the integral controller. This
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Fig. 6.8: Simulation results comparing reference and actual line currents with feedforward
and integral feedback controllers, at unity power factor and low (30%) power to highlight
error due to capacitor current.

has been observed from the phase plot of Tr(s) in Fig. 6.5, as a small but negative phase

exists at 180 Hz. Further increasing the integral gain may reduce the phase error but will

likely compromise stability.

Another weakness with the integral controller is the increased current distortion at sec-

tor beginnings. It is primarily contributed by the slow closed-loop response. This weakness

is further exposed in Fig. 6.9, as the converter is operated at power factor of 0.7 (inductive),

with Ird = −Irq = 12 A. The feedforward controller fully utilizes the DBSRC bandwidth of

10 kHz and can produce higher-quality line current, with appropriate sector adjustments.

In comparison, the integral controller has to limit the closed-loop bandwidth to 1 kHz to

avoid instability and as a result slowed down the DBSRC response.

6.2 State and Output Feedback

Previously, the merit of integral over feedforward control has been demonstrated as

the correction of current error due to grid voltage disturbance. Drawbacks of the integral

controller has been summarized as non-minimal error and high distortion due to limited

tracking performance.

Another shortcoming with both controllers is the inability to damp oscillation between

line inductor and dc-link capacitor. Without adding a physical damping network, the

oscillation is only damped by the grid resistance in these two systems. Prolonged oscillation
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Fig. 6.9: Simulation results comparing actual line currents with feedforward and integral
feedback controllers, at power factor of 0.7 (inductive) with Ird = −Irq = 12 A, to highlight
higher distortion due to slower closed-loop response.

or even instability can occur especially with large inductance values. A larger than designed

line inductance is often encountered in installed converters due to factors such as extra

inductors added for more current filtering, leakage inductance of a utility transformer or

winding inductance of a motor-generator.

This is visualized from the pole locations and their damping ratios of the feedforward

and integral controlled 10-kVA unfolding converter in Fig. 6.10, where the line inductance

is increased from the original 30 µH to 300 µH. With feedforward control, the dominant

poles at

1

2π
√

3LgCk

= 2.4 kHz and
1

2π
√
LgCk

= 4.1 kHz (6.9)

have minimal damping ratios of 0.006 and 0.01, respectively. With integral control, these

poles are moved to the right half plane, making the converter unstable.

6.2.1 Controller Design

State feedback control can be used to increase damping ratio and stabilize a system.

The states associated with the dominant poles are the two dc-link currents and voltages.

The dc-link currents have been sensed and controlled to track the references, and the current

sensor dynamics have been provided. Each dc-link voltage has also been sensed and used

in the DBSRC MCT modulator. Thus, the existing sensors provide enough information on
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Fig. 6.10: Pole locations of feedforward and integral controlled unfolding converters with a
large line inductance of 300 µH.

the critical states, and no new sensors are needed. The voltage sensor is modeled similarly

as the current sensor,

Hv(s) =
xv(s)

v(s)
= Hv0

ω2
v

(s+ ωv)2
. (6.10)

To facilitate state feedback design, the converter plant model in Equation 5.14 is augmented

with the current and voltage sensor states,

˙̂xp = Âpx̂p + B̂pu + Êw. (6.11)

The state vector x̂p of the augmented plant contains sixteen states and is defined as

x̂p =

[
xi1 xi2 xv1 xv2 x′i1 x′i2 x′v1 x′v2

i1 i2 v1 v2 īk1 īk2 ī′k1 ī′k2

]>
, (6.12)

where the first four states are current and voltage sensor outputs. The next four states

are their derivatives. The remaining eight states are same as and brought over from xp in

the original plant. The coefficient matrix Âp is obtained from Ap by augmenting it with

parameters describing the sensor dynamics. The other two coefficient matrices B̂p and Ê

are adjusted from Bp and E by filling with zeros. The outputs of the augmented plant are
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selected as the sensed currents and voltages

ŷp =

[
xi1 xi2 xv1 xv2

]>
= Ĉpx̂p =

[
I4 0

]
x̂p. (6.13)

State feedback alone provides stability but no error correction. The integral compensa-

tion is retained to provide error correction and reference tracking. The result is an integral

state feedback controller as shown in Fig. 6.11. The error vector is

e = r−



xi1

xi2


 = r−Cix̂p = r−

[
I2 0

]
x̂p. (6.14)

The plant control input is contributed by both the integral compensator and state feedback

u = Ke

∫
e dt−Kxx̂p. (6.15)

The gain matrices Ke and Kx shall be designed to drive the error e and state derivative ˙̂xp

to zero. This is achieved by designing a state feedback for the plant augmented with error

states

ż =



−ė

¨̂xp


 =




0 Ci

0 Âp






−e

˙̂xp


+




0

B̂p


 u̇ = Azz + Bzu̇. (6.16)

The state feedback is

u̇ = −Kzz = −
[
Ke Kx

]


−e

˙̂xp


 . (6.17)

The resulting closed-loop system is described as

ż = Fzz = (Az −BzKz)z. (6.18)

The state feedback gain matrix Kz can be obtained using a linear quadratic regulator

(LQR) design based on weight matrices Q and R. In actual controller implementation,

only the two error states in e and first four sensor states in x̂p are available. Thus, it is
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Plant

˙̂xp = Âpx̂p+

B̂pu+ Êw−+
u

x̂p

w

Kx

State Feedback

CpKp

Output Feedback

s−1Ke−+
e

Ci

xi1
xi2

x̂p

r

Fig. 6.11: Block diagram of a state and output feedback controlled unfolding converter.

necessary to modify the full state feedback into an output feedback design, using a partial

number of states. There are several suitable methods, but the common goal is to retain

as much of the closed-loop dynamics of the state feedback system as possible. In a static

output feedback approach, a static gain is used [83],

u̇ = −Kyy = −KyCzz, (6.19)

where the output coefficient matrix is Cz = [I6 0] in the considered system and assigns

the available states for output feedback. This results in the following closed-loop system,

ż = Fyz = (Az −BzKyCz)z. (6.20)

With ny = 6 outputs, the same number of eigenvalues and their associated eigenvectors

(out of nz = 18) can be retained from the state feedback system,

FyVy = FzVy = VyΛy, (6.21)

where Λy is a diagonal matrix of the ny eigenvalues to be retained, and each column in Vy

contains the corresponding eigenvector. The output feedback gain matrix is then solved by
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algebraic manipulation,

Ky = KzVy(CzVy)−1 =

[
Ke Kp

]
. (6.22)

In actual design, the output feedback gains are selected to retain the dominant eigenvalues

or poles in the state feedback system.

6.2.2 Controller Tuning

The state feedback gains are generated using the LQR method based on diagonal weight

matrices configured as

Q =




qeI2

qiI2

0




and R = I2, (6.23)

where Q and R penalize the states and control inputs, respectively. The applied tuning

procedure fixes R while adjusts parameters in Q. The parameter qi applies equal penalties

to the two sensed currents xi1 and xi2. The parameter qe applies equal penalties to the two

errors states in e. Intuitively, increasing qe produces gains that reduce the errors.

The state feedback gains are now tuned for the 10-kVA unfolding converter plant with

the following values, circuit of Lg = 300 µH, Rg = 0.1 Ω and Ck = 5 µF, DBSRC actuator

of G0 = 22 and fk = 10 kHz, sensors of Hi0 = 0.05, Hv0 = 1.5×10−3 and fi = fv = 10 kHz.

The tuning methodology is to first apply the largest possible qe without making the system

unstable and to obtain a high closed-loop bandwidth. Next, qi is increased to damp the

dominant poles and not degrade the bandwidth. The final values are qe = 108 and qi = 0.

The closed-loop poles, or eigenvalues of Fz, are visualized in Fig. 6.12. The six dominant

poles at 1.3, 1.6, 2.7 and 4.3 kHz have damping ratios of 1, 1, 0.23 and 0.15, respectively.

Notice the increased damping on poles at 2.7 and 4.3 kHz compared to feedforward control,

demonstrating effectiveness of state feedback.

After the state feedback gains are obtained, they are converted to output feedback
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gains by retaining the six dominant poles in the closed-loop system using the available

states. This results in the following integral and output feedback gain matrices,

Ke =




2980 0

0 2980


 and Kp =



−0.2 0 1 0

0 −0.2 0 1


 , (6.24)

where the off-diagonal gains are small and have been removed to simplify implementation.

The closed-loop poles with these output feedback gains also shown in Fig. 6.12. Notice the

same locations of the six dominant poles compared to the state feedback system, verifying

the output feedback design.

Although using output feedback ensures stability, the closed-loop system can become

more sensitive to disturbance. This is seen by comparing the grid voltage to current re-

sponse, i1(s)
e1(s) , between feedforward and output feedback controllers in Fig. 6.13. Notice that

the disturbance rejection is worsened by 6 dB with output feedback.

6.2.3 Simulation Results

The designed output feedback controller is verified in simulation with the unfolder

implemented with circuit model and the DBSRC implemented with actuator model. The

simulation is constructed as shown in Fig. 6.14. The largest source of disturbance is the

periodic variation in the grid voltage. To reduce its effect on current, the estimated voltage

−8 −6 −4 −2 0

·104

−5

0

5

·104

Re [rad/s]

Im
[rad/s]

State Feedback

−8 −6 −4 −2 0

·104Re [rad/s]

Output Feedback

−5

0

5

·104

Im
[rad/s]

Fig. 6.12: Pole locations of state and output feedback controlled unfolding converter with
a large line inductance of 300 µH.
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Feedforward

Output

Feedback

Fig. 6.13: Comparison of grid voltage to current response, i1(s)
e1(s) , between feedforward and

output feedback controllers.

is fed forward in command generation. The simulation is conducted using the selected gains

in Equation 6.24 and same sensor and converter plant parameters used in controller tuning.

They are grid voltage Em = 392 V and frequency f = 60 Hz, line inductance Lg = 300 µH

and resistance Rg = 0.1 Ω, dc-link capacitance Ck = 5 µF, DBSRC dc gain G0 = 22 and

bandwidth fk = 10 kHz, sensors of Hi0 = 0.05, Hv0 = 1.5× 10−3 and fi = fv = 10 kHz.

The simulated line current at unity power factor and 10 kW is shown in Fig. 6.15.

It is compared with the feedforward controller with the same converter plant parameters.

Notice the sustained current oscillation with feedforward control that is excited at beginning

of each sector. In comparison, using output feedback damps any potential oscillation and

improves current quality. The results verify the closed-loop stability ensured by using output

feedback. In contrast, the previous integral controller is unstable at this line inductance of

300 µH.
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Fig. 6.14: Unfolding converter with output feedback controller and feedforward of estimated
dc-link voltages.
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Fig. 6.15: Comparison of simulated line currents between feedforward and output feedback
controllers with a large line inductance of 300 µH and operating at unity power factor and
10 kW.
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6.3 Summary

This chapter provides feedback controller designs to address the lack of error correction

and weak damping of current oscillation in the previous feedforward controlled unfolding

converter. The sources of error between actual and reference dc-link currents are identified,

using a single DBSRC module. A basic feedback controller is introduced by applying integral

action on the errors. The basic design methodology is to apply a high integral gain to obtain

a high closed-loop bandwidth for accurate tracking of the time-varying reference.

The high gain makes the system prone to instability, especially with large line induc-

tances. Using state feedback together with the integral compensator retains benefit of error

correction and improves stability but requires access to all plant states. The state feedback

performance is maintained by retaining the dominant closed-loop poles using an appropri-

ate output feedback design. Simulation results verify the error-correcting and oscillation-

damping capabilities of the feedback controllers.
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CHAPTER 7

CONTROL IN SYNCHRONOUS ROTATING FRAME

The previous feedback controllers in Chapter 6 all act directly on the time-varying

quantities in a stationary reference frame. Their shortcomings are summarized below.

• The existence of a steady-state tracking error, which is exemplified by a phase dif-

ference between actual and reference line currents, as observed in simulation results.

Although increasing the closed-loop bandwidth can reduce the tracking error, some

phase difference always exists, as seen from the Bode plot of the closed-loop transfer

function.

• The low current quality especially at non-unity power factors. A low closed-loop

bandwidth degrades current quality.

