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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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iv
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 DynaPea(Q 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-de 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 de-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-



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

8

ded processors. The reference three-phase voltages (Vya, Urb, Urc) are transformed into an
equivalent rotating vector in stationary frame. In the illustrated open-loop implementa-
tion, the vector’s v, and v,3 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 f.. Once the required
attenuation is known, from standards such as the IEC 62040, f. can be determined [22].
A large value of f. usually implies smaller filter size, but requires increasing the switching
frequency, and doing so increases switching loss.

Define the modulation index m; as ratio between actual and maximum output vector
magnitudes and the modulation frequency my 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 m; = 0.75 and m; = 10. The reference voltages are also
shown for comparison. In the harmonic spectrum shown in Fig. 2.3 for the same m; but
increasing my 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 my, with the dominant harmonics at m; & 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).

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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Fig. 2.3: Output filter design for a grid-forming VSI operating at modulation index of 0.75
and modulation frequency of 100 (50 Hz fundamental and 5 kHz switching frequencies),
showing harmonic magnitudes of switch voltage Vi, (w) and filtered output voltage V,(w),
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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 my £ 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

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 Lg 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 uF
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 °C 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 pH
Inductor (Ls)  Core Size and Material T400-34D
Number of Turns 135
Wire Size 9 AWG
Estimated Loss 27T W
Grid-Side Inductance 500 pH
Inductor (Lg)  Core Size and Material T249-34
Number of Turns 96
Wire Size 11 AWG
Estimated Loss 12 W
Capacitor (Cy) Capacitance 10 pF
Series EPCOS B32796
Specs 10 uF 875 V
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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 Vi, (w) and

filtered line current I,(w), IEEE 1547 limits and filter admittance Y (s) = Z:a((sg).

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



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

17

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-de 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.
Battery i i DC i i i
Pack | Dual-Active Bridge 'Link' VST ' LineFilter ' Grid
2
B

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 )
Primary Wire Size 15 AWG (x10)
Number of Secondary Turns 68
Secondary Wire Size 17 AWG
Estimated Loss Per Core 72 W
Estimated Temperature Rise 38 °C
Tank Inductance 20 uH
Inductor Number of Cores 4
(Ly) Core Size E42/21/20
Air Gap Length 3.7 mm
Number of Turns 8
Wire Size 15 AWG (x8)
Estimated Loss Per Core 3.8 W
Estimated Temperature Rise 39 °C
Input Capacitance 40 pF
Capacitor Series EPCOS B32774
(Cin) Specs 10 uF 450 V (x4)
DC-Link Capacitance 100 pF
Capacitor Series EPCOS B32778

(Cx) Specs 50 puF 900 V (x2)

20
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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 de-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 dec-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 I.. 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 i,. The phases are additionally connected to an added current
injection network, which consists of three four-quadrant switches (Qa, Qp, Qc) and a second
converter 1o.

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 i, and io 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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Switching
Sequencer On Qa1 Qb1 Qb1 Qe1: Qe1: Qar
TS Switches Qe2 Qe2 Qa2 Qa2 Qu2 Qua2
Sector 0* %QbS i Qa3 i QC3 *QbS i QaS i QCS %
Detector PLL 0 60° 120°180°240°300°360°

(a) (b)

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 V4, and angular frequency

w?
Vo = Vpcos(wt)
v, = Vmcos (wt — 2%) ) (3.1)
v = Vmcos (wt + 2?”)

the voltage angle 6* is estimated using a phase-locked loop (PLL) on the grid voltages,
0* ~ mod(wt, 27) = wt — floor <2> 27, 0< 6" <2m. (3.2)
T

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

every 60° based on 6*,

S = ceil <ﬂ9/ ) , 1<5<6. (3.3)
3

In each sector, a different set of unfolder switches are activated to generate dc-link voltages
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v1 and vy 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 1.5Vy,.

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 dec-link currents required to produce
line currents of fundamental magnitude I, at unity power factor are shown in Fig. 3.3b,
where each dc-link current varies between 0.51,, and I,.

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 = Va3 = 1= i9=
1 Vab Ube ia —ic
2 —UVab  —VUca i —lc
3 Ube Vea b —1q
4 —Ubc —Vab ic —la
) Uca Vab ic —ip
6 —Uca  —Unbc la —ip
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Sector On Switches
1 Ql, 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 Q1,278 10, 11
Fig. 3.4: Unfolder implemented with neutral point clamped topology.
magnitude I, and phase shift ¢
ia = Iycos(wt—1)
iy, = Ipcos (w — 2{ — w) (3.4)
ic = Iycos (wt+ 2% —¢)
where 1 determines the power factor as
PF = cos(y)), —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

3 .
S=P+3jQ= §Vm1meﬂw (3.6)

in the PQ plane shown in Fig. 3.5 [67].
The required dc-link currents i1 and 75 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(i;) = max(iz) — min(iz), (3.7)

where it is plotted against power factor in Fig. 3.7a. The minimum variation of 0.51, occurs
at unity power factors, while the maximum of v/3I,, 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,

Ik = max(|i1|) = max(|ia]), (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 I,.
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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,
pP1 = v1i1 and P2 = ’Ugig. (39)

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

_ 1 (T 1 [T
P=— dt = — dt 1
T/o P1 T/o P2 (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 P = 0.5P. The peak output
power

Bpie = max(|p1) = max(|pz|) (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:

e Operate with wide-varying output voltage between zero and 1.5V, or close to the

peak line-to-line voltage.
e Deliver I, or the peak line current at any output voltage within its range.

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

to V31, at zero output voltage.

e 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 de-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 (¢aB, ¢aD, ¢pc) 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(t) = Re{VAej“St}, where Vi = %Vmejo, (3.12)
v (t) = Re{VBejwst}, where Vg = %Y/}nej(_¢AB), (3.13)
vp1(f) = Re{Vpe™}, where Vp — %Vej(_¢AD)7 (3.14)
vo () = Re{Vee!'}, where V¢ = %V@j(*d’AD*‘bDC). (3.15)

The range of ¢pap is between —m and 7. The ranges of ¢ap and ¢pc are both between 0

and 27. The primary-side differential switching voltage is

$AB

4 - .
Vag = VA — Vg = —Viysin (‘bgB> LI ETT) = | Vap) - €9, (3.16)
m

where ¢ is the phase of Vzp. Similarly, the secondary-side differential switching voltage is

¢DC

4 .
Vbe =Vp - Ve = —Vsin (qb];c> (3 7ap=755), (3.17)
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This voltage is reflected to the transformer primary side as
Vv .
V, = —2C = [V, |- el?, (3.18)
n

where ¢ is the phase of V.
Together, Vap and V,, are applied to the resonant tank and result in the equivalent

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

_ Vi _Vas -V,

1. = = 3.19
p Zt Zt ( )
In this analysis, a lossless tank is assumed and has an impedance of
VA ) X j L ! (3.20)
= = w. r — . .
t It J s Wscr
To simplify analysis, a change of phase reference to V, is applied as
V, = Vel (7% = |V |, (3.21)
This also modifies V aAp as
Vap = VABej(*dm) — ’VAB‘ej(Cf)r(bz) — ‘VAB|€j¢- (3.22)
Sout
_—
LI’ CY Ip

+ +
Vap Ve - agvp

Fig. 3.9: Equivalent tank circuit.
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The angle ¢ = ¢ap + % represents the phase difference between Vg and V. The

modified tank current is now solved

i _& VAB—VP

p Z - Z
le Sin(gb) + .Vm2 - le COS(¢)
o Xt J Xt
= Re{I,} + jIm{I,}. (3.23)

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

1o ., 1o .
Sout - ivap - ivap

= IVl (Refi,) — jimii,})

_ [VasllVp[sin(¢) | [Vanl[Vp|cos(é) - Vpl?
2Xt J 2Xt

= lout T+ onut~ (3'24)

There can be many values of ¢ 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 V|, and I,.

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

8 VeV (éaB) . [¢pC) . ¢pC — ¢AB
Pout—ﬂg e sm( 5 >sm< 5 >81n<¢AD+ 2

= Poax - U, (3.25)

where P.x 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 ¢ap = ¢pc = 7 to
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provide maximum magnitudes on Vap and Vpg. The maximum powers 4Py, are then
obtained at ¢ap = £7. Zero power is obtained at ¢ap = 0. Any intermediate power is

obtained by controlling ¢ap on the « trajectory,

DAB DAB,a ™
$AD| = |PaD,a| = |arcsin(U) | - (3.26)
épC $DC, T

Although the DBSRC can be controlled using just a single angle ¢ap, doing so generates
excessive circulating current, especially when the conversion ratio M deviates from unity,

where

v

M = .
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 (¢aB, ¢ap, ¢DC)

based on values of both U and M. They consist of trajectories v+, A+ and the previously

provided «, ] ] ] _
DABy+ T+ 7 F 2arcsin ( M2 1 U2)
dapqe| = | B2 parctan () -2 |, (3.28)
| #DC A+ | I - |
_¢AB,>d:_ _ T ]
bapas| = | —LE Larctan(UM) + 3 | - (3.29)
dDC A+ T+ 7 F 2arcsin (W)
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Together, they make up the family of minimum current trajectories (MCT) [69],
r 1T
GABA+ GADA: ODCAx| o A M <1 and [U| < V1= MZ;
r T
Pap ®AB,a  PAD, quc,a] , if M<1 and |U]>V1-M?Z
dap| =\ f .
. -
épC GaBp= OaDAE PpCpx| o i M =1 and [U] < m,
- T J
¢AB,0¢ ¢AD,CM ¢DC,Q:| ) if M>1 and ’U‘ > @
_ (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. Asshown 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 a trajectory to modulate ¢ap, while keeping ¢ap and ¢pc at 180°. This method works

well for a narrow range of operation around M = 1 but may generate excessive circulating
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(a) (b)
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 M; and power command u; 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 M; and
u1. At low values, operating on the « trajectory cannot adjust Vap and thus applies a
larger-than-necessary tank voltage V. This results in a large reactive component of I.
In contrast, operating on « trajectory adjusts Vap and Vi 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 Vg and V; magnitudes
become larger in order to produce a larger Iy due to increase in power. At high values, the

MCT algorithm selects the « trajectory.



