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Abstract

Medium-voltage DC (MVDC) networks have been drawing increasing at-
tention in various power supply systems since they can achieve high efficiency,
flexibility and reliability. DC-DC converters with high step-up ratio and high
voltage-blocking capability to be employed to the MVDC systems are key
devices. The two-three (2/3)-level dual-active-bridge (DAB) converter with
a neutral-point-clamped (NPC) structure is a promising solution. However,
most of the previous study for DAB converters is based on traditional two-
level DAB instead of multi-level DAB converters. Due to different topologies,
some research on the two-level DAB converter is not possible to be used in the
multi-level DAB converters. In addition, some new issues are introduced with
the NPC bridge, e.g., capacitor voltage imbalance. Therefore, this project was
proposed to enhance reliability and efficiency of the 2/3-level DAB through
exploring several control strategies. To do so, the main challenges should be
addressed.

Firstly, to enhance the converter efficiency by control strategies, optimum
combinations of the control variables, i.e., phase-shift and duty-cycle ratios,
should be obtained based on certain optimization objective, e.g., peak or
root-mean-square (RMS) transformer currents. Compared to numerical so-
lutions, analytical solutions are preferred for automatically regulating the
control variables online, especially when the operating parameters (e.g., the
transferred power and DC-link voltages) vary in wide ranges. However, with
the increased number of the control variables in multi-level DAB converters,
the difficulty for obtaining the analytical solutions increases, and the previous
methods for the two-level DAB may fail to address the optimization problem.

Secondly, to suppress capacitor voltage imbalance and the corresponding
negative effects, e.g., increased voltage stress on certain power switches,
some voltage balancing methods were developed. However, these previous
voltage balancing methods rely on the transformer current polarity, which is
challenging to be identified with various operating conditions or parameters.
In addition, current and power fluctuations will occur along with the changed
transformer terminal voltage, which will result in overshoot current, and may
activate the protection system during the voltage balancing.
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Moreover, open-circuit-fault (OCF) issues have not been fully discussed in
multi-level DAB converters. The previous OCF diagnosis methods, which were
proposed based on two-level DAB converter, fail to identify the specific faulty
switch due to the increased number of switches. In addition, some traditional
fault-tolerant control strategies can be used to suppress the current overshoots
and DC bias caused by the OCF. Nevertheless, the three-level NPC bridge
provides more current conduction paths, and thus, it has more potential for
enhancing the post-fault performance, e.g., extending the transferred power
range, which should be utilized in the fault-tolerant methods.

To address these challenges, this Ph.D. project proposes several control
strategies to enhance the converter efficiency and reliability. To obtain a
generic optimal control strategy for improving the efficiency, a minimum-
current-stress control strategy with analytical solutions is put forward. In
order to simplify the complexity for calculating the analytical solutions, the
numerical solutions are first analyzed to determine certain operating modes
where the optimal solutions appear. Then, the analytical solutions are obtained
by the Karush-Kuhn-Tucker (KKT) conditions. Accordingly, a simplified
closed-loop control system is developed to achieve online regulation of the
control variables along with the operating conditions.

Two control methods for capacitor voltage balancing are developed to
address the above two issues during the voltage balancing, i.e., current
fluctuations and model-based feature. For the conditions where the trans-
former current can be easily determined, e.g., soft-switching operation, the
complementary-switching-state (CSS) method is suitably applied to improve
the dynamics. During this method, the switching states that cannot assist the
voltage balancing are replaced by their CSSs. By doing so, required charges
to the neutral point are able to increase without voltage change after the
CSS method is enabled. Thus, the transferred power and current fluctua-
tions can be effectively suppressed. On the other hand, for the conditions
where the current polarity is challenging to be determined when the operating
conditions/parameters change in a wide range, a fixed-switching-state (FSS)
method can be applied, where two additional switching states are utilized to
achieve the model-free feature for the voltage balancing control, and thus, the
current polarity is not needed to be determined.

Furthermore, to locate the faulty switch, a fault diagnosis method by ap-
plying the midpoint voltages as the diagnostic signals is proposed, where
the specific faulty switch is determined based on the average post-fault mid-
point voltages and the duty cycles after waveform transition. Subsequently, a
complementary-switch-blocking (CSB) method is applied to the fault-tolerant
control to suppress the current overshoots and DC bias resulting from the
OCPFs. In addition, compared to the traditional fault-tolerant method, the
post-fault transferred power range can be extended under the CSB control
method.



Resumé

Mellemspeendings-DC elektriske net (MVDC) har tiltrukket sig mere og
mere opmeerksomhed i forskellige energiforsyningssystemer pa grund af
fordele som hgj effektivitet, palidelighed og fleksibilitet. DC-DC-konvertere
(omformere) til denne mellemspeending er negle-komponenter og oftest
kraeves der et hejt spaendingsleft imellem indgang og udgang. Her er specielt
omformeren med navnet dual-active-bridge (DAB) DC-DC-konverter med en
transformer og med et neutralt speendingspunkt (NPC) en lovende losning,
som giver tre speendings-trin og kan handtere det omtalte mellemspaendings-
niveau. Studier indenfor DAB-omformere er dog hovedsageligt baseret pa
traditionelle DAB-konvertere, som kun har to speendings-niveauer. Pa grund
af de forskellige transistor-kredse der anvendes, kan nogle af de metoder der
er brugbare i to-niveau DAB-konverteren ikke anvendelig pd DAB-konvertere
med flere spaendingstrin. Derudover introduceres der nogle nye problemer
med NPC-punktet, f.eks. speendingsubalance ved kondensatorerne. Derfor
omhandler dette ph.d. projekt det at forbedre effektiviteten og pélideligheden
af en DAB-konverter med to speendings-trin pa den ene side og tre spaendings-
trin pa den anden side (2/3-niveau) ved brug af nye kontrolstrategier.

For at forbedre effektiviteten af en 2/3-niveau DAB-konverter kan optimale
kombinationer af eksisterende styrevariabler, dvs. faseforskydningsvinkler
og arbejds-frekvens, opnds baseret pa bestemte mal for en optimering, f.eks.
den maximale strom eller effektiv-veerdien af streommen. Sammenlignet med
numeriske lgsninger foretraekkes analytiske lgsninger som kan bruges til en
online regulering af styrevariablerne, som er i samspil med den overforte effekt
eller DC-speendingerne over kondensatorerne. Dette er iseer enskveerdig nar
driftsbetingelserne/parametrene eendres i bredere arbejds-omrdder. Men med
det ogede antal kontrolvariable til styringen af multi-level DAB-konverteren,
opstar der vanskeligheder i at opna analytiske lesninger, hvorfor tidligere
foresldede metoder for to-niveau DAB-konvertere ikke kan lose det enskede
optimeringsproblem.

Derudover eksisterer der kontrolstrategier til balancering af kondensator-
spendingerne for NPC-baserede DAB-konvertere, som kan eliminere spaend-
ingsforskellen og dermed reducere belastningen pa komponenterne i om-
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formeren. Disse tidligere foresldede speendingsbalanceringsmetoder aftheenger
dog af identifikation af polariteten af stremmen i transformeren, hvilket
kan veere udfordrende at identificere under forskellige driftsbetingelser eller
parameter variationer. Derudover kan der forekomme strom- og effekt vari-
ationer samtidig med at balancerings-strategien udferes, hvilket i veerste
tilfeelde kan resultere i en overbelastning af konverteren.

Endvidere kan der veere problemer med detektere fejl (abne transistorer)
i konverteren (open-circuit-fault (OCF)) og dette er ikke blevet undersogt
for multi-level DAB-konvertere. De tidligere OCF-detekteringsmetoder for
DAB-konvertere med to niveauer kan ikke lokalisere den defekte transistor
ngjagtig nok pd grund af det ogede antal transistorer, der anvendes til multi-
level DAB-konvertere. Derudover kan nogle af de traditionelle fejltolerante
styringsstrategier ikke anvendes til multi-level DAB-konvertere og der er et be-
hov for at finde nye metoder. Ikke desto mindre giver NPC DAB-omformeren
med tre niveauer flere veje for strommene og dermed potentiale for at forbedre
DAB-omformerens drift under fejl og eksempelvis oge effektoverforselsevnen
sammenlignet med traditionelle metoder.