Feedforward control provides higher current quality at non-unity power factors. The

benefits of feedforward and feedback controllers can be combined in a rotating reference

frame synchronized to the grid voltage. The applied converter commands are no longer

limited by the closed-loop bandwidth at sector beginnings, as the time-varying command

trajectory is fed forward by the transformation block based on the phase angle. Combined

with appropriate adjustments to the unfolder and command sectors, this approach improves

current quality at non-unity power factors, even with small line inductances. In addition,

the application of output feedback becomes less prone to periodic variation of the grid

voltage, while still improving stability with large line inductances.

7.1 Line-Side Component Models

To design the rotating-frame controller, a suitable plant model in rotating frame needs

to be derived.
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7.1.1 DBSRC Output Currents

The DBSRC output current has been modeled as a dependent current source īk that is

controlled by command u. Neglecting other contribution to īk from disturbances, it becomes

solely dependent on u, based on a second-order actuator model Giu(s). The two current

sources īk1 and īk2 exist in the dc link, and produce the line currents (ika, ikb, ikc) through

the unfolder, as shown in Fig. 7.1. The modeling objective is to push sources īk1 and īk2 to

the line side and form three equivalent sources (ika, ikb, ikc), as shown in Fig. 7.2.

The unfolder itself can be viewed as a transformation that converts the dc-link currents

into line currents. The transformation is based on the current relationship identified in each

unfolder sector. The relationship is valid as long as the clamping diodes do not conduct.

The relationship is different in each sector, making the unfolder only piecewise linear, and

necessitating the use of a different output matrix for each sector in the piecewise linear

model.

The nonlinearity can be linearized by considering the generation of commands u1 and u2

via an inverse transformation from a balanced combination of ua, ub and uc, or ua+ub+uc =

0. Consider in Sector 1, where ika = īk1 in the unfolder, and u1 = ua in the command

transformation. The command and current are related via īk1 = Giu(s)u1. Considering all

three relationships, the overall response from ua to ika becomes ika = Giu(s)ua. The same

analysis can be performed on the remaining phases and sectors. The conclusion is that each

phase current is related to the corresponding command by Giu(s), resulting in a linearized

īk1
Giu(s)

īk2
Giu(s)

3-Phase
Unfolder

ika
va

ikb
vb

ikc
vc

abc

i12

u1

u2

ub

ua

uc

Sector

Fig. 7.1: Partial unfolding converter plant model with DBSRC commands generated using
three-phase components.
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model in Fig. 7.2.

The linearization is possible by making use of the two-way validity on the unfolder

current relationship. It shall be noted that this equivalent model assumes non-conduction

of the clamping diode, whose conduction time is short enough given a high open-loop band-

width and can be neglected when considering longer term dynamics. If diode conduction is

of concern, especially when studying converter behavior at sector beginnings, the piecewise

linear model shall be used.

7.1.2 DC-Link Capacitors

The next step in the modeling process is to push the dc-link capacitors to the line side.

This starts by considering a basic system with only capacitors in the dc link, as shown

in Fig. 7.3. They are periodically charged and discharged by the grid voltages through

the unfolder. Using the established unfolder current relationship in each sector, the line

currents can be derived from the dc-link currents, which in this case are solely dependent

on the capacitor currents.

Consider first a case of three capacitors in the dc link, each with capacitance Ck. In

Sector 1, the Phase-A current can be expressed as

ia = i1 = −ic1 − ic3

= −Ck
d

dt
vab − Ck

d

dt
(vab + vbc)

= −3Ck
dva

dt
, (7.1)

ika
Giu(s)ua

ikb
Giu(s)ub

ikc
Giu(s)uc

va

vb

vc

Fig. 7.2: Linearized partial unfolding converter plant model with equivalent line-side DB-
SRC output currents.
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va

icb
vb

icc
vc

Fig. 7.3: Partial unfolding converter plant model with only dc-link capacitors.

where the last step assumes balanced grid voltages, va + vb + vc = 0. The same analysis

can be performed on the remaining phases and sectors. The conclusion is that the same

relationship always holds, resulting in an equivalent circuit in Fig. 7.4. The three dc-link

capacitors can be equivalently represented by three wye-connected capacitors on the line

side each having capacitance of 3Ck, which produce the same line currents. Note that with

ideal grid voltage, the current in each equivalent line-side capacitor is smooth, while that in

each actual dc-link capacitor contains steps at sector beginnings, due to changes in the slope

of its the dc-link voltage. The addition of a third dc-link capacitor balances the current

steps in the existing two capacitors, making the overall current appears smooth.

In the actual converter, this third dc-link capacitor is to be avoided, as it adds extra

volume. The line currents due to only two dc-link capacitors are re-derived. To facilitate

a comparison with the prior case with three capacitors, ideal grid voltage is assumed. To

reveal the symmetry in capacitor currents among odd and even sectors, a new angle σ is

3Ck

3Ck

3Ck

ica
va

icb
vb

icc
vc

Fig. 7.4: Equivalent line-side model of the dc-link capacitors.
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introduced and limited to π
3 and reset to zero at sector beginnings,

σ = mod
(
ωt,

π

3

)
, 0 < σ <

π

3
. (7.2)

In Sector 1, the Phase-A current is

ica = i1 = −ic1

= −Ck
d

dt
vab

= −Ck
d

dt

[√
3Vm cos

(
σ +

π

6

)]

=
√

3VmωCk sin
(
σ +

π

6

)
. (7.3)

Similarly, the Phase-C current is

icc = −i2 = ic2

= Ck
d

dt
vbc

= Ck
d

dt

[√
3Vm cos

(
σ − 2π

3
+
π

6

)]

=
√

3VmωCk cos(σ). (7.4)

Finally, the Phase-B current is

icb = ic1 − ic2 = −3VmωCk sin
(
σ +

π

3

)
. (7.5)

Note the different magnitudes among the phase currents in Sector 1, where Phases A and

C are smaller than B. In comparison, the phase currents with a third dc-link capacitor all

have the same magnitude. The same analysis is applied to other sectors, and the results

are summarized in Table 7.1. It is noted that each dc-link capacitor current has the same

variation among odd sectors and another variation among even sectors. The difference in

variations causes step changes in the phase currents at sector beginnings.

To facilitate deriving an equivalent line-side circuit with only two dc-link capacitors, its
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Table 7.1: DC-link capacitor current in each unfolder sector assuming ideal grid voltages,

where σ = mod
(
ωt, π3

)
, Icm = 3VmωCk, icα = −

√
3

3 Icm sin(σ + π
6 ), icβ =

√
3

3 Icm cos(σ),
icγ = Icm sin(σ + π

3 ).

Sector ic1 = ic2 = ica = icb = icc =

1 icα icβ −icα −icγ icβ

2 icβ icα icγ −icβ icα

3 icα icβ icβ −icα −icγ
4 icβ icα icα icγ −icβ
5 icα icβ −icγ icβ −icα
6 icβ icα −icβ icα icγ

Phase-A current over a line period is shown in Fig. 7.5a. In comparison to the current with

three dc-link capacitors, the two currents share the same peak value of 3VmωCk. Thus, it is

expected they will have similar fundamental component values. To confirm, its frequency

spectrum is shown in Fig. 7.5b. Its fundamental component is 94% of the sinusoidal current

with three capacitors. Thus, it is concluded that the same equivalent circuit in Fig. 7.4 can

be used to model a system with only two dc-link capacitors.

7.2 Three-Phase Converter Model

Using the equivalent line-side models of the DBSRC and dc-link capacitors, the unfold-

ing converter plant can be modeled with a three-phase model depicted using a per-phase

circuit shown in Fig. 7.6. The process to model a three-phase plant in rotating frame is to

first derive the three-phase dynamic equations and group them by the same states such as

current and voltage, and then transform each state equation into rotating frame, and finally

combine them to obtain the complete model in rotating frame.

The amplitude-invariant Park transformation is used [84],




xd

xq

x0




= Kr




xa

xb

xc




=
2

3




cos(θ) cos
(
θ − 2π

3

)
cos
(
θ + 2π

3

)

− sin(θ) − sin
(
θ − 2π

3

)
− sin

(
θ + 2π

3

)

1
2

1
2

1
2







xa

xb

xc



. (7.6)
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Fig. 7.5: Phase-A current due to charge and discharge of the dc-link capacitors by the grid
voltage. (a) Comparison of the time-domain current waveforms due to two and three dc-link
capacitors, ia2 and ia3. (b) Frequency spectrum of ia2, normalized to Icm.
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Fig. 7.6: Per-phase equivalent circuit of the three-phase unfolding converter plant.

The inverse transformation is defined as




xa

xb

xc




= K−1
r




xd

xq

x0




=




cos(θ) − sin(θ) 1

cos
(
θ − 2π

3

)
− sin

(
θ − 2π

3

)
1

cos
(
θ + 2π

3

)
− sin

(
θ + 2π

3

)
1







xd

xq

x0



. (7.7)

The three-phase dynamic equations based on the per-phase equivalent circuit in Fig. 7.6,

excluding the DBSRC dynamics, are

d

dt




ia

ib

ic




= −Rg

Lg
I3




ia

ib

ic




+
1

Lg
I3




va

vb

vc



− 1

Lg
I3




ea

eb

ec




(7.8)
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and

d

dt




va

vb

vc




= − 1

3Ck
I3




ia

ib

ic




+
1

3Ck
I3




ika

ikb

ikc



. (7.9)

Transform the dynamic equation on line currents by expressing the three-phase quantities

in their dq0 equivalent and multiplying both sides of the equation by Kr,

Kr
d

dt




K−1
r




id

iq

i0







= −Rg

Lg
KrK

−1
r




id

iq

i0




+
1

Lg
KrK

−1
r




vd

vq

v0



− 1

Lg
KrK

−1
r




ed

eq

e0



, (7.10)

where in simplifying the derivative, the following general formula is used,

Kr
d

dt

(
K−1

r

)
=




0 −ω 0

ω 0 0

0 0 0



. (7.11)

The same process is applied to derive the dynamic equation of the line voltages in rotating

frame. The current and voltage equations are then combined to obtain the complete plant

model excluding DBSRC dynamics,

d

dt




id

iq

vd

vq




=




−Rg

Lg
ω 1

Lg
0

−ω −Rg

Lg
0 1

Lg

− 1
3Ck

0 0 ω

0 − 1
3Ck

−ω 0







id

iq

vd

vq




+




0 0

0 0

1
3Ck

0

0 1
3Ck






ikd

ikq


+




− 1
Lg

0

0 − 1
Lg

0 0

0 0






ed

eq


 .

(7.12)

Note that the x0 terms are discarded because all three-phase quantities are assumed to be

balanced, xa + xb + xc = 0.