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

39

u
'

4>| MCT Modulator

ia
Nt L 3-Phase | %
Ovan Unfolder |
ic

4>| MCT Modulator
%

U2

Fig. 3.11: MCT-modulated DBSRC modules with unfolder.

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

1 [T 1 [T
Iy rms line = T/o zg(t)dtz\/T/o zg’rms(t)dt, (3.31)

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

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

2

phasor formula based on fundamental approximation. Then, the mean of all values of i s

is found, and its square root is taken to obtain Ij, ;s tine- In the considered DBSRC design
operating between 0 < M <1 and 0.4 < u < 0.8, I, yms line 1S 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. X7 and X represent phasors from using v and «
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 de-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 de-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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3-Phase
Unfolder

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 My,

which occurs at the peak output voltage Vi,

Vo
- . 41
" MoV (4.1)

Thus, the selection of n becomes the selection of M. It will become clear in subsequent
analysis that My has a significant impact on the tank current.

Once n has been determined, the tank reactance Xy 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 Py pk from the resonant tank at the
peak output voltage,

EViank . Pout,pk _ ’S’

P — — 20 4.9
max,pk = T2 T X, U Upi (4.2)

Here, the tank is assumed to be lossless. The peak output power Py px 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 Ky 40%
Magnetics AT max 40 °C
DBSRC f; 50 kHz

DBSRC M 1
DBSRC Upk 0.8
DBSRC rq 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 Uy less than one.
Reducing Upy reduces Xy and will provide more power to handle overload conditions.
Thus far, two design parameters, Mpx and Upy, have been identified to produce the
transformer turns ratio n and the tank reactance X;. 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

I I
Ip,rms,line = f / Z%)(t) dt ~ T / Z%),rms(t) dta (43)
0 0

where ip, 1ms is the moving rms of the tank current over each switching period [72]. In the

analysis conducted in Matlab, i}, ;m¢ is found for every point over a line period, using the

2

phasor formula based on fundamental approximation. Then, the mean of all values of ig ;g

is found, and its square root is taken to obtain I, ;ms line- To illustrate, ip rms is solved for
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a design with My = 1 and Up, = 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 I, ymsline Will change depending on the selections of Mk and Upk. Their

selections also affect the secondary-side tank current

Is,rms,line =

Ip rms,line

—_ 4.4
- (1.4)

Both I, rms line and I pms line are solved for a variety of Mpy and Upy 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 Upy

Ipl,rms ?p2,rms

54 T T T T T

---- Analysis
—— Simulation

[A] 36

18
0° 60° 120° 180° 240° 300° 360°0° 60° 120° 180° 240° 300° 360°
wt wt

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 My = 1 and U,k = 0.8 and operating at
unity power factor.
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Fig. 4.3: Line rms values of primary tank currents, I;1 rms line and Ip2 rms line, Plotted against
power factor in an unfolding converter designed with M, = 1 and Up, = 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 Uy is weak. Decreasing My below one significantly

increases Ip, rms line but has little influence on I yms line. On the other hand, increasing M

above two increases I rmg line but has little effect on I, ;g tine- 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 My within an optimal

range between one and two.

At Uy = 0.8 At Upy = 0.6 At Uy = 0.4
T T TTTTT] T T T TIT1T T T T TTTT] T T T TTT1T T T TTTTT] T T T 11T
6 - N L
A
(2] 4f 1T
2 L N L.
| quﬁﬁp | L1 11
0.1 1 10 0.1
Ip,nIr:,linc ana. - - - Isr]lz:ellnc
o Ip,rn?s,linc sim. O s,r}:s,linc Sim.

Fig. 4.4: Primary and secondary rms tank currents,

respectively to input and line currents, I;,, and Ijine, and plotted against My at various Upy
values, all at unity power factor.

p

,rms,line and Is,rms,linm normalized
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4.2 Component RMS Currents

Following selections of M, and Uy, 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 My and U,k 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, Mpx and Uy values to determine a
worst-case condition. The solution’s dependency on power factor is analyzed using a design
with Mpx = 1 and Up, = 0.8. The dependency on design parameters My, and Upy is

analyzed at PF = 1.

Ips,rms,line Iss,rmsyline

and

The normalized rms primary and secondary switch currents, ,

IpA,rms,linC Is,rms,linc

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

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

[Cin,rms,line

result is plotted in Fig. 4.6. The input capacitor is shared between the paral-

Ip,rms,linc
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, My = 1 and

Upk = 0.8.
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Fig. 4.5: Primary and secondary switch currents, I msline and Iss rms line; normalized to
their respective tank currents, I, yms line a0d Ig rms line, and plotted against My and Upy and
against power factor.

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

1,
result Ick#rms,l
S,

rms,li

:‘ee is plotted in Fig. 4.7. I¢k 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, M = 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 Mpx = 1 and Uy = 0.8

operating at unity power factor.
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Fig. 4.6: Input capacitor current Iy rmsline normalized to primary tank current I, i line
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and plotted against power factor and against My and Upy.
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Fig. 4.7: DC-link capacitor current Iy yms line Dormalized to secondary tank current I 1y line
and plotted against power factor and against My and Upy.

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

Component Worst Case Example Design
Primary Tank (I yms,line) - 21;
Secondary Tank (/g yms,line) - 1.410e
Primary Switch (Ips rms,line) 0.71; rms line 1.41;,
Secondary Switch (Igsmsline)  0-7Zs rms line Line
Input Capacitor (Zcin,rms,line) 1115 rms line 2.21,
DC-Link Capacitor (Ick msline) 0.7 rms line Tiine
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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 Mpy and Upx. My is set to one,
which falls within its optimal range as previously concluded. The selected My along with

nominal ratings determine the transformer turns ratio from Equation 4.1

Vo _§X4SON

- - 45
My Vi 1x300 (4:5)

Upk can be selected to provide the maximum required power at the minimum input and line
voltages. In absence of these specifications, Uy is set to 0.8 at the nominal ratings. The

selected Upk determines the tank reactance from Equation 4.2,

8 VinVplUpic _ 8 300 x %0 x 480 x 0.8
w2 5] 2 x 10000

X, = Q~58Q. (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 rg of resonant to switching frequency needs to be specified

1

L, C,
= =, 4.
= 4 (4.7

:

In this design, rg is set to 0.6, to produce an inductive tank. This value of ry along with
the tank reactance produce tank inductance and capacitance values of 29 pyH and 1 pF,

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 L, is split into smaller inductances Iir,
where

L, = Ny Ly, (4.8)

and Ny, 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

LTy px

By =
T AN

(4.9)

where I, ;x is the envelop or instantaneous peak value of the primary-side tank current, A
is the core cross-sectional area, and V; is the number of turns in each inductor. Selection of
appropriate Ny limits the maximum peak flux density Bpk max and avoids core saturation,

Ly Iy plemas
Bpk,max = %' (4'10)
ciVt
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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
_ ,U/OAACJ\Q2

7 (4.11)

lg
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]

Pre = afs By, (4.12)

where a, ¢ 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

1 T
P = T/ Pre dt. (4.13)
0

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

KWy

Ay =222 (4.14)
N; Ny,

where W, is the core window area, K, is the window fill factor, and N, is the number of

wire strands used for each turn. The copper resistance is

_ pNily
AwNy’

(4.15)

where p is the copper resistivity, and Iy is the mean-length-per-turn of the core geometry.
The low-frequency copper loss is

f)cu:I2

p,rms,line

Ry. (4.16)
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Neglecting high-frequency losses due to skin and proximity effects, the total loss in each
split inductor is

P; = Pio + Poy. (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]

Ry = 53V,0-53, (4.18)

where V. is the core volume. The estimated temperature rise is

AT = Ry, P;. (4.19)

The completed design for the 29 pH tank inductor uses four split inductors (Nz = 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 vpc(t)

dB

UDC (t) = NSAC E

(4.20)
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Using the fundamental approximation on vpc(t) to solve for B(t) results in
'Vbe| .
B(t) ~ ——— t+ /Vpe). 4.21
(t) N, sin(wst + /Vpc) (4.21)
The instantaneous peak flux density is
4 o [ ¢DC
Vbe —Vsin ( S )
Bpx = | | = . (4.22)

N Acws N A wy

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 Bpy using Equations 4.12 and
4.13. The number of secondary turns Ny is selected to obtain a reasonable core loss. The

number of primary turns [V, is then found,

N,
N, = . 4.23
P Ny (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 K, , = Kus = 0.5K,. The primary and
secondary copper resistances (R, and Rs) can then be determined from Equations 4.14 and

4.15. The primary-side copper loss is

Pewp =17 R, (4.24)

,rms,line

The secondary-side copper loss is

I rs dine \
Pcu,s _ < SJEST’hne> 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 (N1 =
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,

: dver
ip(t) = C’rd—; ~ |I,| cos(wst + ZI,). (4.27)
Solve for the capacitor voltage
Ver(t) = | sin(wst + /1,). (4.28)
wsCh P

The maximum peak capacitor voltage in a line period is

I k,max
‘/Cnpkmax = %- (429)
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The rms capacitor voltage over a line period is

I .