For at lose ovenneevnte udfordringer foreslar dette ph.d. projekt flere nye
kontrolstrategier til at forbedre effektiviteten og palideligheden af 2/3-niveau
DAB-konvertere. For at opna en generel optimal kontrolstrategi til forbedring
af effektiviteten foreslds en minimumstrems/-speendingskontrolmetode, som
er baseret pa analytiske losninger. For i praksis at forenkle beregningen af de
analytiske losninger findes numeriske losninger forst for visse arbejdspunkter,
hvor optimale lesninger bestemmes. Derefter findes komplette analytiske
lgsninger ved brug af Karush-Kuhn-Tucker (KKT) betingelser, som anvendes i
optimeringsalgoritmer. Ydermere er der designet et forenklet kontrol-system
baseret pd de analytiske losninger for at kunne opna online eendring af
reguleringsvariablerne som justeres i forhold til arbejdspunkterne.

To styringsstrategier for balancering af kondensatorspeendingen er ud-
viklet til at lose de tidligere diskuterede problemer med spaendingsbalancerin-
gen. De to er henholdsvis en modelbaseret og strembaseret styre-strategi.
I de tilfeelde, hvor transformatorstremmen let kan bestemmes, f.eks. un-
der soft-switching (tabsfri skift af stremmene i transistorerne), anvendes en
komplementeer switching-stategi (CSS), som er i stand til at forbedre dy-
namikken under styringen af balanceringen af kondensatorspaendingen. Ved
brug af CSS-metoden erstattes utilsigtede switch-tilstande, som identificeres
via kendskabet til transformatorens strempolaritet. En langt bedre spaendings-
balancering er opnéet, hvor ogsa strem- og effekt variation effektivt kan under-
trykkes. I andre tilfeelde, hvor strempolariteten i transformeren er vanskelig
at bestemme, nér driftsbetingelserne/parametrene sendrer sig meget, kan
den modelfrie styringsmetode anvendes, hvor yderligere to switch-tilstande
kan bruges og afkobler balanceringsstyringen fra polariteten af stremmen i
transformeren.



For at lokalisere en defekt transistor under drift af konverteren foreslas en
fejldiagnosemetode, hvor midtpunktsspaendingerne for hvert transistor-bro an-
vendes som diagnosesignaler, og den defekte transistor kan nejagtig lokaliseres
ud fra middelveerdierne og driften af konverteren. Desuden foreslas en fejltol-
erant kontrolstrategi baseret pa en komplementeer transistor-blokeringsmetode
(CSB), som kan reducere DC-overspaendingen og over-stremmen, som folge
af OCF og bringe DAB-konverteren tilbage til sikker drift i sddanne tilfeelde.
Sammenlignet med en traditionel fejltolerant kontrol-metode, kan den fores-
laede CSB-metode forbedre effektoverforselsevnen betydelig efter konstateret
fejl i omformeren.
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Chapter 1

Introduction

1.1 Background

Concerns on the consumption of fossil fuels and environmental issues
have become more critical, enabling an increasing utilization of renewable
energy sources [1-5]. In recent years, due to the growth of DC loads (e.g.,
batteries and electrical vehicles) in the distributed energy generation systems,
increasing demands for higher power-transfer capability, efficiency and power
quality, and development of the medium-voltage (MV) power devices (e.g.,
power semiconductors), medium-voltage DC (MVDC) structure has been
capturing global focus since the MVDC systems can obtain higher efficiency,
reliability, and flexibility compared with traditional AC network [6-10]. There-
fore, MVDC network is also a promising solution for renewable power plants,
electrified railway systems, large ships, and industrial and urban buildings
[10, 11]. Under such a condition, many efforts for exploring the key tech-
nologies of the MVDC systems, e.g., interfacing DC-DC converters, network
configuration, insulation and protection, have been made by industry and
academia [10-15]. A technical roadmap done by CIGRE Working Group shows
a milestone of MVDC research, where various MVDC-related projects have
been developed by Siemens, University of Nottingham, Scottish Enterprise,
and other institutions since 1997 [10].

The MVDC technology has also been applied to the large-scale photovoltaic
(PV) plants. Fig. 1.1 shows a typical MVDC-structure PV system, where
the energy storage system is integrated into the grid to suppress voltage
fluctuations and other issues caused by the intermittent power generation
of the PV system, and achieve schedulable power flow [16]. In addition, an
auxiliary power supply system is employed to supply a low voltage (e.g., 24
V) to various auxiliary systems in the PV system, e.g., control systems and
gate-driving systems. The DC-link voltages in MVDC systems are generally
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Fig. 1.2: Traditional two-level dual-active-bridge (DAB) converter.

from several kilovolts (kV) to 35 kV, and the recommended rated DC voltages
are 1.5 kV, 3 kV, 6 kV, 12 kV, 18 kV, 24 kV, and 30 kV according to the IEEE
Standard [9, 11, 17]. 1.5-kV PV systems have been exploring widely, and
the MVDC network with higher DC-link voltages is also ongoing [18, 19].
For instance, a 3-kV DC large-scale PV system is built in Fraunhofer ISE in
Germany [20, 21], whose structure is similar to Fig. 1.1, and the terminal
voltage in the DC bus is planned to be increased to 20 kV in the future [12].
Institute of Electrical Engineering of Chinese Academy of Sciences is exploring
a PV MVDC grid-connected system with the DC-link voltage of 10 kV [22].
Siemens launched MVDC PLUS in 2017, which connects large-scale PV plants
into an up-to-150 MW power grid, where the medium DC voltage will reach
30 kV [12, 23].

In the MVDC systems, the MV interfacing DC-DC converters play a critical
role to transfer power and maintain DC voltages between the low-voltage



1.1. Background

1T+

Vi

D27

D2s

o
Sﬂ Das *
Sﬂ D26
=— Cut V2

Fig. 1.3: Two-level DAB converter with series switches (TL-DAB-SS).

DC (LVDC) bus and MVDC bus, which require high voltage-blocking capa-
bility and high step-up ratios. However, such DC-DC converters suitable
for the MVDC network have not been fully developed and commercialized
[12]. Among various topologies of DC-DC converters, the dual-active-bridge
(DAB) converter is widely applied to LVDC systems due to the superiority of
inherent soft-switching, galvanic isolation, high step-up capability and power
density [24-28], as shown in Fig. 1.2. However, limited by the application of
MYV power semiconductors, a single two-level DAB can hardly withstand a
medium DC voltage [29]. Thus, various topologies which can increase the
voltage-blocking capability for the DAB converters have been explored:

e Two-level DAB converter with series switches (TL-DAB-SS): As shown
in Fig.1.3, two power switches (e.g., Sp; and Sj;) are series-connected as a
module. These two switches will be turned on/off synchronously so that each
of them withstands half of the voltage. Under ideal conditions, this topology
has identical switching characteristics and modulation schemes as the tradi-
tional two-level DAB. However, voltage sharing of the two series switches may
not balance, since the two series switches cannot be perfectly synchronized
owing to the tolerances between various semiconductors and synchronization
failure between different gate pulses. This will result in power distribution
imbalance and damage the devices in certain cases. In addition, the degrees
of freedom (DoFs) for modulation are limited in this topology, which is not
conducive to performance improvement [24, 25].

e Cascaded DAB converter: Cascaded converter is an effective solution for
MVDC systems, where the two-level H-bridges are employed as the series
modules to withstand higher voltages [6, 30-33]. The amount of cascaded
modules can be modified flexibly according to the DC voltages and voltage-
rating of the switches. Input-parallel-output-series (IPOS) is one of the most
popular structures among various cascaded DAB converters (when LVDC is
the input and MVDC is the output) [6, 30, 31]. As shown in Fig. 1.4 (a), the en-
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Fig. 1.4: Cascaded DAB converters with: (a) input-parallel-output-series (IPOS) structure and (b)
three-port structure.