To facilitate subsequent controller design in rotating frame, the actuator and sensor

dynamics are also transformed into their rotating-frame equivalents. Consider the actuator
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model from Fig. 7.2,




ika

ikb

ikc




=




Giu(s) 0 0

0 Giu(s) 0

0 0 Giu(s)







ua

ub

uc



, (7.13)

where Giu(s) is the previous second-order model used to approximate the DBSRC control

to output current response,

Giu(s) = G0
ω2

k

s2 + 2ζωks+ ω2
k

. (7.14)

The three-phase state equations of the actuator model can then be written as

d

dt




ika

ikb

ikc




=




i′ka

i′kb

i′kc




(7.15)

and

d

dt




i′ka

i′kb

i′kc




= −ω2
kI3




ika

ikb

ikc



− 2ζωkI3




i′ka

i′kb

i′kc




+G0ω
2
kI3




ua

ub

uc



. (7.16)

This set of state equations is then transformed into the rotating frame,

d

dt




ikd

ikq

i′kd

i′kq




=




0 ω 1 0

−ω 0 0 1

−ω2
k 0 −2ζωk ω

0 −ω2
k −ω −2ζωk







ikd

ikq

i′kd

i′kq




+




0 0

0 0

G0ω
2
k 0

0 G0ω
2
k






ud

uq


 . (7.17)

The three-phase current and voltage sensor dynamics can be transformed into their

rotating-frame equivalents using a similar process, due to their approximations using second-

order models, Hi(s) and Hv(s), as defined previously. The current sensor outputs (xia, xib,
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xic) and their derivatives (x′ia, x′ib, x′ic) are transformed into their rotating-frame equivalents

xid and xiq, and x′id and x′iq, respectively,

d

dt




xid

xiq

x′id

x′iq




=




0 ω 1 0

−ω 0 0 1

−ω2
i 0 −2ωi ω

0 −ω2
i −ω −2ωi







xid

xiq

x′id

x′iq




+




0 0

0 0

Hi0ω
2
i 0

0 Hi0ω
2
i






id

iq


 . (7.18)

Similarly, the voltage sensor outputs (xva, xvb, xvc) and their derivatives (x′va, x′vb, x′vc) are

transformed into their rotating-frame equivalents xvd and xvq, and x′vd and x′vq, respectively,

d

dt




xvd

xvq

x′vd

x′vq




=




0 ω 1 0

−ω 0 0 1

−ω2
v 0 −2ωv ω

0 −ω2
v −ω −2ωv







xvd

xvq

x′vd

x′vq




+




0 0

0 0

Hv0ω
2
v 0

0 Hv0ω
2
v






vd

vq


 . (7.19)

The equivalent circuit, DBSRC actuator, current and voltage sensor models are com-

bined to form an open-loop plant model in rotating frame that is used in subsequent con-

troller design,

ẋp = Apxp + Bpu + Ew. (7.20)

There are sixteen states

xp =

[
xid xiq xvd xvq x′id x′iq x′vd x′vq

id iq vd vq ikd ikq i′kd i′kq

]>
, (7.21)

and two control and two disturbance inputs

u =



ud

uq


 and w =



ed

eq


 . (7.22)
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The coefficient matrices, Ap, Bp and E, are obtained from Equations 7.12, 7.17, 7.18 and

7.19. Only the first four states (sensor outputs) are directly accessible by the controller, so

they are assigned as outputs

yp =

[
xid xiq xvd xvq

]>
= Cpxp =

[
I4 0

]
xp. (7.23)

7.3 Rotating-Frame Controller

This section provides the design procedure of the integral output feedback controller

in rotating frame. Following the derivation of the open-loop plant, a block diagram of the

proposed controller is constructed. The design procedure is similar to that in stationary

frame. A full state feedback design is first conducted using the LQR tuning method based

on different weights assigned to states. Next, an output feedback design using the available

states is performed, using the full state feedback design as a reference, and modifying the

controller gains to retain the dominant closed-loop poles.

The controller gains are tuned to achieve two objectives, which are to ensure robust

stability within uncertainty ranges for Lg and G0, and to achieve a high closed-loop band-

width. To achieve these objectives, the closed-loop stability and performance are evaluated

using different LQR weight penalties. The loop gain and closed-loop reference to out-

put and disturbance to output transfer functions are evaluated using both frequency and

step responses. To facilitate analysis, the state-space models of the controller, loop gain

and closed-loop system are derived. In the controller tuning process, some conclusions are

drawn on how changes in weights affect stability and performance.

7.3.1 Controller Design

The same controller architecture of integral state feedback used previously in stationary

frame is kept for its stabilizing and error-correcting properties. The primary difference is

that the states and inputs are now in the rotating frame, but the process for selecting the

controller gains is largely similar. The process begins with establishing a closed-loop model

suitable for controller design based on the closed-loop block diagram in Fig. 7.7.
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The errors are due to differences between reference and sensed currents,

e = r−



xid

xiq


 = r−Cixp = r−

[
I2 0

]
xp. (7.24)

The closed-loop controller design model ż is derived by augmenting the open-loop plant

model ẋp with error states,

ż =



−ė

ẍp


 =




0 Ci

0 Ap






−e

ẋp


+




0

Bp


 u̇ = Azz + Bzu̇, (7.25)

and applying state feedback

u̇ = −Kzz = −
[
Ke Kx

]


−e

ẋp


 . (7.26)

Combining the two equations forms the state feedback design model,

ż = Fzz = (Az −BzKz)z. (7.27)

The state feedback gain matrix Kz can be obtained using the LQR method based on weight

matrices Q and R.

Plant

ẋp = Apxp+
Bpu+Ew−+

u xp

w

Kx

State Feedback

CpKp

Output Feedback

s−1Ke−+
e

Ci

xid
xiq

xp

r

Fig. 7.7: Block diagram of a state and output feedback controlled unfolding converter.
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The implemented controller uses the static output feedback [83],

u̇ = −Ky



−e

ẏp


 = −KyCzz = −Ky

[
I6 0

]
z, (7.28)

resulting in the following closed-loop output feedback design model,

ż = Fyz = (Az −BzKyCz)z. (7.29)

The output feedback gain matrix Ky is selected to retain the six dominant eigenvalues

(poles) and their associated eigenvectors Vy in the state feedback design,

Ky = KzVy(CzVy)−1 =

[
Ke Kp

]
. (7.30)

In designing the feedback gains, the stability and performance of the closed-loop system

shall be evaluated. The diagram in Fig. 7.7 can be simplified by representing the entire

controller with its own model ẋc in the following general form,





ẋc = Acxc + Bc1xp + Bc2r

u = Ccxc + Dcxp

. (7.31)

Applying the general controller model to the output feedback controller results in the fol-

lowing coefficient matrices,

Ac = 0, Bc1 = −KeCi, Bc2 = Ke, Cc = I and Dc = −KpCp. (7.32)

The connection of the controller and open-loop plant models results in the closed-loop

system model shown in Fig. 7.8,




ẋp

ẋc


 =




Ap + BpDc BpCc

Bc1 Ac







xp

xc


+




0

Bc2


 r +




E

0


w. (7.33)
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This model is used to analyze the closed-loop stability and performance.

The general controller model can also be used to derive the loop gain model shown in

Fig. 7.9, 






ẋp

ẋc


 =




Ap 0

−Bc1 Ac







xp

xc


+




Bp

0


uin

uout =

[
−Dc Cc

]



xp

xc




. (7.34)

7.3.2 Controller Tuning for Robustness

The derived loop gain and closed-loop system models allow evaluation of closed-loop

stability and performance with different controller gains. The state feedback gains are

generated using the LQR method based on diagonal weight matrices configured as

Q =




qeI2

qiI2

0




and R = I2, (7.35)

where Q and R penalize the states and control inputs, respectively. The applied tuning

procedure fixes R while adjusts parameters in Q. The parameter qi applies equal penalties

to the two sensed currents xid and xiq. The parameter qe applies equal penalties to the

two error states in e. Intuitively, increasing qe produces gains that reduce the errors. The

dependence of closed-loop stability and performance on the two tuning parameters will be

summarized using an example design. After the state feedback gains are obtained, they are

Plant

ẋp = Apxp+
Bpu+Ew

xp

w

ẋc = Acxc +Bc1xp +Bc2r
u = Ccxc +Dcxp

Controller

u
r

Fig. 7.8: Block diagram of the closed-loop system model.
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Plant

ẋp = Apxp +Bpuin xp

w (= 0)

uinuout
ẋc = Acxc −Bc1xp

uout = Ccxc −Dcxp

Controller

r

(= 0)

Fig. 7.9: Block diagram of the loop gain model.

converted to output feedback gains by retaining the dominant eigenvalues in the closed-loop

system using the available states.

The output feedback gains are now designed using the LQR method for the 10-kVA

unfolding converter plant with the following nominal values, circuit of L̄g = 300 µH, Rg =

0.1 Ω and Ck = 5 µF, rotating frequency of f = 60 Hz, DBSRC actuator of Ḡ0 = 22 and

fk = 10 kHz, sensors of Hi0 = 0.05, Hv0 = 1.5 × 10−3 and fi = fv = 10 kHz. In addition,

the following uncertainties are considered on parameters Lg and G0,

Lg = L̄g10(±δL) and G0 = Ḡ0(1± δG), (7.36)

where the anticipated variations are δL = 1 for inductance values between 30 µH and 3 mH,

and δG = 0.5 or 50% variation on the actuator’s dc gain.

The adjustment of qe primarily impacts the closed-loop bandwidth, which is reflected in

the rise time of the step response from ird to id. In Fig. 7.10a, the step responses are shown

for the plant with nominal parameters but with controller gains produced from two values

of qe, 105 and 106. The same value of qi = 0.1 is used. The results show that increasing qe

reduces rise time of the step response and increases the closed-loop bandwidth. Be aware

that increasing qe too much tends to compromise stability, especially when large variations

exist in plant parameters, as is the case in the considered design.

The adjustment of qi primarily impacts stability, which is also observed in the step

response from ird to id. In Fig. 7.10b, the step responses are shown for the plant with

nominal parameters but with controller gains produced from two values of qi, 10−3 and 0.1.

The same value of qe = 106 is used. The results show that increasing qi reduces the current

oscillation and improves stability. Be aware that increasing qi too much tends to result
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in larger gains on the sensed voltages, which reduces disturbance rejection. This is seen

in the frequency response from ed to id shown in Fig. 7.11, where the low-frequency gain

increases as qi is made larger. Note however that the rejection of fundamental-frequency

voltage variation is not impacted, as it is converted to dc values in rotating frame.

Based on trends learned from tuning of qe and qi, they are selected respectively as 106

and 0.1 with nominal plant parameters. This results in the following integral and output

feedback gain matrices,

Ke =




726 0

0 726


 and Kp =



−0.15 0 1.7 0

0 −0.15 0 1.7


 , (7.37)

where the off-diagonal gains are small and have been removed to simplify implementation.

The stability and performance of the closed-loop system with these gains but with

uncertain plant parameters are now verified. The step responses from ird to id are shown

in Fig. 7.12 with combinations of maximum and minimum values of Lg and G0 within their

anticipated variations. In comparison with the response with nominal values, a smaller G0

results in slower response. The system is stable with all parameter combinations.

The frequency responses from ird to id with the selected gains but with different Lg

values are shown in Fig. 7.13. The closed-loop bandwidth is fairly uniform at about 200 Hz.

0 2 4 6 8 10
0

0.5

1

Time [ms]

id
[A]

qe = 105

qe = 106

(a)

0 1 2 3 4
0

0.5

1

Time [ms]

id
[A]

qi = 10−3

qi = 0.1

(b)

Fig. 7.10: Step response of ird to id at nominal plant parameters. (a) For same qi = 0.1
but different qe values, to show faster response by increasing qe. (b) For same qe = 106 but
different qi values, to show better stability by increasing qi.
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−60

−40

−20

0
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[Hz]

∣∣∣ id(s)ed(s)

∣∣∣
[dB]

Open-Loop

qi = 10−3

qi = 0.1
qi = 1

Fig. 7.11: Magnitude plots of grid voltage to current response, id(s)
ed(s) , at nominal plant

parameters for same qe = 106 but different qi values, to show worse disturbance rejection
with increasing qi.

0 2 4 6 8 10
0

0.5

1

Time [ms]

id
[A]

30 µH / 11

30 µH / 33

300 µH / 22

3 mH / 11

3 mH / 33

Fig. 7.12: Step response of ird to id with selected gains using qe = 106 and qi = 0.1 but with
different Lg and G0 values.
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300 µH
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Fig. 7.13: Magnitude plots of reference to actual current response, id(s)
ird(s) , with selected gains

using qe = 106 and qi = 0.1 and nominal G0 = 22 but with different Lg values.
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7.3.3 Implementation of Transformations

The rotating-frame controller is to be constructed in simulation and experiment. Crit-

ical to its construction is the implementation of the various transformation functions. Con-

sider first the generation of sensed currents in rotating frame. In a typical three-phase

inverter, the line currents are sensed and transformed into rotating frame using the Park

transformation. This same approach can be applied to the unfolding converter but requires

additional line current sensors. Existing current sensors are installed in the DBSRC mod-

ules for output current regulation. When used in the unfolding converter, these sensors

measure the dc-link currents. The measured dc-link currents can be used to derive the line

currents using the unfolder relationships. The derived line currents are then transformed

into the rotating frame using the Park transformation. Using this approach avoids adding

additional line current sensors to the unfolding converter. This current sensing approach

using two transformations can be visualized in Fig. 7.14. The unfolder transformation is

based on the sector variable S having six states. The current relationship in each sector is

valid as long as the clamping diode does not conduct.