p,rms,line

‘/Cr,rms,line = . (430)
wsCh

The film capacitor is selected based on both Vi, pk max and Vep rmg tine- The rated dc voltage
shall be higher than Vi pk max- The rated rms ac voltage at switching frequency shall be
higher than Vi msline. 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 uF 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 I¢i, rms line has been previously derived based on the
rms tank current I, g line- The minimum capacitance required to generate peak-to-peak

input voltage ripple of Vi, pkpk max 18

I
Oy > ——cipkplmax (4.31)
2WS‘/in,pkpk,max

where I¢; pkpk,max 18 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 pF for a peak-to-peak voltage ripple of 12 V or 4% of the nominal 300 V. It is
implemented using four 10 pF, 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 pF 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 uF, 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, iy and ixo, as amplitude-modulated sine waves at twice switching frequency,

ik1 = dp1 [cos(2wst) + 1] (452)

ike = 2 [cos(2wst) + 1]

where i1 and 4,9 are the reference currents. They are derived from the fundamental approx-
imation and are valid when the DBSRC operates on the v trajectory. Given a much higher
switching frequency than line frequency, the output current averaged over each switching
period i) 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) = I cos(wt) [cos(2wst) + 1], (4.33)

The equivalent grid capacitance is Cy ~ 3Cy. It is desired to attenuate the switching-
frequency harmonics in 4y, to produce the filtered grid current i,. Exemplary waveforms

illustrating i1, ik2, ika and i, are shown in Fig. 4.8c for a modulation frequency my of

_ b

7 =1 (4.34)

mpy
Referring to the equivalent circuit in Fig. 4.8b, the relationship between harmonic

magnitudes of the source current Iy, (h) and the filtered current I,(h) is
Ia(h) = |F(jhw)| - Ia(h), (4.35)

where |F(jhw)| is the filter attenuation at harmonic order h and is determined from the

impedances of Ly and Cy,

1
F(s) = % (4.36)

-
sL @

The dominant harmonic order is
hq =2m; — 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 Iy,(hq) and the

fundamental is

I

I (hg) = - (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

I(hq) < 0.003I. (4.39)
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R C 3-Phase

i Ch Unfolder

Fig. 4.8: Line filter design in a DBSRC-unfolding converter. (a) Full circuit. (b) Per-phase
equivalent circuit. (c) Exemplary waveforms at my = % = 10.

The required filter attenuation at the dominant harmonic |F(jhqw)| can then be found as
—45 dB. With the filter capacitance Cy at 15 uF, the required filter inductance Lg is 30 pH.
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 L.

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 L, and has a volume of 92 + 395 = 487 cm?3. Each DBSRC tank consists
of the transformer, inductor L, and capacitor C;. The volume of both DBSRC tanks is
184 + 316 + 160 = 660 cm?. 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, Cy and Ly and takes up volume of 513 + 36 + 159 =
708 cm?. In comparison, the line filter in the unfolding converter consists of Ly and Cy, with
a total volume of just 154 52 = 67 cm®. 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 Lg, 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 cm?

. 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 cm?.
In comparison, the de-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 uF versus 100 uF), 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 cm?, while that of the unfolding converter is only 775 cm?. 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 Mk and power command Upk. Converter rms currents are analyzed at
different values of My, and Uy and at different power factors. An optimal range for My
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 ) 2
Core £65/32/27 B65,/32/27
N, 5 7
N, wire 15 AWG (x10) 15 AWG (x7)
Ns 68 28
Ns wire 17 AWG 16 AWG (x2)
Peuyp [W] 1.9 1.9
Py s [W] 1.9 2
Pr [W] 3.4 3.1
AT [°C] 38 37
L, Inductance [pH] 20 29
Ny, 4 4
Core £42/21/20 B42/21/20
lg [mm] 3.7 4
N 8 10
Wire 15 AWG (x8) 16 AWG (x8)
Py [W] 1.9 1.6
Pre [W] 1.9 2.1
AT [°C] 39 37
Cy Capacitance [uF] - 1
Series - EPCOS B32654
Specs - 100 nF 1250 V (x10)
Cin Capacitance [uF]
Series EPCOS B32774
Specs 10 pF 450 V (x4)
Cx Capacitance [uF] 100 5
Series EPCOS B32778 EPCOS B32794
Specs 50 uF 900 V (x2) 5 uF 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
Ly Inductance [pH] 1300 -
Core T400-34D -
Turns 135 -
Wire 9 AWG -
Pey [W] 14 -
Pre [W] 13 -
Ly Inductance [pH] 500 30
Core T249-34 T106-34
Turns 96 31
Wire 11 AWG 14 AWG
Poy [W] 12 1.6
Cy Capacitance [uF] 10 -
Series EPCOS B32796 -
Specs 10 uF 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 X volume of each core or capacitor. All volumes are in cm®.

3

Component DAB-VSI DBSRC-Unfolder
Transformer 5 x 79 = 395 4 x 79 =316
L, 4x23=92 8 x 23 =184
Ly 3 x 171 =513 -
L, 3 x 53 =159 3x5=15
Cin 4 x12 =48
. - 20 x 8 =160
Ck 2 x 102 = 204 2 X 26 = 52
Cy 3x12=236 -
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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:

e 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 g-axis currents.

e Provide fast dynamic response to changes in reference currents, to ease the design of

higher-level voltage and power controllers.

e 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, ep, €.) with a phase-locked loop (PLL),

which estimates the voltage angle 6*. 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 wvs. 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 u; and ws. They shall be generated based on the
applied d- and g-axis reference currents, I,q and I;q. 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} [13],

2 2
Ird = ﬁp and Irq = _3EI’;1

o (5.1)

The dq references are then transformed into time-varying dc-link references 4,1 and 4,9,
from which the DBSRC modules use to shape the dc-link currents ¢; and i5 and to obtain
the desired line currents i,, i, and i.. 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 I,q and I to obtain the three-phase references, ira, %y, and iy, using the
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estimated angle 8* from the PLL,
ira cos(6*) —sin(6*)
Ird
ith| = |cos (9* — 2{) —sin (9* - %’T) . (5:2)
rq
Tre cos (9* + %’r) —sin (0* + %”)

In the second step, the dc-link references i,; and i, 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 u; and uo from 4,1 and i,9 through a
proportion gain K, which is set to

K=~ (5.3)

to equalize the DBSRC dc gain Gy so that iy = iy and ixe = irg. 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 v,, vy, and v..

It is then possible to express the dynamics between line voltages and currents as

1a, (7 Va, €a

d R 1 1

< =2 |+ —1 1 (5.4)
b 3 | 3 | Up 3 | €ép

dt Lg Lg Ly
1c 1c Ve €c

To ease analysis, the three-phase dynamic equation is transformed into the rotating frame

synchronized to the grid voltages as

— = —I - —1I . 5.9
, +L 2 7.2 (5.5)
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The steady-state unfolder output voltages are obtained by setting the derivative terms to

Z€ero
Vi = Rgfd — ngIq 4+ Fn ' (5'6)
Vq = Rg_[q + U.)Lg.[d
The phase difference ¢, between unfolder output and grid voltages is
\% R, Lol1
tan(py) = 3 — glatWheld o (5.7)

Va Ryly — wLloly + By

where the use of small-angle approximation is justified as Vq > V, when E,, is large.
Consider the previously designed 10-kVA unfolding converter with L, = 30 pH and Ry =
10 mf2 and operating at rated voltage E,,, = 392 V, 60 Hz and rated currents at unity power
factor Ig ~ I,q = 17 A and I, ~ I, = 0 A. This results in a phase difference of just 0.03°
or equivalently a time difference of only 1.3 us. The small phase and time differences allow
them to be neglected in unfolder control when L, is small. The difference may need to be
accounted for large Ly 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 K, 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,

8 VinV

f)out:Pmax'(]:ﬁn)(t

U = VI, (5.8)

where [y is the steady-state or long-term average value of the DBSRC output current iy.
The nominal dc gain G can then be expressed as
G Ik i ‘/in

0= 7= =

U~ 2nx, (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],

Guls) = = — G i
: S) = — = s
o u 82 1 2Cwis + wi

(5.10)

where iy is the average value per switching period of iy, or its short-term average value.

The actual dc gain Gq is modeled by its nominal value and deviation dg,

Go = Go(1 £ 4¢), (5.11)

where dg depends on factors such as variation in Vi,, modulator dead time and converter
losses. The DBSRC bandwidth wy 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 (ix; and ixo) and grid sources (e,, e, and e;). 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, ez, 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 ey, ey, or e. 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 v; and wvs.
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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Uz - Giu(s)
ig
Fig. 5.2: Unfolding converter generalized equivalent circuit.
can be derived,
; R 2 1 ; 2 1 1
“a . 0 s oa| % 00 =55 51, 3L, | |-
%2
R 1 2 1 2 1
d 2 | 0 =77 31, 3r,| |2 00 =35, 35, ~31, 5 19
& = ) + . er | - (5.12)
U1 - 0 0 0 V1 o 0 0 0 0
€2
Vs 0 -z 0 0] | 0 & 0 0 0
L= L 4 L7l L 1] e

The above dynamic equation is then augmented with the DBSRC dynamics in Equation 5.10

written in state-space form,

a B = B + Uu. (513)
i —w? 20wk | |1} Gow?