tire two-level DAB is applied as the module, and thus, the modulation for the
two-level DAB converter can be directly used in the IPOS converter. However,
additional control schemes for voltage and power sharing between different
modules should be considered. Otherwise, the circulating current caused by
parameter tolerances and other factors will be increased, affecting the con-
verter efficiency and other performances. Furthermore, the amount of power
components (for a two-module structure) including the power semiconductors
and isolation transformers is twice that of the traditional two-level DAB con-
verter, and also increases significantly compared to that of the TL-DAB-SS. To
reduce the amount of the power components and related hardware cost, the
cascaded DAB based on the three-port transformer (TP-DAB) was proposed
[32, 33], where only H-bridges (instead of entire two-level DAB converters)
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Fig. 1.5: Neutral-point-clamped (NPC)-based multi-level DAB converter: V; and V; are two
DC-link voltages, v,, and v, are transformer terminal voltages, ip; and ifp are transformer
currents, i, is the neutral-point current, Ls is the series inductor, N is the transformer turns ratio,
p, 0 and n are three ports of the NPC bridge.

are series-connected on the MV side, as shown in Fig. 1.4 (b). Therefore, the
amount of power devices is the same as that of the TL-DAB-SS. However, the
coupling among the three ports increases the modeling and control complexity
[32, 33].

e Multi-level DAB converter: With the development of the MV power
semiconductors, e.g., 3.3-kV, 6-kV, and 15-kV SiC MOSFET, it becomes feasible
to access the MVDC system by using one single multi-level DAB converter.
Based on the TL-DAB-SS, four diodes are added to utilize the neutral-point
voltage, as shown in Fig. 1.5. By doing so, S5 and Sy, (as well as other switch
pairs) are not required to be ON/OFF synchronously. Thus, the voltage/power
sharing issues between the two switches can be avoided. The voltage imbal-
ance between two DC-link capacitors should be considered, which can be
addressed by modifying the phase-shift angles or duty cycles. In addition, the
multi-level topology supplies more DoFs compared to the two-level DAB con-
verter, and thus, further enhance the converter performance (e.g., efficiency)
[34, 35]. Furthermore, the transformer structure is identical with the two-level
DAB, and thus, the modeling and control methods proposed in the two-level
DAB can be extended to multi-level DAB converters.

Apart from the above discussed converters, there are certain topologies,
which can increase the voltage-blocking capability of the DC-DC convert-
ers, e.g., modular multilevel converter (MMC). However, the complicated
control especially for the capacitor voltage balancing and the requirement
for increased components limit the application of MMC-based converters in
MVDC systems with the DC voltage of several kVs. The MMC-based con-
verters are more suitable for high-voltage DC (HVDC) systems with a voltage
rating of several hundreds of kVs [6, 36]. According to the above analysis,
the multi-level DAB converters have more potential to be employed to the



1.2. State of the Art

MVDC systems due to relatively low modeling and control complexity and
high DoFs for enhancing the converter performance. The multi-level DAB
shown in Fig. 1.5, employing a neutral-point-clamped (NPC) bridge on the
MV side, is named two-three (2/3)-level DAB converter hereafter. It was
mainly proposed for high step-up applications [34, 37, 38], which means the
two DC-link voltages are different significantly, e.g., the energy storage and
auxiliary power supply systems in large-scale PV plants shown in Fig. 1.1.
Unfortunately, the prior-art research in terms of the modulation schemes for
enhancing the converter performance mainly focuses on the traditional two-
level DAB instead of the multi-level DAB converters. Therefore, this project
mainly aims to propose efficient and reliable modulation for the 2/3-level
DAB. As such, several challenges are considered:

¢ Challenge I - Generic efficient control: Due to the increased DoFs, the
multi-level DAB converter is generally optimized by applying high-DoF
control strategies, e.g., five-level control [39]. However, the complexity
for obtaining a generic and simple optimal modulation strategy which
can be used for a wide range of operating parameters will be significantly
increased.

* Challenge II - Capacitor voltage balancing: Capacitor voltage balanc-
ing control should be applied to avoid unbalanced voltage stresses
on different power devices and other issues. Identification of the trans-
former current polarity and power fluctuations are critical for the voltage
balancing, which have not been fully addressed in previous research.

* Challenge III - Fault diagnosis and tolerant control: Owing to the
increased number of switches in the NPC bridge, the previous fault di-
agnosis methods used in the two-level DAB cannot locate specific faulty
switch in the multi-level DAB. In addition, the post-fault performance
of the DAB converter (e.g., power-transfer capability) can be enhanced
by suitably re-arranging the structure of the NPC bridge, which has not
been explored yet.

The above challenges and their corresponding state of the art will be elaborated
in the following.

1.2 State of the Art

1.2.1 Efficient Control Strategies

Phase-shift control is generally applied to various DAB converters, includ-
ing the 2/3-level topology, where the phase-shift angles between different
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Fig. 1.6: Various phase-shift control strategies for 2/3-level DAB converter with: (a) single-phase-
shift (SPS) control, (b) extended-phase-shift (EPS) control, (c) triple-phase-shift (TPS) control, and
(d) five-level control: Tj, is half of a switching period, D is the duty-cycle ratio, Dy, Dy, and D,
are phase-shift ratios.

gate pulses are used as the control variables to modify the power flow [24—
27]. Single-phase-shift (SPS) control is the most traditional control scheme,
where only one phase-shift ratio Dy (between the pulses for Sj; and Sp1) is
employed, as shown in Fig. 1.6 (a) [40, 41]. The SPS control is easy to imple-
ment. Unfortunately, the efficiency of the DAB converters will be significantly
affected by the reduced soft-switching range and increased RMS current if
the two DC voltages are not matched [24, 25]. To address this, multi-phase-
shift (MPS) control strategies were developed by adding more DoFs in the
modulation. Fig. 1.6 (b)-(d) show various MPS control strategies, which are
divided according to the amount of the control variables [39, 42]. Among
these MPS strategies, the five-level control has more potential for improving
the performance of the NPC-based DAB converters. Therefore, much research
for the NPC-based DAB converters has been developed based on the five-level
control [37-39, 43, 44].
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Table 1.1: Current-Related Modulation Schemes Proposed for Different DAB Converters. Source:
[J1l.

DAB converters | References Optimization methods Modulation Solutions
[45] Global optimal condition method
42 Lagrange multiplier method
(421 grang p TPS control
Two-level [49] Particle swarm optimization Analytical

[51]

Differential extremum method

[50] EPS control
. [39, 43] Numerical computation algorithms Five-level control .
Multi-level Numerical
[52] Particle swarm optimization Three-level control

The optimal control strategies for improving the efficiency has been ex-
plored widely for various DAB converters, where different efficiency indices,
e.g., RMS current, soft-switching, peak current, and power loss, have been
analyzed [45-52]. Based on the types of optimal solutions, these modulation
strategies can be divided into numerical-solution-based (NSB) control and
analytical-solution-based (ASB) control strategies. For the former, the control
variables (i.e., phase-shift ratios and duty cycles) can be expressed by the
DC-link voltages and transferred power, and thus, the control variables can
be calculated and regulated online based on the operating conditions. On
the other hand, in the NSB control strategies, the numerical solutions need
to be pre-calculated offline and then pre-stored in a look-up table in micro-
controllers [39, 52]. Consequently, when the operating conditions/parameters
(e.g., DC-link voltages) of the DAB converters change, the numerical solu-
tions should be re-calculated and then updated to the microcontrollers, which
significantly increase the control complexity and limit their implementation.
Therefore, the ASB control is more applicable in practice, especially when
the operating conditions/parameters change in a wide range. Due to the
simpler models, which are beneficial for obtaining the analytical solutions,
the current-related modulation schemes were widely researched, as shown
in Table 1.1. It can be seen that ASB control strategies have not been pro-
posed for the multi-level DAB. This is because the traditional optimal methods
for obtaining the analytical solutions can hardly be used with the increased
number of the control variables for the five-level control. Therefore, the ASB
control strategies based on the five-level control, which can achieve generic
and simple implementation, are required for the DAB converter.