The double-transform approach is still cumbersome, as it requires the derivation of

the intermediate three-phase line currents, which are not used anywhere else. A simplified

single-transform approach is also shown in Fig. 7.14 and combines the two transformations

into one. This approach is derived by exploiting symmetries among odd and among even

sectors and simplifies the current relationships from six to just two. The estimated phase

angle θ is between 0 and 2π. The sector variable S is an integer between 1 and 6. Consider

in Sector 1,



id

iq



S=1

=

[
I2 0

]
Kr




i1

i2 − i1
−i2




=
2
√

3

3




cos(θ + π
6 ) sin(θ)

− sin(θ + π
6 ) cos(θ)






i1

i2


 . (7.38)
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i12

iabc

ia
ib
ic

i1

i2

S

S ia ib ic
1 i1 i2 − i1 −i2
2 i2 − i1 i1 −i2
3 −i2 i1 i2 − i1
4 −i2 i2 − i1 i1
5 i2 − i1 −i2 i1
6 i1 −i2 i2 − i1

abc

dq

θ

id

iq

i12

idq

i1
i2

id

iq

g(θ, S)

σ

S θ

If S is odd,
[
id
iq

]
= 2

√
3

3

[
cos(σ + π

6 ) sin(σ)
− sin(σ + π

6 ) cos(σ)

] [
i1
i2

]
;

else,
[
id
iq

]
= 2

√
3

3

[
sin(σ) cos(σ + π

6 )
cos(σ) − sin(σ + π

6 )

] [
i1
i2

]
.

Fig. 7.14: Simplification of the dc-link to rotating-frame current transformation, from two
steps to one step, by exploiting symmetries among odd and among even sectors.

Consider in Sector 2 but with θ substituted with σ = θ − π
3 ,



id

iq



S=2

=

[
I2 0

]
Kr




i2 − i1
i1

−i2




=
2
√

3

3




sin(σ) cos(σ + π
6 )

cos(σ) − sin(σ + π
6 )






i1

i2


 . (7.39)

Similarly, consider in Sector 3 but with θ substituted with σ = θ − 2π
3 ,



id

iq



S=3

=

[
I2 0

]
Kr




−i2
i1

i2 − i1




=
2
√

3

3




cos(σ + π
6 ) sin(σ)

− sin(σ + π
6 ) cos(σ)






i1

i2


 , (7.40)

which is same as in Sector 1 but with θ substituted with σ. The same process can be applied

to the remaining sectors, by setting σ as

σ = g(θ, S) = θ − (S − 1)
π

3
, (7.41)
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and the following generalized relationships are obtained,



id

iq



S odd

=
2
√

3

3




cos(σ + π
6 ) sin(σ)

− sin(σ + π
6 ) cos(σ)






i1

i2


 , (7.42)

and 

id

iq



S even

=
2
√

3

3




sin(σ) cos(σ + π
6 )

cos(σ) − sin(σ + π
6 )






i1

i2


 . (7.43)

This converts the sensed dc-link currents into rotating-frame quantities in one step. This

single-transform approach is implemented as shown in Fig. 7.14. It shall be noted that σ is

not necessarily between zero and π
3 , depending on how S and θ are generated, but is so in

the simple case where S is directly generated from θ, or S = ceil
(

θ
π/3

)
.

In the rotating-frame model of the DBSRC actuator, the actual commands u1 and

u2 are generated from three-phase quantities ua, ub and uc based on the unfolder current

relationships. The rotating-frame controller generates commands ud and uq. They are

converted into three-phase quantities using the inverse Park transformation. This two-step

implementation is shown in Fig. 7.15. It can be simplified by using a similar process as the

dc-link to rotating-frame current transformation, by substituting θ with σ based on S. The

resulting dc-link currents (commands) are same among odd and among even sectors,



i1

i2



S odd

=




cos(σ) − sin(σ)

sin(σ + π
6 ) cos(σ + π

6 )






id

iq


 , (7.44)

and 

i1

i2



S even

=




sin(σ + π
6 ) cos(σ + π

6 )

cos(σ) − sin(σ)






id

iq


 . (7.45)

This single-step rotating-frame to dc-link current (command) transformation is implemented

as shown in Fig. 7.15.

The rotating-frame controller requires the sensed unfolder line-to-neutral output volt-

ages. These three-phase voltages can be sensed and converted into rotating-frame quantities
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dq

abc

ia
ib
ic

id

iq

θ

iabc

i12

S

i1

i2

S i1 i2
1 ia −ic
2 ib −ic
3 ib −ia
4 ic −ia
5 ic −ib
6 ia −ib

idq

i12

id
iq

i1

i2

g(θ, S)

σ

S θ

If S is odd,
[
i1
i2

]
=

[
cos(σ) − sin(σ)

sin(σ + π
6 ) cos(σ + π

6 )

] [
id
iq

]
;

else,
[
i1
i2

]
=

[
sin(σ + π

6 ) cos(σ + π
6 )

cos(σ) − sin(σ)

] [
id
iq

]
.

Fig. 7.15: Simplification of the rotating-frame to dc-link current transformation, from two
steps to one step, by exploiting symmetries among odd and among even sectors.

using the Park transformation. But they can be derived using the unfolder voltage relation-

ships and the measured dc-link voltages from the existing voltage sensors at the DBSRC

outputs. This two-step implementation is shown in Fig. 7.16. It can be simplified by using

a similar process as the dc-link to rotating-frame current transformation, by substituting θ

with σ based on S. The resulting rotating-frame voltages are same among odd and among

even sectors, 

vd

vq



S odd

=
2

3




cos(σ) sin(σ + π
6 )

− sin(σ) cos(σ + π
6 )






v1

v2


 , (7.46)

and 

vd

vq



S even

=
2

3




sin(σ + π
6 ) cos(σ)

cos(σ + π
6 ) − sin(σ)






v1

v2


 . (7.47)

This single-step dc-link to rotating-frame voltage transformation is implemented as shown

in Fig. 7.16.

7.4 Controller Construction and Verification

The derived transformation blocks are then combined with the output feedback con-

troller to form a core controller block shown in Fig. 7.17. The actual dc-link currents i1

and i2 are sensed with current sensors having dc gain of Hi0. The sensed currents xi1 and
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v12

vabc

vaz
vbz
vcz

v1

v2

S

S vaz vbz vcz
1 v1 + v2 v2 0
2 v2 v1 + v2 0
3 0 v1 + v2 v2
4 0 v2 v1 + v2
5 v2 0 v1 + v2
6 v1 + v2 0 v2

abc

dq

θ

vd

vq

v12

vdq

v1
v2

vd

vq

g(θ, S)

σ

S θ

If S is odd,
[
vd
vq

]
= 2

3

[
cos(σ) sin(σ + π

6 )
− sin(σ) cos(σ + π

6 )

] [
v1
v2

]
;

else,
[
vd
vq

]
= 2

3

[
sin(σ + π

6 ) cos(σ)
cos(σ + π

6 ) − sin(σ)

] [
v1
v2

]
.

Fig. 7.16: Simplification of the dc-link to rotating-frame voltage transformation, from two
steps to one step, by exploiting symmetries among odd and among even sectors.

xi2 are passed to the dc-link to rotating-frame current transformation in the controller core.

Similarly, the sensed dc-link voltages xv1 and xv2, obtained from voltage sensors Hv0, are

passed to the voltage transformation. The transformations are driven by the unfolder sector

variable Sf, which is also used to generate the unfolder switching sequence.

The transformations rely on the unfolder current and voltage relationships, which are

accurate given non-conduction of the clamping diodes. In actual converter, these diodes

unavoidably conduct for short durations at sector beginnings. The diode conduction intro-

duces errors in the transformed quantities. These errors, typically fast-varying glitches, are

suppressed using a low-pass filter. For simplicity, the filter bandwidth is treated as the same

fi and fv used in the sensor models. In addition to Sf, the transformations also require the

sector angle σf that is generated based on Sf and the estimated grid voltage angle θ∗ from

the PLL,

σf = g(θ∗, Sf) = θ∗ − (Sf − 1)
π

3
. (7.48)

The grid angle is used to keep the rotating frame synchronized to the grid voltages. Note

that this is different from the angle θf used to generate Sf, where

Sf = f(θf) = ceil

(
θf
π/3

)
= ceil

(
θ∗ + φf
π/3

)
. (7.49)

DocuSign Envelope ID: D346C8FB-947F-4AC0-A6D2-039F7C3412F9



127

i2 Hi0 xi2

Hi0 xi1i1 i12

idq

Hi(s)
Hi0

Hi(s)
Hi0

xid +−

xiq +
−

εd
Ke

εq
Ke

s−1

s−1

Ki

Kvxvd

Ki

Kvxvq

+
−−

+−−

ud

uq

idq

i12

u1

u2

xv1Hv0v1

Hv0 xv2v2

v12

vdq

Sf σf

Hv(s)
Hv0

Hv(s)
Hv0

xvd

xvq

φf

θ∗
+

+
θf

f(θ) g(θ, S) σf

Sfφu

φu +
+

θu

f(θ)

Su

g(θ, S)

Su
σu

Irq Hi0

Hi0Ird rd

rq
rd

rq

xvq

xvd

Su

Sf

Controller Core

Fig. 7.17: Block diagram of the rotating-frame controller core.

The phase shift φf added to θ∗ used to generate θf is an input to the controller core and

can be obtained from the previous sector-adjusting algorithm introduced in Chapter 5.

The sensed and transformed quantities along with the references are passed to the

integral output feedback controller, which then generates the converter commands. The

off-diagonal gain terms are removed to simplify controller implementation. The removed

gain terms cause little impact, as they are much smaller than the diagonal terms.

The final and perhaps most critical step in the controller core is the generation of actual

converter commands u1 and u2. This is accomplished with an inverse current transformation

on ud and uq. The time-varying trajectories on u1 and u2 are mostly fed forward from

the sector angle σu, whereas ud and uq adjust their magnitudes and phase shifts. This

characteristic is similar to a rotating-frame controller for VSI and usually results in near-

constant ud and uq values. Unique to the unfolding converter is the additional sector input

Su to the inverse transformation in command generation. The required step changes in the
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time-varying trajectories are generated by Su. It is obtained from the angle θu,

Su = f(θu) = ceil

(
θu

π/3

)
= ceil

(
θ∗ + φu

π/3

)
. (7.50)

The phase shift φu added to θ∗ used to generate θu is another input to the controller core

and can be different from θf based on the sector-adjusting algorithm. Subsequently, the

sector angle σu is generated based on the grid angle θ∗ and Su,

σu = g(θ∗, Su) = θ∗ − (Su − 1)
π

3
. (7.51)

The combination of feedforward action from Su and σu and the sector-adjusting algorithm

result in improved current quality especially at non-unity power factors with the rotating-

frame controller, compared to earlier approaches.

7.4.1 Sector Adjuster and Simulation Results

The required phase-shift inputs φf and φu to the controller core can be directly gener-

ated using the sector-adjusting algorithm based on the q-axis reference Irq. The algorithm

was derived using the feedforward controller and assumed small values of line inductance

Lg. It does not account for the phase shift φv of the unfolder voltage due to Lg, which can

become significant for large inductances.

A complete implementation of the sector adjuster accounts for φv in generating the

phase shifts,

φ̂f = φf + φv and φ̂u = φu + φv, (7.52)

where φf and φu are from the original algorithm. The theoretical formula for φv has previ-

ously been derived and is repeated below,

tan(φv) =
Vq

Vd
=

RgIq + ωLgId

RgId − ωLgIq + Em
≈ φv. (7.53)
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It can then be estimated using the sensed and transformed dc-link voltages from the con-

troller core,

φv =
x̄vq

x̄vd
, (7.54)

where x̄vd and x̄vq are averaged values over a line period. This estimation of φv combined

with the sector-adjusting algorithm forms the complete sector adjuster applicable to a wide

range of Lg values and is shown in Fig. 7.18.

The sector adjuster and controller core are combined with the PLL, unfolder switching

sequencer and DBSRC modulators to form the complete rotating-frame controller as shown

in Fig. 7.19. The complete system is simulated with plant and controller parameters in

the previous 10-kVA unfolding converter design. The plant parameters are grid voltage

Em = 392 V and frequency f = 60 Hz, line inductance Lg = 30 ∼ 3000 µH and resistance

Rg = 0.1 Ω, dc-link capacitance Ck = 5 µF, DBSRC dc gain G0 = 22 and bandwidth

fk = 10 kHz, sensor attenuations Hi0 = 0.05 and Hv0 = 1.5 × 10−3 and bandwidth fi =

fv = 10 kHz. The controller gains are Ke = 726, Ki = −0.15 and Kv = 1.7.