The result is a state model of the converter plant,
xp = Apxp + Bpu + Ew, (5.14)

where the plant states, control and disturbance inputs are

- T

— . . - T/ 7. T/
Xp i1 G2 U1 V2 Gkl B k2 Ty

- T

-
W= e1 e 63]
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The coefficient matrices in the state model of Equation 5.14 are
_—%: 0 3= 3= O 0 0 0o |
0 _% stz ;O 0 0 0
- 0 0 0 & 0 0 0
A, = 0O -z 0 0 0 0 o 0 (5.16)
0 0O 0 0 0 1 0
0 0 0 0 —w —2wx 0 0
0 0O 0 0 0 0 0 1
0 0 0 0 0 0 —w  —2Cwy
and ~ - _ -
0 0 0 0 0
B, = 0 0 and E= 0 0 0 (5.17)
0 0 0 0 0
Gow? 0 0 0 0
0 0 0 0 0
0  Gow? 0 0 0

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, es, e3) are assigned to their respective grid voltages (ea,

ép, €c) in each sector. The plant outputs are the line currents

la Cn Cr2
Yo = |ip| = [Cp 0} xp, where Cp = |Cy Col - (5.18)
le C31 Cso

The initial conditions on the DBSRC output currents [19 and Ixog 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 Vig and Vag, 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

o—ze*—(s—l)g, o<a<§, (5.19)

where 6* 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 u; and ug are generated from the feedforward
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Sector | Disturbance Inputs | Output Coefficients Initial Conditions
1 €1 = e, Cnn=Cp=1 Lo = Iao
ey = ec Co1 = C32 = —1 Iy = —1Ico
€3 = ep Vio = Eao — Eco + (Iao — 1) Ry
Vao = Eco — Ebo + (Lo — Ino) By
2 e1 = ep Ciz2=0Cyn =1 Lo = Ino
ey = €c Cn=0Cs=-1 Iy = —1Ico
e3 = €a Vio = Eao — Ebo + (Jao — Ibo) Ry
Vao = Ebo — Eeo + (Ino — Ieo) By
3 e1 = ep Cop =C3=1 Lo = Ino
€3 = € Ciz=0C3 = -1 Ipo = —1Iao
e3 = ec Vio = Evo — Eao + (Ino — Lao) Ry
Voo = Eap — Eco + (Lo — Leo) R
4 e1 = €c Cop=C3 =1 Lo = I
€2 = €, Ciz=Cy =1 Iyo = —1Ia0
e3 = ep Vio = Epo — Eco + (Ibo — Ico) Rg
Voo = Eeg — Eao + (1o — Tao) Ry
5 e1 = ec Ciz2=0C3=1 Lo = Ieo
ez = ey Cn=0Cxp=-1 Ipo = —1Ino
e3 = € Vio = Eco — Eno + (Ieo — Ino) Rg
Vao = Ebo — Eao + (Ino — Lao) Ry
6 €1 =€, Cnn=Cx=1 Lo = Iao
ey = ep Coo = C3 = —1 Ioo = =1y
e3 = ec Vio = Eco — Eao + (Ico — la0) Ry

Vao = Eao — Epo + (Iag — Ino) R
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controller with a proportional gain K, from reference currents 7,1 and i;2. Thus, they each
have a defined time trajectory based on the desired d- and g-axis references. The initial
DBSRC output currents Iy 19 and Ixog are derived by assuming good tracking between
reference and actual currents, which generally applies for a high DBSRC bandwidth, or
wyk > w. The initial dc-link currents I1g and Isg account for the de-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 Vig and Vag account for
the voltage drop due to grid resistance R; 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 By, = 392 V and frequency f = 60 Hz, line inductance Ly = 30 pH and resistance
Ry = 0.1 2, dc-link capacitance Cx = 5 pF, DBSRC bandwidth fi = 10 kHz and damping
ratio ¢ = 0.7.

The comparison is first conducted at unity power factor and 10 kW, by setting reference
currents to I.q = 17 A and I, = 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 uy = K;Iq cos(o) — K1 sin(o) To=1Iq— @Emwck
uy = Kilgsin(o + §) + Kiliqcos(o + §) | Iz = %Ird + @Irq — %Emw(}k
e1 = Em cos(o) Vio = 3B + 3LaRy + L LRy
eo = By, cos(o + %ﬂ) Voo = —\/gfqug
es = Ep cos(o — 2%) Ivio = Iq
Iioo = 35a — @Irq
Even | uy = K lgsin(o + §) + Kilyqcos(o + §) | Tio = %Ird + @Irq — %E’mwck
up = Ky Iq cos(o) — Kyl sin(o) I = I,q — @Emek
e1 = Epcos(c — %) Vio = —V3L Ry
ey = — By cos(o) Voo = 3B + 3LaRg + Y2 Iq Ry
e3 = Eycos(o + §) Lo = %Ird — @Irq
Ivo0 = Ira

600

300

Fig. 5.3: Model verification at unity power factor with I,q = 17 A and I,4 = 0 A. (a)
Simulated line currents over a line period. (b) Simulated (solid) and state model (dashed)
results of dc-link voltage v1, current i; and DBSRC output current 7;; 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 I,q = I,q = 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 Ty. The dc-link
capacitor has been fully discharged, and thus the dc-link voltage has fallen to zero at Tjp.
The capacitor cannot be discharged further, and any additional discharge current will flow

through the clamping diode,

in(To) = in(To) — i1(Th) = in(To) — ix1 (Th). (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 i, > ijq.

During diode conduction, i rises due to the step increase in command uq, while i, falls as
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Fig. 5.4: Model verification at power factor of 0.7 (capacitive) with I,q = I,q = 12 A. (a)
Simulated line currents over a line period. (b) Simulated (solid) and state model (dashed)
results of dc-link voltage v; and current i1 in Sector 2.

the Phase-B inductor is discharged. Referring back to Fig. 5.5, the two currents converge
at T4, or i, (T1) = i1 (T1), and the diode stops conducting.

It is of interest to estimate and limit the amount of current excursion Al}, on iy, where
Al = |in(T1) —in(To)|, 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 i}, 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 Al,. This involves solving for the diode conduction time AT =T} — Tp.
To do that, it is necessary to obtain expressions for iy, (Tp + At) and 7y (Tp + At), where the
variable At is the elapsed time from Ty and has values between zero and AT. For 4y, this

is straightforward by approximating it with a constant slope,

gkl(TO + At) = gkl(TO) + K;At. (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 I,q = I;,q = 12 A.

i1
u1 | Giu(s) <]

Fig. 5.6: Unfolding converter equivalent circuit in Sector 2 during conduction of clamping
diode.

The slope K; can be estimated using parameters in the DBSRC actuator model.

The rate of change on 4, largely depends on the line inductance L, and its applied
voltage vrp. For simplicity, the line resistance R, 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 ey,

1

ULb = —ULa = €ab- (5.22)

Phase-B current is then obtained by integrating the inductor voltage,

To+At
(T + A1) = - / oin dt + in (Th). (5.23)
g JTp
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The integral is solved by assuming ideal grid voltage e,, = v/3Ey, cos(wt + %)
3En .
in(To + At) = \; [cos(wAt) — 1] + i, (Tp). (5.24)

Wlig

By setting At = AT = Ty — Ty, Phase-B and DBSRC output currents at 77 are
obtained. By knowing that they are equal, i,(T1) = ik1(T1), the following equation is set

up to solve for AT,

3En . =
[COS(LUAT) - 1] + Zb(TO) = KGAT 4+ 119 (To) (525)
2wLg

The small values of AT in the range of microseconds, compared to a line period of millisec-

onds, justifies the use of small-angle approximation,

AT)?
cos(wAT) ~ 1 — (w 5 ) . (5.26)
Applying the approximation simplifies Equation 5.25 into
3Em - .
\/:lL d (AT)Q + KGAT + Zkl(T()) - 1b(T0) =0. (5.27)
g

The diode conduction time AT can then be readily solved using the quadratic formula, once
all the coefficients are known. For the feedforward controlled converter, the initial currents

ix1(To) and i, (Tp) can be found using Table 5.2,

ia(To) = +ha-— @Irq (5.28)
ib(T)) = Aot By — 2PE.wC

The current slope K; of i can be estimated based on the relationship between rise time

and bandwidth of a well-damped second-order model,

0.9 — 0.1) - [ir1 (T1) — ina (T¢
K~ ) lin (M) ia(To)] g (5.29)

i
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Plug the obtained coefficients into Equation 5.27 and solve for AT,
\/TLEZW(AT)Q + 4 fi Lo g AT — V31 + 3\2/§Emw0k — 0. (5.30)
Finally, the solution of AT is used to find the amount of current excursion in i,
AT, = lin(Ty) — in(To) = V22 1 cos(waT) ~ V3B AT (5.31)

2wl AL,

The analytical solutions for AT and Al, are compared with simulation results using
the same parameters from the previously provided 10-kVA unfolding converter design. They
are grid voltage E;, = 392 V and frequency f = 60 Hz, line inductance Ly = 30 pH and
resistance Ry = 0.1 2, dc-link capacitance Cy = 5 uF, DBSRC bandwidth fi = 10 kHz and
damping ratio ¢ = 0.7. The converter is operated at a power factor of 0.7 (capacitive) with
I,q = I,q = 12 A. The diode conduction time is 34 and 33 ps 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 Ly to 60 pH. There is little change in AT, but

Al 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 AT,. Thus, both
unfolder and reference enter Sector 2 at Ty_, where Ty_ = Ty — AT,. 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 AT,, it is neglected, and the diode is assumed to conducted at Tp_ 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 4}, increases between T and T and decreases between Ty and T7.
This is due to a polarity change in the inductor voltage wvry, as it tracks the grid voltage
eap during diode conduction. The diode stops conducting at 77 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 i, as Al = |ip(Th) — in(Th—)|, and the negative excursion as
AlL,_ = |ip(Th) — ip(Tp)|- The overall current excursion is then Al = max(Alp,, Al,_).
Whereas previously Aly is primarily mitigated by increasing Lg, it can now be reduced by
adjusting AT,, which can be understood as providing more time for 4 to rise.