1.2.2 Capacitor Voltage Balancing Control

Capacitor voltage imbalance may occur on the NPC bridge due to the
asymmetry in the gate pulses, DC-link capacitors (tolerances or uneven degra-
dation), or hardware layouts [43, 53-55]. The unbalanced voltages will increase

10
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the voltage stresses and degrade the lifetime of the capacitors and other de-
vices. These devices will be severely damaged when the increased voltage
exceeds their voltage-blocking capability, and the safety of the system will
be significantly affected [54]. Furthermore, the voltage imbalance will also
distort the transformer terminal voltage v,y and current i;;. Thus, the mod-
eling accuracy, and the stable and optimal operation of the converter will be
affected.

Some voltage balancing control strategies were put forward to tackle the
above issues [38, 43, 53-56]. During most of them, the charges flow through the
neutral point is controlled by regulating the intervals of certain switching states
dynamically, and thus, the voltage imbalance can be suppressed. However,
there are two limitations of these previous voltage balancing methods:

1) Independent of the transformer current ij: For the original switching
states employed in the steady state (which are also used to modify the capacitor
voltages in most previous methods), with different polarity of i1, the direction
of the charges flow through the neutral point is opposite. Therefore, to
obtain required neutral-point charges, the transformer current polarity is
necessary to be determined. Unfortunately, the transformer current polarity is
affected by various factors, e.g., DC-link voltages and operating modes. Thus,
for the application where the operating conditions change in a wide range,
the transformer current polarity will be challenging to be identified online.
Consequently, the transformer current models should be pre-calculated offline,
and the current polarity can then be identified. Furthermore, with different
modulation, e.g., minimum-RMS-current modulation, and soft-switching
modulation, the transformer current models will be different. Thus, the
implementation of the previous voltage balancing methods requires heavy
offline calculations for the transformer current polarity.

2) Transformer current and power fluctuations: The above capacitor volt-
age balancing methods will also lead to transferred power/transformer current
fluctuations as the voltage v.; will change along with the modified phase-shift
ratios, which will affect the dynamics to some extent. In certain cases, it may
lead to the entire system shut-down if the overshoot current activates the
protection system.

Hence, voltage balancing methods, which can be independent of the trans-
former current polarity and achieve smooth dynamics should be explored.

1.2.3 Fault Diagnosis and Tolerant Control

The reliability issues should be ensured for the multi-level DAB as the
amount of power components increases. Among various reliability-related
research, the fault diagnosis and tolerant control accounts for a majority. Two
typical faults are generally analyzed for the power electronics converters, i.e.,
short-circuit fault (SCF) and open-circuit fault (OCF) [57-59, 63, 64, 66] of

11
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Table 1.2: Fault Diagnosis and Tolerant Methods for Various DAB Converters. Source: [J4].

Fault Diagnosis Methods

References DAB converters Diagnostic signals Characteristics
1) Faulty switch can be identified;
2) A current sensor and a winding in
Transformer voltage and .
[57] i the magnetic core are added;
current residual i i o
3) Diagnostic period is within three
switching cycles.
1) Faulty switch can be identified;
. 2) Two voltage sensors for the terminal
Average transformer terminal
[58] It voltages are added;
Two-level DAB votlages 3) Diagnostic period is within one
switching cycle.
1) Faulty switch can be identified;
2) Voltage sensors for midpoint voltages
[59-62] Average midpoint voltages of four bridge arms are added;
3) Diagnostic period is within one
switching cycle.
1) Faulty phase (i.e., bridge arm) can be
(63] DC component in phase identified instead of the specific switch;
Three-phase currents 2) Current sensors for all phase currents
dded.
two-level DAB are adde - - —
. 1) Faulty switch can be identified;
DC bias of phase and
[64] L 2) Current sensors for all phase currents
magnetization currents
are added.
Fault-Tolerant Methods
References DAB converters Methods Characteristics
Hvbrid DABs with 1) Suitably used in a cascaded-DAB
Ti s wi
(65] y t and Replace faulty module by system with redundant modules;
series-resonant an
h hifted DAB using redundant one 2) Easy but the hardware cost increases
ase-shifte S
p significantly.
Primary side lower power -
C t hoots and DC bi by
[60, 62, 66] Two-level DAB secondary side bypass arm urrent OVEIshoots an 1as can be
reduced to a safe range.
(PLP-SBA)
Remove the faulty arm and .
Current overshoots and DC bias can be
[63, 67] operate the three-phase DAB e
Three-phase . almost eliminated.
two-level DAB in single-phase mode
[68] Block the gate pulses of the two | Current overshoots and DC bias can be
switches in the faulty arm. reduced with lower transferred power.

the devices. A severe voltage overshoot and/or current overshoot generally
appears when an SCF occurs, which can be used as fault diagnostic signals.
Accordingly, software and hardware protection will be employed to shut
down the DAB converters to avoid severe damage. On the other hand, for the
OCEF, the tolerant methods to address its negative effects can generally bring
the post-fault converters back to safe operation instead of shutting it down,
although some performance, e.g., power-transfer capability may be degraded.
In addition, the accurate OCF identification brings more challenges in the
multi-level DAB converters owing to the increased switches and complex

12
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Fig. 1.7: Experimental results when the average midpoint voltage v., is applied as the fault
diagnosis (FD) signal to the 2/3-level DAB converter. Source: [J4].

post-fault characteristics. Therefore, the research of the OCF has attracted
much attention in recent years.

When an OCF occurs in the DAB converter, negative effects, e.g., current
overshoots, DC bias, and unbalanced capacitor voltages, will be seen, which
significantly affect the converter reliability with increased current and voltage
stresses on power devices, and result in potential saturation of the transformer
[60, 61, 66]. To avoid these negative effects, the faulty switch should be located
first, and then, fault-tolerant methods are required to suppress negative OCF
effects. Unfortunately, the traditional OCF analysis mainly focused on the
two-level DAB instead of NPC-based DAB converters, as summarized in Table
1.2. The faulty switch is generally identified by the post-fault characteristics
extracted from the transformer terminal voltages v,;/v.4, transformer current
ir1/ir2 (i-e., inductor current), or midpoint voltages v., /v,,. However, if these
diagnostic signals are applied to the NPC bridge, the exact faulty switch cannot
be identified since two possible switches have similar post-fault characteristics.
For instance, if the average midpoint voltages (which were used in the two-
level DAB converter in [59-61]) are applied as diagnostic signals directly, two
possible switches (e.g., Sp1 and Sp;) cannot be distinguished, as shown in Fig.
1.7. Therefore, it calls for fault diagnosis methods which can identify specific
faulty switch.

As for the fault-tolerant methods, fault-redundant methods are usually ap-
plied to the multi-level module-cascaded converters, which employ redundant
power switches or modules to replace the faulty ones to avoid the negative
effects. However, these methods usually have an increased cost, and relatively
slow dynamics [65]. For a single DAB converter, the fault-tolerant control
usually tries to remove the faults and maintain the normal operation by ad-
justing the modulation configuration instead of changing hardware structure
[62, 67, 68]. For instance, a "primary side lower power-secondary side bypass
arm" (PLP-SBA) method is employed in the two-level DAB [59, 66], which
makes the DAB converter operate in lower power conditions when OCFs occur
on primary-side switches to avoid overshoot current, and bypasses the faulty
bridge arm when OCFs occur on secondary-side switches to obtain a higher
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power range. However, due to the increased number of switches in the NPC
bridge, the 2/3-level topology has increased potential to improve post-fault
power-transfer capability by modulation reconfiguration, which should be
explored to enhance the post-fault performance of the converter.

1.3 Project Motivation

1.3.1 Research Questions

The overall research question of this Ph.D. project is "How to achieve
efficient and reliable operation of an multi-level DAB converter applied to
MVDC systems". Considering the previous research challenges analyzed in
the state-of-the-art, several sub-questions are formulated:

* Q1. How to improve the converter efficiency through generic and simple
modulation strategies?