The performance of the rotating-frame controller is first compared with the stationary-

frame integral controller, using a line inductance of 30 µH and operating at power factor

of 0.7 (inductive), with Ird = −Irq = 12 A. This example was previously used to demon-

strate the difficulty of obtaining high current quality at non-unity power factors using the

stationary-frame controller, due to its slow command generation. The results at the same in-

ductance and operating condition using the rotating-frame controller are shown in Fig. 7.20.

xvd Mean

Meanxvq

÷
×

x̄vd

x̄vq

Sector-Adjusting
Algorithm

Irq

ω∗ φu
+
+

φf
+
+

φv

φ̂f

φ̂u

Sector Adjuster
If Irq > Ith,

φf = φu = 0.2ω∗

fk
;

else if Irq < −Ith,

φf = −φu = − 0.2ω∗

fk
;

else,

φf = φu = 0.

Fig. 7.18: Block diagram of the sector adjuster for use with the rotating-frame controller
core.
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−
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MCT
Modulator
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MCT
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xv1

Switching
Sequencer

Q[1,··· ,12]

PLL

ω∗

θ∗Sf
u2
u1
xvd
xvq

φf

φu

Irq Ird

Ird

xi1 Hi0 i1

xi2 Hi0 i2

xv1 Hv0 v1

xv2 Hv0 v2

Controller
Core

xvd
xvq

φ̂f

φ̂u

Irq

Irq

Sector
Adjuster

ω∗ω∗

Fig. 7.19: Unfolding converter with the full rotating-frame controller.

Note the improvement in current quality primarily presented as reduced current oscillation

at sector beginnings. This is attributed to the rotating-frame controller’s ability to produce

step changes in commands u1, u2. This benefit is retained from the feedforward controller.

Despite the fast response of feedforward control, it is unable to damp any current

oscillation or correct for errors between actual and reference currents. In Fig. 7.21, the

rotating-frame controller is simulated at Ird = −Irq = 12 A with different values of Lg

within its expected range of variation. The increase in Lg lowers the oscillation frequency

and allows the controller to damp any oscillation at sector beginnings due to unfolder

switching. This effect in turn improves the current quality with increase in Lg. The error

integrators minimize steady-state errors between actual and reference currents.
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ea

Stationary Frame Control
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u1 u2
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0

400ea

Rotating Frame Control

[V]
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60

u1 u2

Time [s]

Fig. 7.20: Simulation results comparing actual line currents with stationary- and rotating-
frame controllers, at power factor of 0.7 (inductive) with Ird = −Irq = 12 A, to highlight
lower distortion with rotating-frame control due to faster actuation of commands.

ea
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15 ia
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xid
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0 1
60
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−10
xiq

Hi0

ea

Lg = 300 µH

ia

0 1
60

Time [s]

−400

0

400ea

Lg = 3 mH
[V]

ia

0 1
60

Fig. 7.21: Simulation results comparing actual line currents with different line inductance
values with the rotating-frame controller, at power factor of 0.7 (inductive) with Ird =
−Irq = 12 A, to highlight robust stability and error correction.
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7.4.2 Capacitor Current Cancellation and Simulation Results

Despite the benefits of robust stability and correction of average errors offered by the

rotating-frame controller, it has limited ability to correct for fast-varying errors. This can

be seen as the variation in the sensed d- and q-axis currents in Fig. 7.21. Although these

fast-varying errors can be reduced by increasing the closed-loop bandwidth, doing so tends

to comprise stability. These errors are caused by the dc-link capacitor currents. Analytical

formulas of the capacitor currents have been previously provided. The conclusion is that

as the unfolder switches from one sector to the next, each capacitor current is stepped to a

different value.

Consider the top capacitor current ic1, while ic2 behaves similarly. In odd sectors,

based on Table 7.1, ic1 changes from

ic1,odd (σ = 0) = −
√

3

6
Icm to ic1,odd

(
σ =

π

3

)
= −
√

3

3
Icm, (7.55)

where Icm = 3VmωCk. In even sectors, it changes from

ic1,even (σ = 0) =

√
3

3
Icm to ic1,even

(
σ =

π

3

)
=

√
3

6
Icm. (7.56)

From an odd to even sector, it steps from

ic1,odd

(
σ =

π

3

)
= −
√

3

3
Icm to ic1,even (σ = 0) =

√
3

3
Icm. (7.57)

From an even to odd sector, it steps from

ic1,even

(
σ =

π

3

)
=

√
3

6
Icm to ic1,odd (σ = 0) = −

√
3

6
Icm. (7.58)

These step changes cause distortion in line currents, as seen previously in Fig. 7.5a. Al-

though adding a third capacitor can equalize these step changes, it increases converter

volume and component count.
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An intelligent approach is to cancel these steps instead using converter currents. Con-

sider again the top dc-link current,

i1 = īk1 − ic1. (7.59)

Consider the converter current generated in two components, an original component îk1

from the feedback controller, and a capacitor current canceling component ik1c,

īk1 = îk1 + ik1c. (7.60)

The component ik1c will depend on the algorithm used. Assuming an ideal case with full

cancellation, applying ik1c = ic1 results in i1 = îk1. The resulting dc-link and line currents

will not be affected by the capacitor currents.

The implemented algorithm is simplified by applying a constant canceling component

in each sector,

ik1c =





ik1c,odd = īc1,odd = 1
2

(
−
√

3
6 I
∗
cm −

√
3

3 I
∗
cm

)
= −

√
3

4 I
∗
cm

ik1c,even = īc1,even = 1
2

(√
3

3 I
∗
cm +

√
3

6 I
∗
cm

)
=
√

3
4 I
∗
cm

, (7.61)

where the average capacitor current in each sector, īc1,odd or īc1,even, is estimated using

I∗cm = 3V ∗mω
∗Ck = 3

√
x̄2

vd + x̄2
vq

Hv0
ω∗Ck. (7.62)

The magnitude V ∗m of the unfolder output voltage is estimated using the sensed and averaged

d- and q-axis voltages. The line frequency ω∗ is estimated by the PLL. The component ik1c

is generated by an equivalent command component u1c, where

u1 = û1 + u1c. (7.63)
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The original component û1 comes from the feedback controller, and a capacitor current

canceling component u1c is generated as

u1c =





u1c,odd = −
√

3I∗cm
4G0

u1c,even =
√

3I∗cm
4G0

, (7.64)

where G0 is the dc gain in the DBSRC actuator model. The second DBSRC command is

modified similarly,

u2 = û2 + u2c, where u2c =





u2c,odd =
√

3I∗cm
4G0

u2c,even = −
√

3I∗cm
4G0

. (7.65)

The resulting applied capacitor current canceling component is a square wave that switches

depending on the command sector variable Su from the controller core. The sectors are

phase-shifted by φu to compensate for the limited DBSRC response. Thus, the generation

of φu shall account for the capacitor current. This is achieved by adding I∗cm to the q-axis

reference when applying the sector-adjusting algorithm. The complete sector adjuster with

capacitor current cancellation is shown in Fig. 7.22.

The sector adjuster with capacitor current cancellation is integrated with the controller

core and other parts of the rotating-frame controller in Fig. 7.23. The systems with and

without cancellation are compared in simulation using the same 10-kVA plant and controller

parameters. The results are shown in Fig. 7.24 with Lg = 3 mH and operating at Ird =

−Irq = 12 A. Notice that without cancellation, the line current appear compressed. Adding

cancellation improves current quality, by altering profiles of commands u1 and u2. The

improvement in current quality is also evident in the reduced variations in the sensed d-

and q-axis currents.

The improvement in current quality is quantified by compared THD with and without

capacitor current cancellation in Table 7.2 at various Lg values and different power factors.

The results show uniformly reduced THD values by using cancellation. The results also show
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Fig. 7.22: Block diagram of the sector adjuster with capacitor current cancellation.

highest THD at small inductance values. This is due a current oscillation frequency beyond

the sensor bandwidth, and thus the controller offers no correction. In actual converter, a

passive damping network can be added, if oscillation becomes significant.

Dynamic performance of the rotating-frame controller is verified by stepping the d- and

q-axis current references through the four quadrants of the PQ plane. The reference steps

are applied every half line period, and the sensed and transformed currents are observed

in Fig. 7.25. The settling time of current in either axis is 3 ms and matches with that

from controller design. Also notice minimal cross coupling between the axes, presented as

minimal transient on one axis as the other is stepped.

The simulation results demonstrate high current quality in steady state regardless of

power factor and line inductance value, and in fast tracking of dynamic changes in dq

current references.
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Fig. 7.23: Unfolding converter with the full rotating-frame controller with capacitor current
cancellation.

Table 7.2: Current THD with and without capacitor current cancellation.

Conditions THD [%] at Lg =

Ird Irq [A] 30 µH 300 µH 3 mH

17 0
w/o 5.2 3.5 2.9

w/ 3.3 1.4 1.2

12 −12
w/o 4.5 3.4 3.2

w/ 2.3 1.5 1.4
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Fig. 7.24: Simulation results demonstrating improved current quality with capacitor current
cancellation by comparing to without cancellation, at power factor of 0.7 (inductive) with
Ird = −Irq = 12 A.

−12

0

12
Ird

xid

Hi0[A]

−12

0

12
Irq

xiq

Hi0[A]

−400

0

400ea

[V]

0 1
60

2.5
60

−15

0

15 ia

Time [s]

[A]

Fig. 7.25: Simulation results showing dynamic response by stepping through the four quad-
rants in the PQ plane.
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7.5 Experimental Verification

An experimental prototype of the unfolding converter has been constructed with pa-

rameters in Table 7.3 and connected as shown in Fig. 7.23 with the rotating-frame controller

to evaluate its line current regulation and dynamic response. A photo of the prototype is

shown in Fig. 7.26. Each DBSRC module is phase-shift modulated using MCT angles to

reduce conduction loss. Furthermore, an auxiliary half-bridge leg is inductively coupled to

and phase-shifted from each main DBSRC leg to reduce switching loss. In addition to their

power circuits, the unfolder and DBSRC modules contain all associated gate-drive circuits,

while each DBSRC additionally contains voltage and current sensors and analog-to-digital

converters. All of the control and signal processing blocks are implemented digitally in a Xil-

inx Virtex-5 field-programmable gate array (FPGA). The MCT modulator is implemented

using a look-up table approach. The control angles are tuned to linearize the command to

output current gain.

7.5.1 DBSRC Gain Linearization

Recall that the DBSRC command to output current response has been modeled using

a linear actuator model Giu(s). Due to converter nonidealities such as losses and dead

times, the response in actual hardware becomes nonlinear. The nonlinearity is depicted

as variation in the response’s dc gain G0 with the applied command U . In addition, the

AC PortUnfolder DBSRC Modules

FPGA DC Port

Fig. 7.26: Photo of 1-kVA unfolding converter hardware prototype.
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Table 7.3: Specifications of hardware prototype.

Parameter Value

Nominal DC Input Voltage 500 V

Ratings AC Line-to-Line Voltage 208 V rms

Three-Phase Power 1 kVA

DBSRC Switching Frequency 100 kHz

Transformer Turns Ratio 1

Resonant Inductance 200 µH

Resonant Capacitance 34 nF

Input Capacitance 1 µF

Output/DC-Link Capacitance 1 µF

MOSFET Switches APT34N80LC3

Unfolder IGBT Switches APT75GP120JDQ3

Filter Inductance 15 µH

output current becomes more sensitive to variation in output voltage, which also changes

G0 and affects the overall response.

To quantify the variation on G0, the DBSRC hardware in Table 7.3 is tested in dc

operation by applying input voltage of 400 V. The output voltage is swept between zero

and 400 V, and the command is swept between ±1. The dc output current Ik is measured

and plotted in Fig. 7.27b. Also shown are the expected current values based an ideal G0

value of 4 at this input voltage. Notice at the same U value, Ik varies and deviates from

its expected value. In the resulting plot of G0 = Ik
U , notice that gain variation exists and

becomes larger at small command values. The worst-case gain variation is 60%.