The question then becomes how to choose AT, to minimize Al,. To do that, it is
necessary to obtain Al and Al from solving the inductor current. Similar to previous

analysis, Ry is neglected to simplify analysis, so that each inductor shares e, equally,

1 To_+At
ib(To_ + At) = f / Qeab dt + ib(To_). (532)
g JTp—
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Fig. 5.7: Simulated converter waveforms at beginning of Sector 2 at power factor of 0.7
(capacitive) with I,q = I,q = 12 A and advancing both unfolder and reference sectors by
40 ps.

Assuming ideal grid voltages, the positive current excursion is solved,

V3B

. . \/gEmw
Alyy = |in(To) — in(To-)| = 5ol ~
g

[1 — cos(wAT,)] ~ i,

(AT,)2 (5.33)

To find the negative current excursion, the diode conduction time AT is solved using the

same earlier procedure by equating Phase-B and DBSRC output currents at 77,

) 3Em ,
in(Th) = \2/;L [cos(WAT — wAT,) — cos(wAT,)] + in,(To-)
g

= KiAT + i1 (To-) = i1 (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

AT is obtained,

3v3

En
V3B ATa> AT — 3L+ X2 EBpwC = 0. (5.35)

S 2 J—
iL, (AT)* + <4karq

V3E,w
2L,

2

The solution of AT then allows estimation of the negative current excursion,

ALy,_ = |iy(T1) — ip(To-)| = */ifm“[(AT)Q — 2ATAT,]. (5.36)
g
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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 AT, reduces Al,_. 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 AT, is obtained by

setting Al = Al,_ = Al,, and a relationship between AT, and AT is found,
AT = (V2 +1)AT,. (5.37)

Combining this with Equation 5.35 provides a solvable quadratic equation on the optimal

value of AT,

3v3

Ex,
\/iLw(ATa)Z +4(V2 + 1) il ATy — V3L + 5 EmwCic = 0. (5.38)

g

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
I;q = I,q = 12 A. In analysis, the optimal value of advanced time is obtained as 16 us, 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
I,qa = —I,q = 12 A. Notice the larger current distortion and oscillation at sector beginnings,

compared to the capacitive case.



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

83

Without Adjustment With Adjustment

N/’/ ) "u‘lwm“/\( %

B

Time [s] Time [s]

Fig. 5.8: Comparison of simulated line currents over a line period with and without sector
adjustment of AT, =40 us at power factor of 0.7 (capacitive) with I,q = I,q = 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 Ty. A noticeable
difference from the capacitive case is the large current excursion in i, between Ty and Tp.
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 i1 (Tp) > 0 and i,(Tp) < 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 1. 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 i, is i, (Tp) — ip(Tp) = 25 A, compared with a reference current
magnitude of 1/11«2(1 + Ifq =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 AT, applied to advance reference
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Fig. 5.9: Simulated converter waveforms at power factor of 0.7 (inductive) with I,q = —I;,q =
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 Ty and enters Sector 2 at Ty— = Top — AT,. The unfolder remains in Sector 1
until 17 = Ty + AT, when it enters Sector 2. Between Ty and 717, the equivalent circuit of
Sector 1 shown in Fig. 5.11 applies and is used in subsequent analysis. Soon after Ty_, 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 Tp, and the clamping
diode starts to conduct. The conducting diode shorts Phases A and B, so that the grid
voltage e,}, is applied on the inductors. The circuit behavior during diode conduction is
similar to that at capacitive power factors, in that 4y, first rises till T and then falls, while i,
changes in the opposite manner. Neglecting T or the capacitor discharge time, the positive
excursion in iy, is calculated using Equation 5.33. The diode stops conducting at 7T} as the
unfolder enters Sector 2.

It can be seen that during the period Ty — Tp— = 2AT,, 4y is allowed to fall to iy (T1).
The value of 71 (T1) can be adjusted by changing AT,. But one can observe that past 77, the
current excursion is minimized if 4,1 (7T1) =~ 4,(T1). For the feedforward controlled converter,

this is achieved by choosing AT}, so that Ekl(Tl) = 4;1(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 I,q = —I,q = 12 A and advancing reference and delaying unfolder sectors
both by 30 us.

u [ Giu(s)

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,

T —To-  ia(Th) — i (To-)

Ala= == 2K;
_ () — i1 (To-)
2K;
~ %Ird + @Irq - (%Ird - @Irq)
2- 4fk-[rq
0.2
~—. 5.39
I (5.39)

The overall current excursion can then be estimated based on Equation 5.33,

. . V3E,w
Al = ALy, = |in(Tp) — ip(To- )| ~ T(ATa)? (5.40)
g
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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
I,q = —1I,q = 12 A. In analysis, the optimal value of adjustment is obtained as 20 s, 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 * by an amount ¢,
O = 0" + o¢. (5.41)

The resulting unfolder angle 6 is then used to generate the unfolder sector variable

St = ceil (f;) . (5.42)

The reference sector variable S, is generated in the same manner using ¢r,

0, = 0" + 6, (5.43)

Sy = ceil <ﬂ9/3> . (5.44)

The phase shifts ¢f and ¢, are produced from a sector-adjusting algorithm. The al-
gorithm inputs are the estimated grid frequency w* and the g-axis reference current Iq.

Internally, there is also an adjustable threshold Iij, (> 0). The algorithm is based on the
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Without Adjustment With Adjustment

Time [s] Time [s]

Fig. 5.12: Comparison of simulated line currents over a line period with and without sector
adjustment of AT, = 30 us at power factor of 0.7 (inductive) with I;q = —I;q = 12 A.

derived formulas for time AT, but specifically on Equation 5.39. If I,q > Iy,

0.2w*
¢r= ¢ = ; (5.45)
Jx
else if I,y < —Iy,
0.2w*
Pf = —r = — ; (5.46)
Jx
else,
¢ = ¢ = 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 4, and the
dc-link capacitor current .,

i= ik — e (6.1)

The error between i and reference current i, can be contributed by both i and i..
Although the output current 4y 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 i.. Neglecting L, and R for

simplicity, the capacitor current is

—C (6.2)

Thus, variation and distortion in the grid voltage e affect both 7. and i. It is considered as

a disturbance on the dc-link current and is characterized by the following transfer function

Gie(s) = @

G (6.3)

~—

u=0 6(8)

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

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,

i(s w?
Hi(s) = ( ) = Hiom. (64)

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,

where Gii(s) is the module output to de-link current response.

The closed-loop reference to dc-link current response is

i(s) Hiy L(s)
T:(s) = - = —_— . 6.6
() ir(S) |oeg  Hi(s) 1+ L(s) (6.6)
The closed-loop disturbance to dc-link current response is
i(s) Gie(s)
Tw(s) = —= = —" .
(5) e(s) i—o LT L(s) (6.7)

Notice that the closed-loop |Ty| is reduced over the open-loop |Gie| with a large loop gain,

resulting in better disturbance rejection.

K () |+~ <l — i

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
K(s) = 2¢, (6.8)
S

and the integral gain K, 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 Gy = 22 and
bandwidth of fi = 10 kHz. The current sensor model has an attenuation of Hjy = 0.05 and
bandwidth of f; = 10 kHz. The converter component values are Cx = 5 uF, Ly = 30 pH
and Ry = 0.1 Q.

The integral gain is selected as K, = 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 K, = 5000.
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Fig. 6.5: Bode plot of closed-loop reference to dc-link current response 7;(s) with integral
gain of K, = 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 K, = 5000 and same sensor and converter plant parameters used in controller tuning.
They are grid voltage Ey, = 392 V and frequency f = 60 Hz, line inductance L, = 30 pH
and resistance Ry = 0.1 2, dc-link capacitance Cx = 5 pF, DBSRC dc gain Gp = 22 and
bandwidth fi = 10 kHz, current sensor attenuation H;y = 0.05 and bandwidth f; = 10 kHz.

The simulation is first conducted at unity power factor and reduced power of 3 kW,

by setting the reference currents to I,q = 5 A and I, = 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 Ty (s), with integral gain of K, = 5000.
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Fig. 6.7: Unfolding converter with integral feedback control.
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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 T;(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 I,q = —I;q = 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 I,q = —I,q = 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 uH to 300 pH. With feedforward control, the dominant
poles at

1 1
=24kHz and — —— = 4.1 kHz (6.9)

271, /3LyC 27/ LgCx
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 pH.

the critical states, and no new sensors are needed. The voltage sensor is modeled similarly

as the current sensor,

Hos) = &8 _ g e (6.10)
VT w(s) Vo(s—i—wV)Q' '

To facilitate state feedback design, the converter plant model in Equation 5.14 is augmented

with the current and voltage sensor states,
Xp = Apx, + Bpu + Ew. (6.11)

The state vector x, of the augmented plant contains sixteen states and is defined as

A

— / /
Xp = |Zin Ti2z Tvi Tv2 Ty Tip Ty Tyg
T
. . = - =/ =/
11 %22 V1 V2 k1 k2 Yy Yo ) (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 x;, in
the original plant. The coefficient matrix Ap is obtained from A, by augmenting it with
parameters describing the sensor dynamics. The other two coefficient matrices Bp and E

are adjusted from B, and E by filling with zeros. The outputs of the augmented plant are
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selected as the sensed currents and voltages

~

.
Yo = |Ti1 Tiz Tv1 I‘vz] = Cpxpp = [14 0} Xp- (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— =r—Cxp,=r— [IQ ()] Xp- (6.14)

The plant control input is contributed by both the integral compensator and state feedback
u= Ke/edt - Kxp. (6.15)