* Q2. How to maintain the capacitor voltage balancing under a five-
level control scheme without current polarity identification and power
fluctuation?

* Q3. How to achieve accurate OCF diagnosis and improve the post-fault
performance through a fault-tolerant control?

1.3.2 Project Objectives
The project objectives are summarized based on the above questions as:

¢ Ol. Investigate the optimal modulation schemes based on analytical
solutions to enhance the converter efficiency.
To address Q1, the optimal modulation strategies based on the five-level
control scheme should be designed, e.g., minimum-current-stress control,
which need to compromise efficiency and implementation complexity. In
this way, analytical solutions are required to achieve online modification
of the control variables.

* 02. Analyze the capacitor voltage balancing control strategies to obtain
smooth dynamics and low implementation burdens.
To address Q2, the capacitor voltage balancing methods, which can
suppress the power/current fluctuations, are required to be developed.
In addition, for the conditions where the transformer current polarity is
difficult to be determined, the voltage balancing methods, which can be
decoupled from the transformer current polarity should be investigated
to simplify the implementation.

14
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* 03. Propose accurate and fast OCF diagnosis methods and fault-tolerant

control methods which can enhance the post-fault power-transfer capa-
bility.
To address Q3, a fault diagnosis system should be designed to accurately
locate the faulty switch with a fast diagnostic speed. Subsequently, a
fault-tolerant control is required to suppress negative OCF effects, and
increase the maximum transferred power after the OCF occurs.

1.4 Project Limitations

Some limitations of this project are given. These could be considered in
future research.

¢ L1. This project mainly focuses on control strategies of the DAB con-
verter. However, the issues under a certain application, e.g., bidirectional
power flow in the energy storage systems, have not been analyzed.

e L2. A trade-off between efficiency and implementation complexity is
made in the proposed minimum-current-stress control strategy, while
soft-switching is not taken into account in the optimization. The control
strategies considering both the soft-switching and current stress are wor-
thy being explored, where the method to obtain the analytical solutions
and simplify the implementation is a key component.

¢ L3. The reliability-related research is limited to the fault-tolerant con-
trol and voltage balancing control, while other reliability aspects, e.g.,
thermal distribution, have not been explored in this project.

* L4. Limited by the laboratory conditions, the theoretical analysis was
validated based on a down-scaled setup. Although all of the operating
conditions/parameters (the various DC-link voltages and the entire
power range) have been considered in the proposed control strategies,
which is sufficient to verify their effectiveness, some additional non-ideal
issues may exist in the practical prototype.

1.5 Thesis Outline

The structure of this thesis is shown in Fig. 1.8, where it can be seen that
two main parts are included, i.e., Report and Selected Publications. There
are five chapters in the Report based on the research outcomes, i.e., J1-J4 and
C1-C3, which are presented in Section 1.6. The chapters are summarized as:
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Efficient and Reliable Control of Multi-Level Dual-Active-Bridge Converters
Report Selected Publications

------ Ch.1 Introduction

______ Ch.2 Modeling and Minimum Current
Stress Control <:> Jland C1

------ Ch.3 Capacitor Voltage Balancing Control <:> J2,J3and C2 -

______ Ch.4 Open-Circuit Fault Diagnosis and
Tolerant Control <:> J4 and C3

------ Ch.5 Conclusion

Fig. 1.8: Chapters of this thesis and the corresponding selected publications.

e Chapter 1 gives the introduction of the Ph.D. project, including the
project background, state-of-the-art of the control schemes for NPC-
based DAB converters, and research motivations. The thesis structure is
also presented in this chapter.

¢ Chapter 2 investigates the basic switching characteristics, operating
constraints and modeling for the 2/3-level DAB converter. Accordingly,
optimal modulation techniques to achieve minimum current stress is
analyzed to enhance the efficiency based on analytical solutions under
all operating conditions.

¢ Chapter 3 presents two capacitor voltage balancing control schemes for
different applications. For the conditions that the current polarity during
certain intervals can be easily identified, a complementary-switching-
state (CSS) method can be applied to improve the dynamics. Otherwise,
if the current polarity is challenging to be determined due to vari-
ous operating parameters, a fixed-switching-state (FSS) method can be
employed to make the voltage balancing independent of the current
polarity.

* Chapter 4 discusses the OCF diagnosis and tolerant methods for the
NPC bridge in the multi-level DAB converters. Midpoint voltages
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are used as the diagnostic signals in the proposed fault diagnosis
method, which is able to locate the specific faulty switch. Then, a
fault-tolerant control scheme based on a complementary-switch-blocking
(CSB) method is presented to reduce the negative OCF effects and en-
hance the post-fault power-transfer capability of the DAB converters.

* Chapter 5 provides the concluding remarks, main contributions, and
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future research perspectives of the Ph.D. project.
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Chapter 2

Modeling and Minimum
Current Stress Control

2.1 Background

As discussed in Section 1.2.1, the modulation strategies based on five-level control
have not yet been comprehensively addressed to enhance the efficiency and simplify
the implementation. The optimal control based on analytical solutions is an effective
scheme for the applications where the operating conditions or parameters (e.g., DC-link
voltages and transferred power) vary in a wide range during the operation. That is
because the control variables expressed by analytical solutions can be automatically
regulated along with various parameters without being pre-calculated offline, which
simplify the control structure significantly.

Various parameters of the DAB converters can be considered, e.g., peak or RMS
current of the inductor L [45, 47-52], reactive power [46, 69], and power losses [70, 71].
Minimizing the current stress is employed as the control objective in this chapter for
two purposes, i.e., 1) to enhance the reliability by decreasing the current stress on
the power devices, and also to avoid the system to run into an overcurrent trip; 2) to
improve the efficiency since the RMS current can be decreased along with the peak
current during most operating modes [25]. The conduction losses, copper losses, and
magnetic losses are mainly determined by the RMS current [50, 71]. Furthermore,
among various optimization indices including the RMS current, the peak current model
is the simplest, which is beneficial to obtain the analytical solutions.

Thus, this chapter presents an optimal modulation strategy by reducing the peak
current using analytical solutions. Firstly, models of transferred power are established
by using an equivalent-wave method [J1], [C1]. Subsequently, the minimum-current-
stress control strategy is proposed, where the analytical solutions are obtained by
combining the Karush-Kuhn-Tucker (KKT) conditions with numerical-solution analysis

[J1l.
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Fig. 2.1: Five-level control for 2/3-level DAB converter. Source: [J1].

2.2 Analysis and Modeling of 2/3-Level DAB

2.2.1 Basic Analysis With Five-Level Control

Waveforms of the primary-side transformer current i1 (also known as inductor
current), and transformer terminal voltages v,;, and v.; with the five-level control
are shown in Fig. 2.1. Four control variables (i.e., DoFs) are employed to control the
power flow, i.e., three phase-shift ratios Dy, D1, and D5, and a duty-cycle ratio D,
which also affect the current stress, power losses, and other performances. The control
variables are generally limited between 0 and 1 to avoid an increase in the number of
operating modes and complexity, and also refrain from high current stress. In addition,
the relationship between Dy and D, (i.e., Dy > D; or Dy < D,) will not change the
waveform of the secondary-side voltage v.;, and thus not affect the transferred power
range and other performances. A similar condition also occurs on the relationships
between Dy + D and D; [C1]. Thus, to simplify the analysis, only the condition of
Dy < Dy < (Dg + D) is discussed.