In ac operation with the unfolder, each DBSRC module sees wide-varying output volt-

age and applied command. Any variation in its dc gain will cause instantaneous error

between output and reference currents. This fast-varying error is not sufficiently corrected

by the feedback controller, due to a limited closed-loop bandwidth. The alternative ap-

proach used here is feedforward linearization, based on the measured gain variation. A gain

linearizer is added before the MCT modulator in Fig. 7.27a. It modifies the command u

from the feedback controller and outputs u∗ = u + ∆u to the modulator. The adjustment
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Fig. 7.27: DBSRC gain linearization. (a) Block diagram. (b) DC measurements.

∆u is selected from a look-up table based on u and the computed voltage conversion ratio

M , which is also used in the modulator. To obtain a linearized gain, the table entries ∆u

are obtained by interpolating the earlier dc measurements.

The DBSRC output current is measured again with the added gain linearizer by sweep-

ing the output voltage and applied command. In Fig. 7.27b, the resulting dc gain has less

variation, with a worst-case value of only 20%. This look-up table approach has been used

in radio-frequency power amplifiers to predistort their input signals and obtain a linear

amplifier response [85–88]. The designed gain-linearized modulator is used in subsequent

experiments on the DBSRC-unfolding converter.

7.5.2 Grid-Tied Results

All results are obtained at the nominal dc input voltage of 500 V and ac line-to-line

voltage of 208 V rms. A filter inductance of 15 µH is used in all experiments. The steady-

state line current waveforms at unity power factor are shown in Fig. 7.28a. The experiment

is conducted for positive power flow or delivering 1.2 kW to grid. The line-to-neutral voltage

of Phase A is also displayed to show phase relationship. The oscilloscope data for current ia

is used to obtain the harmonic spectrum in Fig. 7.28b. All harmonics are within the IEEE

1547 limits. The corresponding THD is 2.5%.
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Fig. 7.28: Experimental results at unity power factor and 1.2 kW. (a) Waveforms displaying
Channels 1 through 4 as line-to-neutral grid voltage ea, line currents ia, ib and ic respectively.
(b) Harmonic spectrum of ia and IEEE 1547 limits.

Operation at power factor of 0.8 (inductive) is verified in Fig. 7.29. The displayed dc-

link currents show expected profile as required at this power factor. The measured THD of

4% is slightly higher than at unity power factor. Further controller optimization is expected

to reduce THD.

The line currents during a power reversal transient are shown in Fig. 7.30a. Prior to the

event, the converter is delivering 500 W to grid. A positive-to-negative step change is then

applied to d-axis reference current. The high closed-loop bandwidth causes both dc-link

currents to settle within 1 ms, as shown in Fig. 7.30b. This results in line currents that

receive 500 W from grid. The instantaneous active power is obtained from data points in

Fig. 7.30a and plotted in Fig. 7.30c. The small settling time on active power demonstrates

fast converter dynamics.

Fig. 7.29: Experimental waveforms at power factor of 0.8 (inductive) and 1.2 kVA, displaying
Channels 1 through 4 as ea, ia and dc-link currents i1 and i2 respectively.
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(a) (b)

48 49 50 51 52 53

−500

0

500
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(c)

Fig. 7.30: Experimental results for a step change in d-axis reference current to reverse three-
phase active power from 500 to −500 W. (a) Waveforms displaying Channels 1 through 4
as line-to-neutral grid voltage ea, line currents ia, ib and ic respectively. (b) Waveforms
displaying Channels 1 through 4 as ea, ia and dc-link currents i1 and i2 respectively. (c)
Calculated instantaneous active power from waveforms.

Converter efficiency and line current THD are plotted against active power in Fig. 7.31.

Efficiency reaches 91% at 500 W and continues to increase to 93% at 1.2 kW at both power

flow directions. Reasonable efficiency is maintained over a wide range of power due to

reduced conduction loss using MCT-based multi-angle modulation in the DBSRC modules

and reduced switching loss using the auxiliary legs for ZVS. It can be improved by further

optimizing the DBSRC power stage component design and extending the soft-switching

range. Minimum line current THD of 2.5% is reached at 1.2 kW. The low distortion is

due to the linearized DBSRC gain and fast command actuation from the rotating-frame

controller.

7.6 Summary

The integral and output feedback controllers in stationary frame suffer from a small

but finite phase error between actual and reference line currents, as well as worse current
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Fig. 7.31: Experimental unfolding converter efficiency and line current THD versus three-
phase active power.

quality at non-unity power factors compared to feedforward control. The integral output

feedback controller is retained but acts on sensed quantities transformed into rotating frame.

Errors on fundamental components become constant quantities in rotating frame and are

driven to zero by the integrators. The generation of converter commands through inverse

transformation removes tracking requirement on controller gains through feedforward of

the phase angle. In addition, the feedforward of the sector variable allows generation of

step command changes, which are required for and improves current quality at non-unity

power factors. The current quality is further improved by feedforward of anticipated dc-link

capacitor currents in command generation, so that the line currents become less affected.

The rotating-frame controller is verified in simulation and experiment and demonstrates

high current quality and fast dynamics regardless of values of line inductance and power

factor.
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CHAPTER 8

CONCLUSIONS

The work in this dissertation is focused on a recently proposed three-phase unfolding

inverter for integrating battery energy storage to a low-voltage ac grid. The inverter is

designed to control power exchange between the battery and grid, where it is commanded

to delivery or receive a combination of active and reactive power to and from the grid. The

same application has long been served using the pulse-width modulated two-level voltage

source inverter (VSI). This topology generates current harmonics around and beyond the

switching frequency, and requires a large line filter to provide sufficient attenuation to meet

regulatory requirements. The same application also typically requires step up of the battery

voltage to provide a sufficient dc-link voltage for the VSI, depending on magnitude of the

grid voltage. This is traditionally accomplished using a boost dc-dc converter but has

more recently being replaced by a dual-active bridge (DAB) converter, as it offers galvanic

isolation and soft-switching properties.

The advent of the unfolding inverter is motivated by the integration of some functions

of the VSI into the dc-dc stage. Specifically, the dc-dc stage is now controlled to shape

the dc-link currents into sinusoidal segments. The unfolder stage then joins the segments

into sinusoidal ac. A benefit of doing so is the virtual elimination of switching loss in the

unfolder, as it switches at line frequency. Another benefit stemming from line-frequency

switching is non-generation of line current harmonics by the unfolder stage. A line filter is

still required, however, as harmonics are being generated by the dc-dc stage, but its size is

reduced. Two dual-bridge series resonant converter (DBSRC) modules are selected for the

dc-dc stage, owing to a low tank current over a wide operating range when modulated on

minimum current trajectories (MCT). This dissertation has investigated the power circuit

and controller designs of the DBSRC-unfolding converter for grid-tied application.
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8.1 Summary of Contributions

The five major contributions of this work all associated with the proposed DBSRC-

unfolder for grid-tied application are summarized here.

Design and Optimization of Passive and Filter Components

Equations of rms currents over a line period of the DBSRC tank components (resonant

inductor and capacitor and transformer) and input and dc-link capacitors are provided.

The results facilitate dimensioning of components in new designs, as well as to estimate

ratings of the DBSRC-unfolder using an existing DBSRC design. An optimal range of the

transformer turns ratio is provided and results in minimized primary- and secondary-side

rms currents. A formula is provided to estimate the line current harmonics that originate

from the DBSRC tanks. Correspondingly, a line filter design procedure is provided to

attenuate these harmonics.

Passive and Filter Size Comparison With Conventional DAB-VSI Converter

The components in both converters are designed and dimensioned under same ratings

of 10 kW, 480 V rms line-to-line and 300 V input voltages, which are representative of

actual systems in this application, and constraints of 50 kHz DAB/DBSRC and 10 kHz VSI

switching frequencies, which are achievable using commercially available silicon MOSFET

and IGBT devices and ferrite and iron powder materials and have been reported in existing

literature. Comparison of component sizes reveals larger dc-dc stage volume in the proposed

converter, due to its use of two separate DBSRC tanks and each having additional tank

capacitors. However, the inverter stage is much smaller, due to significantly reduced filter

inductance and dc-link capacitance. This contributes to an overall 40% reduction in total

passive volume in the proposed topology. The comparison demonstrates size reduction and

power density improvements using the proposed converter with a different topology and

without using exotic devices or materials.
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Modeling and Feedforward Control

The objective has been to design an appropriate controller tailored to the unfold-

ing converter to achieve performance that meets regulatory requirements and matches or

exceeds that of comparable grid-tied converters. To this end, various controllers are de-

signed, starting with a basic feedforward controller. The first step taken is the derivation

of an equivalent circuit based on dc-link quantities and an associated piecewise linear state

model. The circuit and model accurately predict and describe the current distortion and

oscillation occurring at beginning of each unfolder sector that are observed in simulation.

At non-unity power factors, current distortion can become significant due to finite DBSRC

rise time when responding to step changes in applied command. A remedy that takes ad-

vantage of conduction of unfolder clamping diodes is proposed and tested by phase-shifting

the unfolder and reference sectors. The proposed sector-adjusting algorithm is simple to

apply and effective in reducing current excursion and distortion at sector beginnings.

Feedback Control in Stationary Frame

The previous feedforward controller offers fast response but no error correction and no

damping of resonance. An integral output feedback controller is designed to address both

issues. Each converter command is generated from a combination of sensed dc-link current

and voltage as well as integrated error between sensed and reference dc-link currents. A

high integral gain is needed to reduce tracking error, while applying proper gains on sensed

outputs damps the resonant poles. The gains are tuned using the linear quadratic regulator

(LQR) and then converting the full state feedback gains into static output feedback gains by

retaining dominant poles. This control scheme is tested in simulation and offers improved

current quality at unity power factors and with large line inductances over feedforward

control.

Feedback Control in Synchronous Rotating Frame

Control in stationary frame suffers from a small but finite phase error between actual

and reference line currents, as well as worse current quality at non-unity power factors com-
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pared to feedforward control. The integral output feedback controller is retained but acts

on sensed quantities transformed into rotating frame. Errors on fundamental components

become constant quantities in rotating frame and are driven to zero by the integrators. The

generation of converter commands through inverse transformation removes tracking require-

ment on controller gains through feedforward of phase angle. In addition, the feedforward

of the sector variable allows generation of step command changes, which are required for

and improves current quality at non-unity power factors. The current quality is further im-

proved by feedforward of anticipated dc-link capacitor currents in command generation, so

that the line currents become less affected. The rotating-frame controller is verified in sim-

ulation and experiment and demonstrates high current quality and fast dynamics regardless

of values of line inductance and power factor.

8.2 Future Work

This dissertation has focused on an unfolding converter with two DBSRC modules in

the dc-dc stage. Although the DBSRC represents a well-rounded choice due to minimized

tank current over wide operating range when modulated using MCT, this implementation

is by no means unique and has its drawbacks. One is the high number of active switches.

Another is room for improvement in converter efficiency. A future direction is thus reduction

in component count and efficiency optimization. Both issues shall be considered together

to result in combined improvements.

Preliminary work has been conducted on a candidate topology, derived by combining

primary-side circuits of two DBSRC modules. This results in one primary leg shared by two

converter halves and a reduction of two switches and associated gate-drive circuits compared

to two modules. The two resonant tanks and secondary-side circuits are kept unchanged.

The rms current in the combined leg can be reduced by modulating the converter halves on

different MCT branches. Further work on this topology includes a comprehensive evaluation

of conduction and switching loss with the unfolder.

This dissertation has devised controllers using static relationships and gains. The

robustness against parameter variations is ensured by careful tuning of the static controller
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gains. This static approach is limited by its performance (e.g. closed-loop bandwidth) and

generality (e.g. retuning required for different systems). By investigating a more adaptive

controller, better performance and more flexibility can be obtained. This adaptivity can

be explored in the look-up table used to implement the MCT modulator. Specifically, the

table entries can be dynamically updated to linearize the instantaneous command to output

current gain of the DBSRC. A linearized gain rejects grid voltage disturbances as well as

nonidealities due to converter losses and dead times. This adaptive look-up table based

modulator can also be implemented for schemes other than MCT, such as ZVS trajectories.