The gain matrices K¢ and Ky shall be designed to drive the error e and state derivative ﬁp

to zero. This is achieved by designing a state feedback for the plant augmented with error

—e 0 Ci —e 0
zZ= = X + | | a=A.z+ B (6.16)
Xp 0 Ayl |%p B,
The state feedback is
) —e
u=-K,z=— |:Ke Kx] - (6.17)
Xp
The resulting closed-loop system is described as
z=F,z= (A, - B,K,)z. (6.18)

The state feedback gain matrix K, 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 X, are available. Thus, it is
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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],

u=-K;y = -K,C,z, (6.19)

where the output coefficient matrix is C, = [Ig 0] in the considered system and assigns

the available states for output feedback. This results in the following closed-loop system,

z=Fyz= (A, -BK,C,)z. (6.20)

With n, = 6 outputs, the same number of eigenvalues and their associated eigenvectors

(out of n, = 18) can be retained from the state feedback system,

F,V, =F,V, = VyA,, (6.21)

where Ay is a diagonal matrix of the n, 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,
K, =K,Vy(C,Vy) ' = [K 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

QeIQ
Q= 4T and R =1, (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 ¢ applies equal penalties
to the two sensed currents x;; and xj2. The parameter ¢, applies equal penalties to the two
errors states in e. Intuitively, increasing g, 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 Ly = 300 pH, R; = 0.1 Q and Cx = 5 uF, DBSRC actuator
of Gy = 22 and fi = 10 kHz, sensors of Hjy = 0.05, Hyg = 1.5 x 1073 and f; = f, = 10 kHz.
The tuning methodology is to first apply the largest possible ¢go without making the system
unstable and to obtain a high closed-loop bandwidth. Next, ¢; is increased to damp the
dominant poles and not degrade the bandwidth. The final values are g. = 10% and ¢; = 0.
The closed-loop poles, or eigenvalues of F,, 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,

2980 0O -02 0 10
K. = and K, = , (6.24)
0 2980 0 -02 0 1
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, “1(5)

Ok 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

1 State Feedback Output Feedback .
10 -10

5% ‘ x‘ ‘ - ,“ ...... L] L L «5
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—8 —6 —4 -2 0 —8 —6 —4 -2 0
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Fig. 6.12: Pole locations of state and output feedback controlled unfolding converter with
a large line inductance of 300 pH.
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Fig. 6.13: Comparison of grid voltage to current response, %(ss)), 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 Ey, = 392 V and frequency f = 60 Hz, line inductance L, = 300 pH
and resistance Ry = 0.1 2, dc-link capacitance Cx = 5 pF, DBSRC dc gain Gp = 22 and
bandwidth fi = 10 kHz, sensors of Hyg = 0.05, Hyo = 1.5 x 1073 and f; = f, = 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 pH.
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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 uH 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.

e 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.

e 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 iy that is
controlled by command u. Neglecting other contribution to 7y from disturbances, it becomes
solely dependent on u, based on a second-order actuator model Giy(s). The two current
sources i1 and iyo exist in the dc link, and produce the line currents (i, ixp, ixe) through
the unfolder, as shown in Fig. 7.1. The modeling objective is to push sources ix; and iy to
the line side and form three equivalent sources (iy,, kb, 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 uq and ug
via an inverse transformation from a balanced combination of u,, u, and uc, or uy+up+uc =
0. Consider in Sector 1, where i, = i in the unfolder, and u; = u, in the command
transformation. The command and current are related via ix; = Giu(s)u1. Considering all
three relationships, the overall response from u, to ix, becomes iy, = Giy($)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 Gjy(s), resulting in a linearized

Z'ka Va
Uy gk1
Giu(s) <]
Uy iu .
Up > abe /7 3-Phase | %b b
__~| 112 T2 Unfolder
e 1 g Giu(s) =< v
u9 ikc c
l 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 Cy. In

Sector 1, the Phase-A current can be expressed as

ia = Z.1 = _icl - Z.c3

Uy —>] Giu(s) —>

Up —» Giu(s) —>

Ue —> Giu(s) —>

Fig. 7.2: Linearized partial unfolding converter plant model with equivalent line-side DB-
SRC output currents.
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kT ieo Unfolder
o Ck
o ,I ;2 :
Sector

Fig. 7.3: Partial unfolding converter plant model with only dc-link capacitors.

where the last step assumes balanced grid voltages, v, + vy + 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 3CY, 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 o is

3Ck

an

Fig. 7.4: Equivalent line-side model of the dc-link capacitors.
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introduced and limited to § and reset to zero at sector beginnings,
o = mod (wt, E) , 0<o< z (7.2)
3 3
In Sector 1, the Phase-A current is
lea = 11 = —lc1
d
= —C — Uy
k gy Vab
d T
= _Ck& [\/ng cos (cr + g)]
= V/3VpwCicsin (o— + %) . (7.3)
Similarly, the Phase-C current is
lee = —12 = Gc2
d
= Ckavbc
d 2
= CkE [\/?:Vm cos <a - g + g)}
= V/3VimwCy cos(o). (7.4)
Finally, the Phase-B current is
teb = Gel — 42 = —3VmwC sin (0 + g) . (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 0 = mod (wt, %), Ion = 3VawlCi, fca = —?Ian sin(o + §), icg = ?I(;m cos(0),
iy = lemsin(o + 3).

Sector ¢ = G2 = fea = b = fec =
1 lea icﬁ —lca _icv /iCB
2 icﬁ ica iC'y _icﬁ ica
3 lea icB icﬁ —lca _icv
4 icﬁ lea lea Z.C'y *icﬂ
5 ica Zc[g’ _Z.cy Zcﬁ _iCOZ
6 icﬁ iCOc _icﬂ icoc icv

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 3V, wCy. 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],

xq Ta cos() cos(0—%)  cos(0+ZF) Ty
2
zq| = Kb oy | = 3 |- sin() —sin (60— %) —sin(0+2)| |ap| - (7.6)
1 1 1

xo Lc 5 5 3 Tc
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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 de-link
capacitors, i,2 and i,3. (b) Frequency spectrum of i,2, normalized to Ioy.

ikx

Uy —»

Ux

x=a,borc

Fig. 7.6: Per-phase equivalent circuit of the three-phase unfolding converter plant.

The inverse transformation is defined as

Ta T4 cos(0) — sin(#) 1] |zq
| = K, ! xq| = |cos ( — %’r) — sin( — %’r) 1| |zq (7.7)
T o cos (9 + %”) —sin (0 + 2{) 1| |z

The three-phase dynamic equations based on the per-phase equivalent circuit in Fig. 7.6,

excluding the DBSRC dynamics, are

1a ia Va €a
d Ry 1 1

iv| =13 i, | + I3 [vp| — I3 |e (7.8)
dt | Ly || L bl L, b

te ic Ve €c
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and
Va, la Tka
d 1 1
= =Ty | | T3 |y 7.9
dt Vb 3Ck 3 | + 3Ck 3 | kb ( )
(%3 iC Z'kc

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 K;,

id iq Vd €d
_ R _ 1 ~ 1 _
K~ K. ' i :—L—iKrKrl iq +L—gKrKr1 " —ngrKrl eq|» (7.10)
() 10 V0 €o

where in simplifying the derivative, the following general formula is used,

0 —w 0
d
K,— (K!) = ) 7.11
dt( H=lw 0 o0 (7.11)
0 0 0

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,

i | _—f—: w o ol il [o o _—%g 0 |
d lig| | -w -0 | |iq . 0 0| |ika . 0 —2| |ea
Wlogl |5 0 0 w||w| |z 0 | 0 0 ||eq
va] | 0 -5 —w O |vg] [0 5] 0 0

(7.12)

Note that the xg terms are discarded because all three-phase quantities are assumed to be
balanced, z, + x, + . = 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,

(7.13)

where Gjy(s) is the previous second-order model used to approximate the DBSRC control

to output current response,

Giu(s)

2
Wi

=G )
052 ¥ 2Cwies + wi

The three-phase state equations of the actuator model can then be written as

d
de¢
and
. .
Zka Tka
d
. ./ — 2 .
dt e | = wicls |y,
iy .
Uke ke

. .
Zka Zka
. .
kb b
. .
ke U
i/
ka
_ -/
20w |4l
-/
Uke

Ua,

+ G()wl%]:g U

Uc

This set of state equations is then transformed into the rotating frame,

_ikd— | 0 w 1
d |ikq | 0 0
dt i - —wg 0 —2Cwy

_ii<q_ 0 —wl -—w

0 ] _Z.kd_

1 lkq

w ihq
—QC wk_ _ii(q_

0
0

2

0

0
0
0

2
Gowk_

(7.14)
(7.15)
(7.16)
td (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 Hy(s), as defined previously. The current sensor outputs (s, Zip,
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ziq and Tiq, and x{y and zj , respectively,
Zid 0 w 1 0
d |Tig —w 0 0 1
dt !y —w? 0 2w w
l, 0 —w? —w 2w

0

2

Similarly, the voltage sensor outputs (Zva, Tyb, Zvc) and their derivatives (z
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zic) and their derivatives (zf,, i, , «,) are transformed into their rotating-frame equivalents

ta (7.18)

/

/ /
var Tyl :Evc) are

transformed into their rotating-frame equivalents xyq and @y, and 2,4 and :U(,q, respectively,
Tvd 0 w 1 0 ZTyd 0 0
d |x —w 0 0 1 x 0 0 Vd
@ = v (7.19)
t zh g —w? 0 2w, w Ty How? 0 Vg
Tyq 0 —w? —w —2w| |2, 0 Hyow?