Furthermore, since Dy + D is the largest phase shift, its maximum value needs to
be analyzed. When (D; + D) > (1 + Dy), which means Syg is ON after Sy; is turned
OFF, the two highest levels £V, will be replaced by 0, as shown in Fig. 2.2, and the
voltage v,y will be three-level (instead of five-level) in practice. That is because in
such a condition, the four switches in diagonal position, e.g., Sy1, S22, Sp7, and Spg will
not be ON or OFF at the same time. As a result, the transferred power range will be
affected, and the current stress may be increased significantly. Fig. 2.3 gives some
comparative experimental results between the conditions (D, + D) < (1+ Dy) and
(D2 4+ D) > (14 Dp) under the same parameters, where the peak current increases
from 9.4 A to 27 A under the condition of (D + D) > (1 + Dy). To avoid this issue,
(D2 + D) < (14 Dyp) should be satisfied. To sum up, the constraints for the control
variables with the five-level control are obtained as given in [J1]:

{0 <D; <1
2.1)

0< Dy <Dy <(Dyg+D)<(Dy+D) < (1+Dy)

20



2.2. Analysis and Modeling of 2/3-Level DAB

A 1+D)Tisw, > (D#D)Tis
SuSn { Tis >
S14S13 (| DiTis | >
SuSn [DT ] .
S22 50s [@1 DoTis ] -
G2 Gas [ ———— D:Tie .
2526 e ——— L | .
oS —1h .
osmid L] vnb—| L%

Fig. 2.2: Waveforms for 2/3-level DAB converter under (D, + D) > (1 + Dy). Source: [J1], [C1].

Tek Prevu — Hoise Filter Off Tek Prevu e e m— Hoise Filter Off

e Vz(loo V/le) s+ V2(100 V/div)

H W ] H 20 ps/dlv ]
0V [20.00s e ey <10H] 0V [20.00s e ey <10H]
100V EB 1004 {4 TES 9404 j20:46:57 ] 100V B 5004 €Mz 2104 21:20:25 ]

(a) (b)

Fig. 2.3: Experimental results with the five-level control scheme under the condition V; =150V,
V, =300V, R=115Q and: (a) D; = 0.25, D, =0.15, Dy = 0.1, D = 0.25. (b) D; = 0.25, D, = 0.5,
Dy =0.1, D = 0.7. Source: [J1].

2.2.2 Power-Transfer Modeling

With the above operating constraints, the operating modes can be divided according
to the relationships among the phase-shift angles. Subsequently, power modeling of
each mode can be developed.

The transferred power of the DAB converter can be expressed as

1 Ths 1 " Ths .
=7 [ v (e = Nog (it (Hdt @2
Tys Jo Ths

where the transformer currents i;; and i, are obtained from

diLl(t) o Nvab(t) — vcd(t)

dt NL;

ia(t) = %

2.3)

As shown in Fig. 2.1, the waveform of the transformer current iy is piecewise with
different slopes in various sections. Thus, if the transferred power is calculated
by piecewise integration between v,, and iy based on (2.2), it will cause a heavy
computational burden, especially when considering various operating modes. To
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Fig. 2.4: Equivalent waveforms for: (a) v,, and (b) v,4. Source: [J1], [C1].
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Fig. 2.5: Equivalent circuit of the 2/3-level DAB converter. Source: [J1], [C1].

address this challenge, the transferred power is calculated by an equivalent-waveform
method in this chapter.

As shown in Fig. 2.1, the waveforms of v,, and v, are three-level and five-level,
respectively, which can be decomposed into different square waveforms, as shown
in Fig. 2.4. Among the equivalent waveforms, S(t) is the basic waveform, while
other waveforms can be acquired by phase shifting the basic waveform, i.e., S(t — x),
where x is the phase-shift angles. There is only one phase-shift angle D;Tj4 on the
primary side. Hence, v,, can be decomposed into S(t) and S(t — D1Tj,). On the
other hand, the secondary-side voltage v.; can be decomposed into S(t — DgTys),
S(t — (Do + D)Tjs), S(t — DaTjg), and S(t — (D, + D)Tjs). By doing so, the primary
and secondary voltages can be represented according to Fig. 2.5. Thus, the normalized
transformer current model can be obtained as

. 1 2 Vv, &
i (t) = L. Vi Z% Tr(t — x;iTps) — N ;Tr(t = XjThs) (24)
= j=

where x; and x; are the phase-shift angles of the primary and secondary sides, re-
spectively, i.e.,, x; € {0,D;}, and xj € {Dy,Dy, Dy + D, Dy + D}, and Tr(t) denotes the
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Fig. 2.6: Waveforms for calculating the integration of T, (t — x]-) when: (a) D; < x;j and (b) D1 > x;.
Source: [J1], [C1].
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Fig. 2.7: Operating modes with five-level control. Source: [J1].
integration of S(t) with the expression (over one switching period) of
0.5t —025T3,, O0<t<T,
Tr(t) _ hs hs 2.5)
—0.5t +0.75Tys, Ty <t < 2Ty
By combining (2.2) and (2.4), the unified power model can be obtained as
— Vl V2 4 / Ths
=== Ty (t — x; Ty )dt 2.6
NL/Tys = JDi7 r(t = xjTis) (26)

Furthermore, two conditions, i.e., D1 < X; and D1 > Xj, should be considered for

calculating
Ths

Ty (t — x; Ty )dt 2.7

/D T r( j hs) 27)

As shown in Fig. 2.6, during Dy < x;, two intervals [D1 Ty, x;Tj,s] and [x; T, Tys] with

different expressions of T, (t — x;) should be considered for obtaining the transferred

power. As for the condition of D; > x;, only one interval [D;Tjs, Tys] should be

taken into account. Therefore, only the relationships between D; and X; (=1,2,3,4)

needs to be considered to calculate the transferred power for various operating modes.
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2.3. Minimum-Current-Stress Control

Table 2.1: Normalized Peak Current in the Five Modes. Source: [J1].

Normalized peak current model iy
0<k<05 05<k<1 k>1

Modes

Juy

2(—kDy + (2k —1)D; + Dy
+(2k—1)D—k+1)

N

2[—kD1+2kDo+(2k—l)D—k+l] 2[—kD1+D2+Do+D+k—1]

| W

2[kDy =D —k+1] 20Dy =D —k+1]  |2[-kDy+Dy+Dy+D+k—1]

a1

Accordingly, the five modes are divided according to:

Dy < Dy < Dy < (Do + D)
Dy < Dy < Dy < (Do + D)
Dy < Dy < Dy < (Dy+ D) < (Dy+ D), Mode 3 (2.8)
Dy < D, < (Dg+D) < Dy < (Dy+ D), Mode 4
Dy < D, < (Dy+ D) < (D, + D) < D;, Mode 5

Dy + D), Model

< )
< (Dy + D), Mode 2
< )

o~ o~ o~ —~

whose waveforms are illustrated in Fig. 2.7, and their transferred power expressions
can be obtained as (2.9), where the normalized transferred power Py is defined as
Py = P/Py, and Py = V1V, T)s/ (4NLs) is the maximum transferred power of the DAB
converter.
2(=D? — D3 — D} — D* + D1D, + Dy Dy + D1 D — D,D
—DoD — D1+ Dy+ Do+ D), Model
2(—=0.5D7 — D3 — 0.5D3 — D* + DDy + D1D — DD
—D¢D — D1+ Dy+Dy+D), Mode?2
Py = {2(—0.5D% — 0.5D3 — D* + D1D — DyD — D,D — Dy + D, (2.9)
+Dyp+ D), Mode3
2(0.5D% —0.5D3 — 0.5D? — D;Dy — D,D — Dy + Dy + Dy
+D), Mode 4
2(D? — D1D, — D1Dy — D1D — Dy + Dy + Dy + D), Mode 5

Furthermore, the peak current of each mode is calculated according to (2.3), as
shown in Table 2.1, where k is the voltage conversion ratio, which is defined as
k = NV1/V;, and the normalized peak current i is defined as iy = i, /Iy, where i,
is the peak current, and Iy = V,Tjs/(4NL;) is the maximum average transformer
current.

2.3 Minimum-Current-Stress Control

According to (2.9) and Table 2.1, various combinations of four control variables D,
Dy, D1, and D, can achieve the same transferred power while different peak currents.
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Obtain the numerical Compare the Locate the Calculate the analytical

local minimum current local optimal global optimal global optimal solutions
stress by using current stress in solutions in in the above modes by
Mathematica or Matlab different modes certain modes using KKT conditions

Fig. 2.8: Steps for calculating the analytical solutions. Source: [J1].