The developed methods control the unfolding converter in grid-tied mode. Recent

applications have evolved to demand multi-mode operation in the same converter. An

example is in electric vehicle drivetrain, where it is desired to integrate charging features into

the drivetrain inverter. Doing so eliminates a dedicated on-board charger and potentially

increases charging power. Most existing works require a customized motor that connects

to the grid and functions as a filter inductor in charger mode. The drivetrain VSI can be

replaced with the unfolding converter that operates either in drive or charger mode. The

benefit is no need of motor customization, and conventional three-phase motors can be

used. This is a result of minimal line filter requirements in charger mode. This application

requires a controller of the unfolding converter in drive mode. Fortunately, the existing grid-

tied controller can be easily modified for motor drive as it is already designed in rotating

frame. Another benefit of an unfolding drive is the reduced common-mode current and

electromagnetic interference due to sinusoidal unfolder output voltages.

Another application requiring multi-mode operation is a grid-interactive inverter, as

introduced in Chapter 2. This inverter can operate in either grid-tied or grid-forming modes.

The motivations of designing a grid-interactive unfolding converter are its compact size and

galvanic isolation. This application requires a controller of the unfolding converter in grid-

forming mode. The challenges include ensuring robust voltage regulation subjective to load

uncertainties and smooth mode transitions depending on grid condition.

DocuSign Envelope ID: D346C8FB-947F-4AC0-A6D2-039F7C3412F9



149

REFERENCES

[1] ABB. (2012) Energy storage keeping smart grids in balance. [Online]. Avail-
able: https://library.e.abb.com/public/59a2be960fdb777a48257a680045c04a/ABB%
20Energy%20Storage Nov2012.pdf

[2] Electric Power Research Institute. (2010) Electricity energy storage technology
options: A white paper primer on applications, costs and benefits. [Online]. Available:
https://www.epri.com/#/pages/product/000000000001020676/

[3] ABB. (2011) Dynapeaq: Svc light with energy storage. [Online].
Available: https://library.e.abb.com/public/9db7f131518b2218832577b6002f6938/
A2-0211%20E%20HR.pdf

[4] Tesla. (2016) Powerwall owner’s manual. [Online]. Available: https://www.tesla.com/
sites/default/files/pdfs/powerwall/Powerwall 1 Owners Manual.pdf

[5] M. Yilmaz and P. T. Krein, “Review of the impact of vehicle-to-grid technologies
on distribution systems and utility interfaces,” IEEE Transactions on Power
Electronics, vol. 28, no. 12, pp. 5673–5689, Dec. 2013. [Online]. Available:
https://doi.org/10.1109/TPEL.2012.2227500

[6] D. P. Tuttle, R. L. Fares, R. Baldick, and M. E. Webber, “Plug-in vehicle to
home (v2h) duration and power output capability,” in Proc. IEEE Transportation
Electrification Conference and Expo (ITEC), Jun. 2013, pp. 1–7. [Online]. Available:
https://doi.org/10.1109/ITEC.2013.6574527

[7] H. Shin and R. Baldick, “Plug-in electric vehicle to home (v2h) operation under a
grid outage,” IEEE Transactions on Smart Grid, vol. 8, no. 4, pp. 2032–2041, Jul.
2017. [Online]. Available: https://doi.org/10.1109/TSG.2016.2603502

[8] V. Monteiro, B. Exposto, J. C. Ferreira, and J. L. Afonso, “Improved vehicle-to-home
(iv2h) operation mode: Experimental analysis of the electric vehicle as off-line ups,”
IEEE Transactions on Smart Grid, vol. PP, no. 99, pp. 1–10, 2017. [Online]. Available:
https://doi.org/10.1109/TSG.2016.2535337

[9] R. Burkart, J. W. Kolar, and G. Griepentrog, “Comprehensive comparative evaluation
of single- and multi-stage three-phase power converters for photovoltaic applications,”
in Proc. IEEE Telecommunications Energy Conference (INTELEC), Sep. 2012, pp.
1–8. [Online]. Available: https://doi.org/10.1109/INTLEC.2012.6374463

[10] R. M. Burkart and J. W. Kolar, “Comparative evaluation of sic and si pv
inverter systems based on power density and efficiency as indicators of initial
cost and operating revenue,” in Proc. IEEE Workshop on Control and Modeling
for Power Electronics (COMPEL), Jun. 2013, pp. 1–6. [Online]. Available:
https://doi.org/10.1109/COMPEL.2013.6626462

DocuSign Envelope ID: D346C8FB-947F-4AC0-A6D2-039F7C3412F9

https://library.e.abb.com/public/59a2be960fdb777a48257a680045c04a/ABB%20Energy%20Storage_Nov2012.pdf
https://library.e.abb.com/public/59a2be960fdb777a48257a680045c04a/ABB%20Energy%20Storage_Nov2012.pdf
https://www.epri.com/#/pages/product/000000000001020676/
https://library.e.abb.com/public/9db7f131518b2218832577b6002f6938/A2-0211%20E%20HR.pdf
https://library.e.abb.com/public/9db7f131518b2218832577b6002f6938/A2-0211%20E%20HR.pdf
https://www.tesla.com/sites/default/files/pdfs/powerwall/Powerwall_1_Owners_Manual.pdf
https://www.tesla.com/sites/default/files/pdfs/powerwall/Powerwall_1_Owners_Manual.pdf
https://doi.org/10.1109/TPEL.2012.2227500
https://doi.org/10.1109/ITEC.2013.6574527
https://doi.org/10.1109/TSG.2016.2603502
https://doi.org/10.1109/TSG.2016.2535337
https://doi.org/10.1109/INTLEC.2012.6374463
https://doi.org/10.1109/COMPEL.2013.6626462


150

[11] M. A. Abusara, J. M. Guerrero, and S. M. Sharkh, “Line-interactive ups for
microgrids,” IEEE Transactions on Industrial Electronics, vol. 61, no. 3, pp.
1292–1300, Mar. 2014. [Online]. Available: https://doi.org/10.1109/TIE.2013.2262763

[12] IEEE Standard for Interconnecting Distributed Resources with Electric Power Systems,
IEEE Std. 1547-2003, 2003. [Online]. Available: https://doi.org/10.1109/IEEESTD.
2003.94285

[13] M. Prodanovic and T. Green, “Control and filter design of three-phase
inverters for high power quality grid connection,” IEEE Transactions on Power
Electronics, vol. 18, no. 1, pp. 373–380, Jan. 2003. [Online]. Available:
https://doi.org/10.1109/TPEL.2002.807166

[14] F. Botteron and H. Pinheiro, “A three-phase ups that complies with the standard iec
62040-3,” IEEE Transactions on Industrial Electronics, vol. 54, no. 4, pp. 2120–2136,
Aug. 2007. [Online]. Available: https://doi.org/10.1109/TIE.2007.894782

[15] Y. Zhang, J. Liu, and C. Zhang, “Comparison of traditional two-stage buck-boost
voltage source inverter and diode-assisted buck-boost voltage source inverter,” in
Proc. IEEE Applied Power Electronics Conference and Exposition (APEC), Feb. 2012,
pp. 141–148. [Online]. Available: https://doi.org/10.1109/APEC.2012.6165810

[16] J. G. de Matos, F. S. F. e Silva, and L. A. d. S. Ribeiro, “Power control in ac
isolated microgrids with renewable energy sources and energy storage systems,” IEEE
Transactions on Industrial Electronics, vol. 62, no. 6, pp. 3490–3498, Jun. 2015.
[Online]. Available: https://doi.org/10.1109/TIE.2014.2367463

[17] N. M. L. Tan, T. Abe, and H. Akagi, “Design and performance of a bidirectional
isolated dc-dc converter for a battery energy storage system,” IEEE Transactions
on Power Electronics, vol. 27, no. 3, pp. 1237–1248, Mar. 2012. [Online]. Available:
https://doi.org/10.1109/TPEL.2011.2108317

[18] G.-G. Choi, D.-Y. Jung, S.-C. Choi, C.-Y. Won, Y.-C. Jung, and J.-H. Youm, “10kw
rapid-charger for electric vehicle considering vehicle to grid (v2g),” in Proc. IEEE
International Power Electronics and Motion Control Conference (IPEMC), Jun. 2012,
pp. 2668–2672. [Online]. Available: https://doi.org/10.1109/IPEMC.2012.6259283

[19] S. Zeljkovic, R. Vuletic, A. Miller, and A. Denais, “A three phase bidirectional
v2g interface converter based on sic jfets,” in Proc. IEEE European Conference on
Power Electronics and Applications (EPE), Sep. 2015, pp. 1–10. [Online]. Available:
https://doi.org/10.1109/EPE.2015.7309408

[20] X. She, X. Yu, F. Wang, and A. Q. Huang, “Design and demonstration of
a 3.6-kv-120-v/10-kva solid-state transformer for smart grid application,” IEEE
Transactions on Power Electronics, vol. 29, no. 8, pp. 3982–3996, Aug. 2014. [Online].
Available: https://doi.org/10.1109/TPEL.2013.2293471

[21] D. G. Holmes and T. A. Lipo, Pulse Width Modulation for Power Converters: Princi-
ples and Practice. Wiley-IEEE Press, 2003.

DocuSign Envelope ID: D346C8FB-947F-4AC0-A6D2-039F7C3412F9

https://doi.org/10.1109/TIE.2013.2262763
https://doi.org/10.1109/IEEESTD.2003.94285
https://doi.org/10.1109/IEEESTD.2003.94285
https://doi.org/10.1109/TPEL.2002.807166
https://doi.org/10.1109/TIE.2007.894782
https://doi.org/10.1109/APEC.2012.6165810
https://doi.org/10.1109/TIE.2014.2367463
https://doi.org/10.1109/TPEL.2011.2108317
https://doi.org/10.1109/IPEMC.2012.6259283
https://doi.org/10.1109/EPE.2015.7309408
https://doi.org/10.1109/TPEL.2013.2293471


151

[22] Uninterruptible power systems (UPS) - Part 3: Method of specifying the performance
and test requirements, IEC Std. 62 040-3, 2011.

[23] N. R. Zargari and G. Joos, “Performance investigation of a current-controlled
voltage-regulated pwm rectifier in rotating and stationary frames,” IEEE Transactions
on Industrial Electronics, vol. 42, no. 4, pp. 396–401, Aug. 1995. [Online]. Available:
https://doi.org/10.1109/41.402479

[24] D. N. Zmood, D. G. Holmes, and G. H. Bode, “Frequency-domain analysis of three-
phase linear current regulators,” IEEE Transactions on Industry Applications, vol. 37,
no. 2, pp. 601–610, Mar. 2001. [Online]. Available: https://doi.org/10.1109/28.913727

[25] R. N. Beres, X. Wang, M. Liserre, F. Blaabjerg, and C. L. Bak, “A review of passive
power filters for three-phase grid-connected voltage-source converters,” IEEE Journal
of Emerging and Selected Topics in Power Electronics, vol. 4, no. 1, pp. 54–69, Mar.
2016. [Online]. Available: https://doi.org/10.1109/JESTPE.2015.2507203

[26] M. Liserre, F. Blaabjerg, and S. Hansen, “Design and control of an lcl-filter-based three-
phase active rectifier,” IEEE Transactions on Industry Applications, vol. 41, no. 5, pp.
1281–1291, Sep. 2005. [Online]. Available: https://doi.org/10.1109/TIA.2005.853373

[27] Y. Jiao and F. C. Lee, “Lcl filter design and inductor current ripple analysis
for a three-level npc grid interface converter,” IEEE Transactions on Power
Electronics, vol. 30, no. 9, pp. 4659–4668, Sep. 2015. [Online]. Available:
https://doi.org/10.1109/TPEL.2014.2361907

[28] M. S. Rylko, B. J. Lyons, J. G. Hayes, and M. G. Egan, “Revised magnetics
performance factors and experimental comparison of high-flux materials for high-
current dc-dc inductors,” IEEE Transactions on Power Electronics, vol. 26, no. 8,
pp. 2112–2126, Aug. 2011. [Online]. Available: https://doi.org/10.1109/TPEL.2010.
2103573