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,

Xp = Apxp + Bpu+ Ew. (7.20)
There are sixteen states
X = ) . / / / /
p Tid Tig Tvd Tvq Tig Tig Tyg Tvq
-
ia g V4 Vg ik ik Tkq ikg| (7.21)
and two control and two disturbance inputs
Uq €d
u= and w = (7.22)
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The coefficient matrices, A, B, 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 = |ziq Tiq Tvd xvq:| = CPXP = |:I4 0:| Xp- (723)

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 L, and Gy, 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,
Tid
e=r— =r—Cix,=r— [IQ 0} Xp- (7.24)
Liq

The closed-loop controller design model z is derived by augmenting the open-loop plant

model x;, with error states,

: 0
7= = + i =A,z+ B,u, (7.25)

un=-K,z=— |:Ke Kx] ) (7.26)
Combining the two equations forms the state feedback design model,
z=F,z= (A, - B,K,)z. (7.27)

The state feedback gain matrix K, can be obtained using the LQR method based on weight

matrices Q and R.

State Feedbac

(Ko G-

Output Feedback

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],
u=-K,| |=-KCz=-K, [16 0} z, (7.28)
Yp
resulting in the following closed-loop output feedback design model,
z=Fyz= (A, -BK,C,)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,
K, = K,V,(C,V,)" = [K 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 X. in the following general form,

X Acx. + Boxp + Beor

(7.31)
u = Cx;+ Dcxp

Applying the general controller model to the output feedback controller results in the fol-

lowing coefficient matrices,
A.=0, Bg=-K G Bo=K., C.=I and D,=-K,C,. (7.32)

The connection of the controller and open-loop plant models results in the closed-loop
system model shown in Fig. 7.8,
Xp A, +B,D. B,C.| |x, 0 E

= + r+ w. (7.33)
xc Bcl Ac Xc BCQ 0
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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,
Xp A, 0 Xp B,
- + Uijn
Xc -Ba Ac Xc 0
(7.34)
Xp
Uout = |:_Dc Cc:|

Xc

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

qel2
Q= als and R =1y, (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 ¢; applies equal penalties
to the two sensed currents zjq and wiq. The parameter g. applies equal penalties to the
two error states in e. Intuitively, increasing g, 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

w
Controller \
Xe = AxXe +Boxp +Beor | u | xp, = Apxp+ %
r u = Ccx; + D¢x,, B,u+ Ew —t T
T Plant

Fig. 7.8: Block diagram of the closed-loop system model.
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Controller \iv (=0)
T i:uj:Aéf;giBS;pp > Uout  Win — X, = Apx, + Bpuiy |_<H Xp
=0 f Plant

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 Ly = 300 uH, Ry =
0.1 Q and Cy = 5 uF, rotating frequency of f = 60 Hz, DBSRC actuator of Gy = 22 and
fi = 10 kHz, sensors of Hyg = 0.05, Hyg = 1.5 x 1073 and f; = f, = 10 kHz. In addition,

the following uncertainties are considered on parameters Ly and Go,
Ly = L1050 and Gy = Go(1 + d¢), (7.36)

where the anticipated variations are d;, = 1 for inductance values between 30 pH and 3 mH,
and dg = 0.5 or 50% variation on the actuator’s dc gain.

The adjustment of ¢, primarily impacts the closed-loop bandwidth, which is reflected in
the rise time of the step response from i,q to iq. In Fig. 7.10a, the step responses are shown
for the plant with nominal parameters but with controller gains produced from two values
of ge, 10° and 10%. The same value of ¢; = 0.1 is used. The results show that increasing e
reduces rise time of the step response and increases the closed-loop bandwidth. Be aware
that increasing g, 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 ¢; primarily impacts stability, which is also observed in the step
response from i,q to iq. In Fig. 7.10b, the step responses are shown for the plant with
nominal parameters but with controller gains produced from two values of ¢;, 10~2 and 0.1.
The same value of go = 10° is used. The results show that increasing ¢; reduces the current

oscillation and improves stability. Be aware that increasing ¢; 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 eq to i¢q shown in Fig. 7.11, where the low-frequency gain
increases as ¢; 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 ¢, and ¢;, they are selected respectively as 10°
and 0.1 with nominal plant parameters. This results in the following integral and output

feedback gain matrices,

726 0 —0.15 0 1.7 0
K. = and K, = ) (7.37)

0 726 0 —-0.15 0 1.7
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 4,q to iq are shown
in Fig. 7.12 with combinations of maximum and minimum values of Ly and G within their
anticipated variations. In comparison with the response with nominal values, a smaller G

results in slower response. The system is stable with all parameter combinations.

The frequency responses from i,q to ¢q with the selected gains but with different L,

values are shown in Fig. 7.13. The closed-loop bandwidth is fairly uniform at about 200 Hz.

L e 1 L =
14 //’ 14 - ’
[A] 0.5 il - [A] 0.5 -
/,// TTT (e = 105 I’ -t = 10_3
: I 109 | — ¢ =01
0 T T 0 T T
0 2 4 6 8 10 0 1 2 3 4
Time [ms] Time [ms]

(a) (b)

Fig. 7.10: Step response of i,q to iq at nominal plant parameters. (a) For same ¢ = 0.1
but different g, values, to show faster response by increasing go. (b) For same g = 10° but
different ¢ values, to show better stability by increasing ¢;.
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Fig. 7.11: Magnitude plots of grid voltage to current response, ij—((ss)), at nominal plant
parameters for same ¢, = 10° but different ¢; values, to show worse disturbance rejection
with increasing ¢;.

--- 30pH /11
—————— — 30 uH /33
—300 pH / 22
4]--- 3mH /11
— 3mH /33
1 1
6 8 10
Time [ms]

Fig. 7.12: Step response of i.q to iq with selected gains using ¢ = 10% and ¢; = 0.1 but with
different Ly and G values.

O T T TTTTTT T T T TTTT T T T TTTT T T \\Hl
—50 - N
0
1rd (S
@p] 100 [---- 30 uH ]
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—200 P T T Ll OB NERAN | bl Ll
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Fig. 7.13: Magnitude plots of reference to actual current response, l.idd((ss)) , with selected gains

using g = 10% and ¢; = 0.1 and nominal Gy = 22 but with different L, 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 6 is between 0 and 27. The sector variable S is an integer between 1 and 6. Consider

in Sector 1,
(5
iq 23 | cos(+ %) sin(0)| |i1
= |::[2 0:| K, o —11| = 45 6 (738)
iq —sin(0 + §) cos(0)| |i2

—is
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S ia ib ic If S'is Odd,
1 i1 i2—i1  —i2 [ia] _ o3 [ cos(c+ %) sin(o)] [ix] |
2 i2—n i1 —i2 i 3 |—sin(c+ %) cos(o)| [iz]’
3 —i9 11 1o — i1
4 —ig ig — il il else’
2 2 2 e ia| _ 243 [sin(o) cos(c+F) | [i1
i —i ig — i | = 73 s TV o |
1 2 2= 7q] | cos(a) sin(o + §)| [72]
1 —[il12 P abc — 11 —[il2 — %
b, —_ iy
29

19 —|/ iabc - dq | i dq |+ iq
r r T

S"g(av‘s) ~— 0

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 ¢ substituted with o =60 — %,

:LQ 0] ol P N L S IS

cos(o) —sin(c 4+ §)| |i2

Similarly, consider in Sector 3 but with 6 substituted with o = 0 — %’r,

—is

.
[y

:[12 0] K. | i 22\3/5 sl ) sinlo) : (7.40)

—sin(o + §) cos(o)| |i2

5=3 ig — 1

which is same as in Sector 1 but with 0 substituted with . The same process can be applied

to the remaining sectors, by setting o as

o=g0,8)=0— (5—1); (7.41)
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and the following generalized relationships are obtained,
14 24/3 | cos(oc+ % sin(o i1
= \?)f @ +5) (@) : (7.42)
iq <o —sin(o + §) cos(o)| |i2
and
iq 2./3 |sin(o) cos(oc+ % 1
28 (0) cos(o+) .
iq cos(o) —sin(o+ §)| |42
S even

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 o is
not necessarily between zero and g, depending on how S and 6 are generated, but is so in
the simple case where S is directly generated from 6, or S = ceil (%)

In the rotating-frame model of the DBSRC actuator, the actual commands u; and
uo are generated from three-phase quantities u,, u, and u. based on the unfolder current
relationships. The rotating-frame controller generates commands ugq 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 6 with ¢ based on S. The

resulting de-link currents (commands) are same among odd and among even sectors,

11 cos(o —sin(o iq
| costo) () | an
) sin(c + %) cos(oc+ Z 1
2 S odd ( 6 ) ( 6 ) q
and
i sin(c + %) cos(oc+ % 4
_ s 8 (@45 . (7.45)
i9 cos(o) — sin(o) iq
S even

This single-step rotating-frame to de-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



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

125
TS i iy If S is odd,
Lda —ie [i1] [ cos(o) —sin(o) | [ia]
2 i e io]  [sin(c+ %) cos(o+E)| |iq]’
3 |ip —ta S ) -7
4| i, —i, else,
5 | ic  —ip [ir] _ [sin(c+ %) cos(o+ %)] [ia
6 | ia —p lia] | cos(o) —sin(o) | |iq] "
N
4 —|dq i >liabc [ 11 td ™ idq — 21
D, —_— iy
iq —/ abc [—te sl 7 i12 | 4y r» i12 > iy
r r T

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
with o based on S. The resulting rotating-frame voltages are same among odd and among

even sectors,

vq 9 | cos(o) sin(oc+ Z 1
2| ento) st s D) o) o
—qj 5 + s
Val g o sin(o) cos(o + §)| [v2
and
Ug 9 |sin(oc + Z cos(o v
=3 (@+%) (@) . (7.47)
Vg cos(o +§) —sin(o)| |ve
S even

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 iy

and 4o are sensed with current sensors having dc gain of Hjg. The sensed currents zj; and
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S Vas Vg Ve If S is odd,
1| vi+o V2 0 [va]l _ o [ cos(o)  sin(o+ %)] [v1] .
2 V2 U1+ V2 0 vq| % |—sin(o) cos(o+ &) |v2]’
3 0 V1 + V2 Vo ST o
4 0 V9 V1 + V2 else,
5 () 0 v1 + U2 [va] _ o [sin(c+ %)  cos(o) | [v1]
6 | vi+v 0 V2 lvq] — 3 |cos(c+ %) —sin(o)| |v2] "
v —[y12 e P v —viz2 > v
Ubz

V2 — / vabc > dq [+ vq vdq [ vq
] r T

5 0 S —g(6,5) |0

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.