To minimize the current stress, the optimum combinations of Dy, Dy, Dy, and D
under different operating parameters should be identified. Accordingly, a generic
minimum-current-stress control strategy for various operating conditions/parameters

is proposed [J1].

2.3.1 Optimal Analytical Solutions

The above optimization problem can be described as: For a reference transferred
power Pj and with the consideration of the operating constraints for each mode, the
optimal solutions should be obtained to minimize the peak current. That is

min iy(X)
st. Py(X)—P;=0 (2.10)
fi(X)<0,i=1,2,---m
in which X = (D1, Dy, Dy, D) denotes the set of control variables, and f;(X) represents
the operating constraints of each mode. KKT conditions are generally applied to obtain

the analytical solutions for such an optimization problem with inequality constraints,
whose unified expressions are shown as

E(X, A, 1) = ig(X) + A(Ro(X) — B§) + ) pifi(X)
i=1

Bj
X Ix=x*

(2.11)
= Omuifi(X*) = Or,fi(X*) <0,A# O,p; >0

where E(X, A, ;) is the Lagrangian polynomial, X* = (Dj, D3, D§, D*) is the set of
optimal solutions, A and y; are the KKT multipliers. However, it is challenging to
obtain the analytical solutions by directly using KKT conditions. That is because 1)
there are complex control variables and constraints in the optimization to be solved,
and 2) the power-transfer ranges may overlap in different operating modes. Therefore,
the numerical solutions are employed to simplify the calculation for the analytical
solutions. The calculation process is shown in Fig. 2.8, which will be elaborated in
the following. Note that the DAB converter will be controlled by using the analytical
solutions, and the numerical solutions are merely used to simplify the calculations.
The condition of 0 < k < 0.5 is calculated as an example to show the calculation
process. Fig. 2.9 shows the numerical local minimum peak current of each mode by
using Mathematica. Note that local minimum current stress refers to the minimum
values in each mode, while global minimum current stress refers to the minimum
values considering all the modes, which is required for the minimum-current-stress
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Fig. 2.9: Local minimum peak current under various modes with: (a) k = 0.2 and (b) k = 0.4.
Source: [J1].

control. For instance, when Pp < Py < 1, the global minimum current stress locates in
Mode 1 since its current stress level is lower than any other mode, as shown in Fig. 2.9.
Similarly, the global minimum values locate in Modes 2 and 3 during P4 < Py < Pp
and 0 < Py < Py, respectively. Therefore, the global optimal solutions are also located
in the three modes during the corresponding power ranges, which are shown in Fig.
2.10. In addition, the characteristics obtained from the numerical solutions can be used
to further simplify the calculation for the analytical solutions by the KKT conditions.
For instance, as shown in Fig. 2.10, during Pg < Py < 1, the optimal solution Dj is 0,
and thus, D] = 0 can be applied when calculating the optimal solutions of Mode 1,
and other three control variables should be obtained by the KKT conditions.
According to the above, the KKT conditions of Mode 1 can be rewritten as

E = 2[2kDy + (2k — 1)D — k + 1] + A[2(—D2 — D2
—D?* — DD — DD + Dy + Dy + D) — B})]
+u1(Dg — Dy) + pp(Dy — Dy — D)
+u3(Dy 4+ D —1) + ps(—Dy)

9E OE oF

98 0,25 —, 28 = 2.12
oD, ~ % ap, = 0 (2.12)

oD

A0 >0i=1234

#1(Do — D) = 0, u2(D2 — Do — D) =0,
u3(D2 4+ D —1) =0, 44(—Do) = 0,Dg — D> <0,
Dy—Dg—D<0,Dy+D—1<0,—Dy <0

In addition, it can be obtained from Fig. 2.10 and (2.12) that f;(X*) < 0 during
Pg < P <1, and thus y; = 0(i = 1,2,3,4) due to y;f;(X*) = 0. Therefore, the
relationships among the optimal solutions can be acquired as

1-D*
2

1 1
:,_A'_LD*

Di =0,D} = Dj =3 D) (2.13)
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Fig. 2.10: Optimal numerical solutions with: (a) k = 0.2 and (b) k = 0.4. Source: [J1].

The analytical solutions in Mode 1 can be calculated by substituting (2.13) to (2.9) as

D; =0

D*_l_l—k 1-D,

279 2 3k2 —2k+1

pr_ 1 14k [ 1-B (214)
072 2 3k2 —2k+1

1-B,
D*=(1—-k)/—— 9
( )3k2—2k+1

Since the above solutions are required under the general constraints in (2.1) and the
mode constraints in (2.8), the transferred power range of Mode 1 during 0 < k < 0.5
can be obtained as
2k(2 — k)
(k+1)2 —
With a similar analysis, the optimal analytical solutions under various voltage con-
version ratios and power ranges are obtained, as shown in Table 2.2. Fig. 2.11 illustrates
the comparative curves between the numerical solutions obtained by Mathematica
and the analytical solutions obtained by KKT conditions, where it can be seen that the
numerical and analytical solutions are well aligned. Therefore, the analytical solutions
obtained in Table 2.2 are the global optimal solutions for minimizing the current stress.
With the obtained analytical solutions, the optimum control variables can be modified
along with the changed operating parameters, instead of pre-calculating the numerical
solutions.

Pp<1 (2.15)

2.3.2 Closed-Loop Control System

The closed-loop control system should be designed according to the obtained
optimal analytical solutions. However, owing to the nonlinearity of the relation-
ships between the control variables (i.e., Dy, D1, Dy, and D) and the transferred
power/voltage conversion ratio k, it is challenging for the DAB converter to achieve
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2.3. Minimum-Current-Stress Control

Table 2.2: Analytical Solutions for Minimizing Current Stress with Various Voltage Conversion
Ratios. Source: [J1].

Optimal control variables
Ranges of k Transferred power ranges

D; D; D*

Di
D kP, kP,
1- (1-K)y/ e V22 0 1— /o 0 < Py < k(2—3k)

<0. Tr - W ER _ 2%(2-k)
0<k=05 a+ k>\/3k2—2k+l 1 k\/3k2—2k+1 0 1=k 3k2—2k+1 k(2-3k) <Pk < (k+1)2
11—k TP |1 14k Py B 0, 2%(2—k)
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Fig. 2.11: Comparison between the numerical and analytical solutions with: (a) k = 0.2 and (b)
k = 0.4. Source: [J1].

fast dynamics and smooth transition along with the changed operating parameters
by directly using the expressions in Table 2.2 (i.e., in terms of Py and k). Thus, the
closed-loop control structure should be simplified based on the analytical solutions in
Table 2.2.

Fig. 2.12 shows the proposed simplified closed-loop control structure, where x
is the output of the proportional-integral (PI) controller, which is used to identify
different modes during various power ranges, and V5, is the reference output voltage.
As shown in Fig. 2.11, the duty-cycle ratio D* decreases monotonically along with the
increased power during 0 < k < 0.5, which is thus expressed as D* = 1 — x, and other
three control variables can be calculated following (2.13). Finally, the ranges of x should
be divided corresponding to the three power ranges (i.e., 0 < Py < Py, P4 < Py < P,
and Pp < Py < 1) since x is utilized to indicate the transferred power. The two
boundaries of D* corresponding to P4 and Pp can be obtained as D* = 1 — k and
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Fig. 2.12: Closed-loop control structure for the proposed minimum-current-stress control strategy
when 0 < k < 0.5. Source: [J1].
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Fig. 2.13: Prototype of the 2/3-level DAB converter. Source: [J1].

D* = (1 —k)/(1 + k), respectively. Since D* is expressed as 1 — x in the closed-loop
control system, the two boundaries of x can be obtained as x = k and x = 2k/(1 + k).
In this way, the three power ranges where different modes are applied are converted
to three ranges of x, and thus, the current sensors which are used to determine the
transferred power online are not required for this closed-loop control system. Then, it
can simplify the control and reduce the hardware requirement.

2.4 Experimental Verification

A down-scaled experimental prototype is developed to validate the effectiveness
of the proposed control strategies, as shown in Fig. 2.13. The main parameters for
experimental tests are summarized in Table 2.3. Simulations based on PLECS and
MATLAB/Simulink are also performed with the same parameters.