[29] R. Teodorescu, F. Blaabjerg, U. Borup, and M. Liserre, “A new control
structure for grid-connected lcl pv inverters with zero steady-state error and
selective harmonic compensation,” in Proc. IEEE Applied Power Electronics
Conference and Exposition (APEC), Feb. 2004, pp. 580–586. [Online]. Available:
https://doi.org/10.1109/APEC.2004.1295865

[30] R. Teodorescu, F. Blaabjerg, M. Liserre, and P. C. Loh, “Proportional-resonant
controllers and filters for grid-connected voltage-source converters,” IEE Proceedings
- Electric Power Applications, vol. 153, no. 5, pp. 750–762, Sep. 2006. [Online].
Available: https://doi.org/10.1049/ip-epa:20060008

[31] E. Twining and D. Holmes, “Grid current regulation of a three-phase voltage source
inverter with an lcl input filter,” IEEE Transactions on Power Electronics, vol. 18,
no. 3, pp. 888–895, May 2003. [Online]. Available: https://doi.org/10.1109/TPEL.
2003.810838

[32] J. G. Hwang, P. W. Lehn, and M. Winkelnkemper, “Control of grid connected
ac-dc converters with minimized dc link capacitance under unbalanced grid

DocuSign Envelope ID: D346C8FB-947F-4AC0-A6D2-039F7C3412F9

https://doi.org/10.1109/41.402479
https://doi.org/10.1109/28.913727
https://doi.org/10.1109/JESTPE.2015.2507203
https://doi.org/10.1109/TIA.2005.853373
https://doi.org/10.1109/TPEL.2014.2361907
https://doi.org/10.1109/TPEL.2010.2103573
https://doi.org/10.1109/TPEL.2010.2103573
https://doi.org/10.1109/APEC.2004.1295865
https://doi.org/10.1049/ip-epa:20060008
https://doi.org/10.1109/TPEL.2003.810838
https://doi.org/10.1109/TPEL.2003.810838


152

voltage condition,” in Proc. IEEE European Conference on Power Electronics
and Applications (EPE), Sep. 2007, pp. 1–10. [Online]. Available: https:
//doi.org/10.1109/EPE.2007.4417289

[33] J. Xu and Y. Sato, “An investigation of minimum dc-link capacitance in pwm
rectifier-inverter systems considering control methods,” in Proc. IEEE Energy
Conversion Congress and Exposition (ECCE), Sep. 2012, pp. 1071–1077. [Online].
Available: https://doi.org/10.1109/ECCE.2012.6342700

[34] M. Liserre, A. Dell’Aquila, and F. Blaabjerg, “Stability improvements of an
lcl-filter based three-phase active rectifier,” in Proc. IEEE Power Electronics
Specialists Conference (PESC), Jun. 2002, pp. 1195–1201. [Online]. Available:
https://doi.org/10.1109/PSEC.2002.1022338

[35] R. Teodorescu, M. Liserre, and P. Rodriguez, Grid Converters for Photovoltaic and
Wind Power Systems. Wiley-IEEE Press, 2011.

[36] G. Escobar, A. A. Valdez, J. Leyva-Ramos, and P. Mattavelli, “Repetitive-based
controller for a ups inverter to compensate unbalance and harmonic distortion,” IEEE
Transactions on Industrial Electronics, vol. 54, no. 1, pp. 504–510, Feb. 2007. [Online].
Available: https://doi.org/10.1109/TIE.2006.888803
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[72] R. W. Erickson and D. Maksimović, Fundamentals of Power Electronics, Second Edi-
tion. New York, NY: Springer Science+Business Media, LLc, 2001.

[73] L. Corradini, D. Seltzer, D. Bloomquist, R. Zane, D. Maksimović, and B. Jacobson,
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signal phasor modeling of dual active bridge series resonant dc/dc converters
with multi-angle phase shift modulation,” in Proc. IEEE Energy Conversion
Congress and Exposition (ECCE), Sep. 2011, pp. 2757–2764. [Online]. Available:
https://doi.org/10.1109/ECCE.2011.6064139

[81] D. Seltzer, D. Bloomquist, R. Zane, and D. Maksimovic, “Gain-scheduled
control of multi angle phase shift modulated dual active bridge series resonant
dc/dc converters,” in Proc. IEEE Workshop on Control and Modeling for
Power Electronics (COMPEL), Jun. 2012, pp. 1–7. [Online]. Available: https:
//doi.org/10.1109/COMPEL.2012.6251777

[82] D. Seltzer and R. Zane, “Multi-mode control of series and parallel converters
for bidirectional power systems,” in Proc. IEEE Workshop on Control and
Modeling for Power Electronics (COMPEL), Jun. 2014, pp. 1–8. [Online]. Available:
https://doi.org/10.1109/COMPEL.2014.6877130

[83] E. Lavretsky and K. A. Wise, Robust and Adaptive Control with Aerospace Applica-
tions. Springer-Verlag London, 2013.

[84] S. Buso and P. Mattavelli, Digital Control in Power Electronics. Morgan & Claypool,
2006.

DocuSign Envelope ID: D346C8FB-947F-4AC0-A6D2-039F7C3412F9

https://doi.org/10.1109/COMPEL.2013.6626417
https://doi.org/10.1109/TIE.2011.2175669
https://doi.org/10.1109/TPEL.2013.2292026
https://www.mag-inc.com/Media/Magnetics/File-Library/Product%20Literature/Ferrite%20Literature/FC-S7.pdf
https://www.mag-inc.com/Media/Magnetics/File-Library/Product%20Literature/Ferrite%20Literature/FC-S7.pdf
http://wcmagnetics.com/wp-content/uploads/2015/02/appnote11.28.10.pdf
http://wcmagnetics.com/wp-content/uploads/2015/02/appnote11.28.10.pdf
https://doi.org/10.1109/TPEL.2009.2014238
https://doi.org/10.1109/ECCE.2011.6064139
https://doi.org/10.1109/COMPEL.2012.6251777
https://doi.org/10.1109/COMPEL.2012.6251777
https://doi.org/10.1109/COMPEL.2014.6877130


157

[85] J. K. Cavers, “Amplifier linearization using a digital predistorter with fast adaptation
and low memory requirements,” IEEE Transactions on Vehicular Technology, vol. 39,
no. 4, pp. 374–382, Nov. 1990. [Online]. Available: https://doi.org/10.1109/25.61359

[86] K. J. Muhonen, M. Kavehrad, and R. Krishnamoorthy, “Look-up table techniques for
adaptive digital predistortion: a development and comparison,” IEEE Transactions
on Vehicular Technology, vol. 49, no. 5, pp. 1995–2002, Sep. 2000. [Online]. Available:
https://doi.org/10.1109/25.892601

[87] H. H. Chen, C. H. Lin, P. C. Huang, and J. T. Chen, “Joint polynomial and
look-up-table predistortion power amplifier linearization,” IEEE Transactions on
Circuits and Systems II: Express Briefs, vol. 53, no. 8, pp. 612–616, Aug. 2006.
[Online]. Available: https://doi.org/10.1109/TCSII.2006.877278

[88] Y. Y. Woo, J. Kim, J. Yi, S. Hong, I. Kim, J. Moon, and B. Kim, “Adaptive digital
feedback predistortion technique for linearizing power amplifiers,” IEEE Transactions
on Microwave Theory and Techniques, vol. 55, no. 5, pp. 932–940, May 2007. [Online].
Available: https://doi.org/10.1109/TMTT.2007.895145

DocuSign Envelope ID: D346C8FB-947F-4AC0-A6D2-039F7C3412F9

https://doi.org/10.1109/25.61359
https://doi.org/10.1109/25.892601
https://doi.org/10.1109/TCSII.2006.877278
https://doi.org/10.1109/TMTT.2007.895145


158

CURRICULUM VITAE

Weilun Warren Chen

Submitted Journal Articles

• Robust Control of Grid-Tied Unfolding Converters in the Synchronous Rotating Frame,

W. W. Chen and R. Zane, IEEE Transactions on Power Electronics, In Review.

Published Journal Articles

• Isolated Bidirectional Grid-Tied Three-Phase AC-DC Power Conversion Using Series-

Resonant Converter Modules and a Three-Phase Unfolder, W. W. Chen, R. Zane, and

L. Corradini, IEEE Transactions on Power Electronics, vol. 32, no. 12, pp. 9001-9012,

2017.

Published Conference Papers

• A Three-Port Series Resonant Converter for Three-Phase Unfolding Inverters, W. W.

Chen, B. Riar, and R. Zane, in Proc. IEEE Workshop on Control and Modeling for

Power Electronics (COMPEL), 2017.

• Active Rectifier System Using Three-Phase Unfolder and Series Resonant Converters

Controlled in Synchronous Rotating Frame, W. W. Chen and R. Zane, in Proc. IEEE

International Telecommunications Energy Conference (INTELEC), 2016.

• Application of Three-Phase Unfolder in Electric Vehicle Drivetrain, W. W. Chen and

R. Zane, in Proc. IEEE Workshop on Control and Modeling for Power Electronics

(COMPEL), 2015.

• Isolated Bidirectional DC/AC and AC/DC Three-Phase Power Conversion Using Se-

ries Resonant Converter Modules and a Three-Phase Unfolder, W. W. Chen, R. Zane,

D. Seltzer, and L. Corradini, in Proc. IEEE Workshop on Control and Modeling for

Power Electronics (COMPEL), 2014.

DocuSign Envelope ID: D346C8FB-947F-4AC0-A6D2-039F7C3412F9


	ABSTRACT
	PUBLIC ABSTRACT
	ACKNOWLEDGMENTS
	LIST OF TABLES
	LIST OF FIGURES
	ACRONYMS
	INTRODUCTION
	Background
	Research Objectives
	Dissertation Organization

	REVIEW OF ISOLATED BIDIRECTIONAL THREE-PHASE CONVERTERS
	Voltage Source Inverter
	Output Filter Design in Grid-Forming Mode
	Line Filter Design in Grid-Tied Mode
	Example 10-kVA VSI Filter Design
	Control in Grid-Tied Mode
	Control in Grid-Forming Mode
	Control in Grid-Interactive Mode

	Two-Stage DAB-VSI Converter
	DC-DC Converter Selection
	Example 10-kW DAB Design

	Improved Two- and Single-Stage Converters
	Summary

	UNFOLDING CONVERTER TOPOLOGY AND OPERATION
	Review of Three-Phase Rectifiers
	Single-Switch Rectifier
	Third-Harmonic Current Injection Rectifier

	Three-Phase Unfolder
	DBSRC Operation
	DBSRC-Unfolding Converter
	Summary

	UNFOLDING CONVERTER DESIGN AND COMPARISON
	DBSRC Design for Unfolding Converter
	Component RMS Currents
	Example 10-kVA Unfolding Converter Design
	Tank Inductor
	Transformer
	Tank Capacitor
	Input and DC-Link Capacitors

	Line Filter Design
	Discussion and Comparison with Conventional Converter
	Summary

	MODELING AND FEEDFORWARD CONTROL OF UNFOLDING CONVERTER
	Feedforward Control of Grid-Tied Unfolding Converter
	Modeling of Grid-Tied Unfolding Converter Plant
	Model Verification
	Analysis of Current Distortion at Non-Unity Power Factors
	Mitigation of Current Distortion at Non-Unity Power Factors
	Capacitive Case
	Inductive Case
	Sector-Adjusting Algorithm

	Summary

	FEEDBACK CONTROL IN STATIONARY FRAME
	Integral Control
	Controller Design
	Controller Tuning
	Simulation Results

	State and Output Feedback
	Controller Design
	Controller Tuning
	Simulation Results

	Summary

	CONTROL IN SYNCHRONOUS ROTATING FRAME
	Line-Side Component Models
	DBSRC Output Currents
	DC-Link Capacitors

	Three-Phase Converter Model
	Rotating-Frame Controller
	Controller Design
	Controller Tuning for Robustness
	Implementation of Transformations

	Controller Construction and Verification
	Sector Adjuster and Simulation Results
	Capacitor Current Cancellation and Simulation Results

	Experimental Verification
	DBSRC Gain Linearization
	Grid-Tied Results

	Summary

	CONCLUSIONS
	Summary of Contributions
	Future Work

	REFERENCES
	CURRICULUM VITAE

		2017-12-01T05:17:06-0800
	DocuSign, Inc.
	Digitally verifiable PDF exported from www.docusign.com