T2 are passed to the dc-link to rotating-frame current transformation in the controller core.
Similarly, the sensed dc-link voltages =1 and xy2, obtained from voltage sensors Hyq, 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 f; used in the sensor models. In addition to St, the transformations also require the
sector angle oy that is generated based on S; and the estimated grid voltage angle 8* from
the PLL,

or = g(0,Sf) = 0* — (Sg — 1)%. (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 6; used to generate St, where

St = £(6) = ceil <(’/f3> ~ ceil (“Jff) . (7.49)
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Fig. 7.17: Block diagram of the rotating-frame controller core.

The phase shift ¢; added to 8* used to generate 6; 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 us. This is accomplished with an inverse current transformation
on ug and uq. The time-varying trajectories on u; and us are mostly fed forward from
the sector angle oy, whereas uq 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 uq and uq values. Unique to the unfolding converter is the additional sector input

Sy to the inverse transformation in command generation. The required step changes in the
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time-varying trajectories are generated by Sy. It is obtained from the angle 6,

S = £(64) = ceil <f/“3> — ceil (9*:;3%) . (7.50)

The phase shift ¢, added to 6* used to generate 6, is another input to the controller core
and can be different from 6 based on the sector-adjusting algorithm. Subsequently, the

sector angle oy is generated based on the grid angle §* and S,
7

The combination of feedforward action from S, and o, 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 ¢¢ and ¢, to the controller core can be directly gener-
ated using the sector-adjusting algorithm based on the g-axis reference I,4. The algorithm
was derived using the feedforward controller and assumed small values of line inductance
L. It does not account for the phase shift ¢, of the unfolder voltage due to Lg, which can
become significant for large inductances.

A complete implementation of the sector adjuster accounts for ¢, in generating the
phase shifts,

Gr=dr+ v and Gy = du + v, (7.52)

where ¢¢ and ¢, are from the original algorithm. The theoretical formula for ¢, has previ-

ously been derived and is repeated below,

1% Ryl +wLyly
tan(gy) = — = g4 £ ~ ¢y :
an(ev) = 7 Rylq — wLyly + Enm ¢ (7.53)
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It can then be estimated using the sensed and transformed dc-link voltages from the con-
troller core,

by = 2, (7.54)

Tvd
where Z,q and Zyq are averaged values over a line period. This estimation of ¢, combined
with the sector-adjusting algorithm forms the complete sector adjuster applicable to a wide
range of Ly 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
Ey =392 V and frequency f = 60 Hz, line inductance Ly = 30 ~ 3000 pH and resistance
R, = 0.1 , dc-link capacitance C = 5 pF, DBSRC dc gain Gy = 22 and bandwidth
fic = 10 kHz, sensor attenuations Hiyp = 0.05 and H,g = 1.5 x 1073 and bandwidth f; =
fv =10 kHz. The controller gains are K, = 726, K; = —0.15 and K, = 1.7.

The performance of the rotating-frame controller is first compared with the stationary-
frame integral controller, using a line inductance of 30 pH and operating at power factor
of 0.7 (inductive), with I,q = —I,q = 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.

Sector Adjuster
| 1 If Irq > Ithy

o R
Iiq —*{ Sector-Adjusting 4’@_’ bt 9 = g = 22,
w* — AlgOI‘ithm bu @ R

else if Irq < —Itn,

1

1

1

1

1

|
Tyd : 0.2w*
2va —[Nean] ) . b = 6, = — 0227,

v 1

1

1

1

1

1

else,

¢f:¢u:0~

Fig. 7.18: Block diagram of the sector adjuster for use with the rotating-frame controller
core.
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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, us. 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 I,q = —I,q = 12 A with different values of L,
within its expected range of variation. The increase in Ly 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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Stationary Frame Control Rotating Frame Control

Time [s] 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 I,q = —I,q = 12 A, to highlight
lower distortion with rotating-frame control due to faster actuation of commands.

Time [s]

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 I,q =
—1I.q = 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 g-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 i.;, while ico behaves similarly. In odd sectors,
based on Table 7.1, i¢; changes from

V3 V3
3

. . m
lcl,0dd (U = 0) =——1Im to %c1,0dd (U = *) =~

. ; Lo, (7.55)

where I, = 3VnwCy. In even sectors, it changes from

. V3 . ™ V3
icleven (0 =0) = —Iem  tO  dcieven (0 = —) = ——Jem. (7.56)
3 3 6
From an odd to even sector, it steps from
. m V3 . V3
%c1,0dd (U = g) = _?Icm to lcl,even (U = 0) = ?Icm- (757)

From an even to odd sector, it steps from

. ™ V3 .
lcl,even (U = *> = 7I0m to 2c1,0dd (U = 0) = -

Lo 7.58
3 5 (7.58)

>3

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 = f1 — Gl (7.59)

Consider the converter current generated in two components, an original component 4y

from the feedback controller, and a capacitor current canceling component %y,
il = k1 + ke (7.60)

The component iy will depend on the algorithm used. Assuming an ideal case with full
cancellation, applying ix1. = ic1 results in i1 = %kl. 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,

; 7 1 3 3 3

_ ikic,0dd = lelodd = 5 (—%Ic*m - %I:m> — V3

Ule = ) (7.61)
; B 1 3 3 3
klc,even = %cl,even = 3 (%Ifm + %I:m> = %I:m

where the average capacitor current in each sector, ic1 odd O %c1,even, is estimated using

2+ 72
Ik, = 3Viw* Oy = 3———w*Ck. (7.62)
HVO

The magnitude V} of the unfolder output voltage is estimated using the sensed and averaged
d- and g-axis voltages. The line frequency w* is estimated by the PLL. The component 4y

is generated by an equivalent command component ui., where

U] = Uq + Uic- (7.63)
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The original component % comes from the feedback controller, and a capacitor current

canceling component u;. is generated as

V31
Ulc,odd = — 4G(E)m
Ule = 3 y (764)
31
Ulc,even = 4Gi)m

where Gy is the dc gain in the DBSRC actuator model. The second DBSRC command is

modified similarly,

V/3I%
R U2¢c,0dd = 4sz
Up = Ug + Uge, Where uge = (7.65)
V/3I
U2c.even = ~ 1o

The resulting applied capacitor current canceling component is a square wave that switches
depending on the command sector variable S, from the controller core. The sectors are
phase-shifted by ¢, to compensate for the limited DBSRC response. Thus, the generation
of ¢y shall account for the capacitor current. This is achieved by adding [}, to the g-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 L, = 3 mH and operating at I,q4 =
—I,q = 12 A. Notice that without cancellation, the line current appear compressed. Adding
cancellation improves current quality, by altering profiles of commands u; and ws. The
improvement in current quality is also evident in the reduced variations in the sensed d-
and g-axis currents.

The improvement in current quality is quantified by compared THD with and without
capacitor current cancellation in Table 7.2 at various Ly values and different power factors.

The results show uniformly reduced THD values by using cancellation. The results also show
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Sector Adjuster with i¢; o Cancellation
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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
g-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 Ly =
Lia Iq [A] 30 uH 300 pH 3 mH
w/o | 5.2 3.5 2.9
17 0
w/ | 3.3 1.4 1.2
w/o| 4.5 3.4 3.2
12 —12
w/ | 23 1.5 1.4
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Without 7. 2 Cancellation With i¢1,2 Cancellation

Time [s] Time [s]

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
Lia = —1Lq =12 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 Gi,(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 Gy with the applied command U. In addition, the

FPGA DC Port

‘R/—/
Unfolder AC Port DBSRC Modules

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 pH
Resonant Capacitance 34 nF
Input Capacitance 1 pF
Output/DC-Link Capacitance 1 uF
MOSFET Switches APT34N80LC3
Unfolder IGBT Switches APT75GP120JDQ3
Filter Inductance 15 uH

output current becomes more sensitive to variation in output voltage, which also changes
Gy and affects the overall response.

To quantify the variation on Gy, 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 Iy is measured
and plotted in Fig. 7.27b. Also shown are the expected current values based an ideal Gg
value of 4 at this input voltage. Notice at the same U value, [} varies and deviates from
its expected value. In the resulting plot of Gy = Iﬁk, 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 + Awu to the modulator. The adjustment
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Fig. 7.27: DBSRC gain linearization. (a) Block diagram. (b) DC measurements.

Au 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 Au
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 pH 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 i,
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 e,, line currents i,, 7, and i. respectively.
(b) Harmonic spectrum of i, 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.
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Fig. 7.29: Experimental waveforms at power factor of 0.8 (inductive) and 1.2 kVA, displaying
Channels 1 through 4 as e,, iy and dc-link currents ¢; and iy respectively.
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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 e,, line currents i,, i, and i. respectively. (b) Waveforms
displaying Channels 1 through 4 as e,, i, and dc-link currents ¢; and i 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 dec-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 de-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.
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