Above all, the performance of the obtained transferred power model is validated
by some simulation and experiments. Fig. 2.14 shows the theoretical, simulated, and
experimental transferred-power curves under various reference output voltages, where
the results are obtained in an open-loop control system. As shown in the comparative
curves, the experimental and simulation results are well aligned, and slightly lower
than the theoretical curve. The difference between the experimental/simulation and
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Table 2.3: Main Parameters of the Simulation and Experimental Tests.

Parameters Values
Rated power P 2.5 kW
Rated input/output voltage V1 /V> 200/400 V
Switching frequency f; 10 kHz
Series inductor L 100 uH
Transformer turns ratio N 2
DC-link capacitors C;,, Cy, Cr. 680 uF
Power switches Semikron SK35GB12T4
Control system dSPACE MicroLabBox
2200
—_ ——— Theoretical results
E —— Simulation results
A, 1800} —— Experimental results
o}
2
o
241400
el
9}
=)
L
2 1000
s
=
600

200 220 240 260 280 300 320 340
Reference output voltage Vars (V)

Fig. 2.14: Comparative curves of the transferred power among theoretical, simulation, and
experimental results with V; = 150 V and R = 57.5 Q) (R is the DC load). Source: [J1].

theoretical results is mainly due to the power losses, which are ignored during the
modeling. Notably, the power losses were also not considered in traditional piecewise
integration modeling methods unless power losses are the optimization objective. Thus,
the proposed power model by using the equivalent-wave method can achieve similar
performance as that of the traditional piecewise integration modeling methods, while
the modeling complexity is reduced significantly.

Fig. 2.15 shows the experimental results with various control strategies including
traditional SPS control, minimum-current-stress (MCS)-TPS control, traditional five-
level control proposed in [39], and the proposed MCS-five-level control. As shown
in Fig. 2.15, the peak current is 28.4 A in the SPS control, 18.8 A in the MCS-TPS
control, 18.4 A in the traditional five-level control, and 16.4 A in the proposed control
scheme. Meanwhile, the converter efficiency is measured by a power analyzer, which is
increased from 84.5% (in the SPS control) to 90.8% with the proposed control scheme.

Comparative curves of the peak current and efficiency among various control
strategies with various transferred power are shown in Fig. 2.16, where NS denotes the
control strategy by using the optimal numerical solutions obtained by Mathematica.
As shown in Fig. 2.16, the proposed MCS-five-level control strategy can decrease the

30



2.5. Summary

SPS control: iy =28.4 A, ) = 84.5%

Tek Fievu

Noiss Filter Oft

MCS-TPS control: iy =18.8 A, 17 = 88.2%

Tek Frevu Moise Filter Off

e Dab (100 V/le)

<10k
Toai2 )

000V

1854

4005
(4 I

: i H A i 4
& v (a0 & 7750y i 00V
& 2004 @ 3ak festsT ) ;@B 2004

MCS-five-level control: iy = 16 4 A, 11=90.8%

Tek prevu Hoise Filter Off

T (100 Vidiv)

Traditional five-level control: iy =18.4 A, 11 = 88.4%

Tek Prevu Nmie FHIBVDW

Dab (100 V/dlv)

<> 40 ps/div
& 77env <10H |
1644 Testaz )

L] (i
€ 2004 (€M

Fig. 2.15: Experimental results under the condition of V; =70V, V, =300 V, and P = 580 W
with the SPS control, MCS-TPS control, traditional five-level control in [39], and the proposed
MCS-five-level control. Source: [J1].
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current stress and enhance the efficiency with various transferred power compared to
the traditional control strategies. In addition, the experimental results of the proposed
control and NS control are similar. However, the main advantage of the proposed
strategy compared to the NS strategy (and also the five-level control strategy in [39])
is that the employed analytical solutions can simplify the control system without
pre-calculating the control variables when the operating conditions/parameters (e.g.,
input/output voltage) change in a wide range.

Fig. 2.17 gives the comparative results of these control strategies with various
input voltages (i.e., various k). As shown in Fig. 2.17, the current stress and efficiency
can be improved by using the proposed control strategy with various input voltages,
especially when k is far away from unity, i.e., V7 is 150 V in Fig. 2.17.

Fig. 2.18 shows the dynamic waveforms when the transferred power and output
voltage change. In Fig. 2.18 (a), the transferred power changes between 577 W and
1363 W under the condition of V; =120 V and V; = 300 V. As for Fig. 2.18 (b), the
output voltage changes between 280 V to 320 V under the condition of V; = 150V,
i.e., k changes between 1.07 and 0.94. As shown in Fig. 2.18, the transition between
different power and output voltages can be achieved smoothly by using the proposed
closed-loop control system.

2.5 Summary

In this chapter, the constraints for the control variables were analyzed for the
2/3-level DAB. Based on the obtained constraints, five operating modes were identified
and the transferred power model of each mode was obtained by using an equivalent-
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Fig. 2.17: Comparative curves under various control strategies with respect to the input voltage

in terms of (a) peak current curves and (b) efficiency curves with V, = 300 V and P = 1000 W.
Source: [J1].

wave method to reduce the modeling complexity. Subsequently, a generic MCS
control scheme and its corresponding closed-loop control system were proposed
to minimize the peak current and enhance the efficiency. The analytical solutions,
obtained by combining the numerical-solution analysis and KKT conditions, were

utilized to realize online regulation of the control variables along with the operating
conditions/parameters.
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Chapter 3

Capacitor Voltage Balancing
Control

3.1 Background

According to the analysis in Section 1.2.2, there are two critical issues to be
explored for capacitor voltage balancing of the multi-level DAB converters: 1) current
and power fluctuations and 2) identification for the polarity of the transformer current
irp. The former issue affects the converter dynamics, while the latter increases the
control complexity. In order to solve them, two voltage balancing control schemes are
proposed in [J2], [J3], [C2], and their suitable applications are discussed by comparing
them with the traditional voltage balancing methods.

In this chapter, the relationships between the neutral-point current and the trans-
former current are explored under various switching states. A typical traditional
voltage balancing method, i.e., modified-phase-shift (MPS) method, is analyzed to
demonstrate the above two issues. Subsequently, a complementary-switching-state
(CSS) method is proposed to suppress the power and current fluctuations, where the
adverse switching states are replaced by their CSSs [J2], [C2]. By doing so, the required
charges to the neutral point can be increased to assist voltage balancing, and the wave-
form of the voltage v,y can be kept unchanged to improve the dynamics. However, the
MPS and CSS methods require the identification of the transformer current polarity,
which can be challenging when the operating conditions vary in a wide range. There-
fore, in such applications, a fixed-switching-state (FSS) method is proposed, where two
additional switching states are applied to obtain certain-direction neutral-point current
regardless of the transformer current polarity [J3]. Fig. 3.1 illustrates the general
implementation structures of different voltage balancing control strategies. Finally, the
performance of different voltage balancing methods are validated and compared by
simulations and experiments.
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3.2. Relationships between neutral-point current and transformer current

Table 3.1: Switching States for NPC Bridge in the DAB Converter. Source: [J2].

Switching state | ON switches (first arm*) | ON switches (second arm®) | v¢/Van
[P] {S21,522} {S25,52 } |}
[O] {52,523} {S26,S27} 0.5V,
[N] {523,524} {S27,58} 0

first arm*: composed of Sy; —Sy4; second arm*: composed of Sy5—Sag

: : Phase-shift angles
Current models of | #2 1| Certain mode Current polarity | —— regulation
different modes » | determination identification™ | css
: : Switching states
H o Di, D2, Do, D _t — replace%nent
Lt oTr o5 \ECTERIERIRRIRRIE
FSS
Veu r T Switching state
Ve transition

Fig. 3.1: Implementation of various capacitor voltage balancing control strategies. Source: [J3].

A
_ DTis
52§ >
* _23 DoThs
Sz ?24 D2Ths K| g
S27 ?25 DT -
S28 S26 >
- D Vad b
A B 2 TN—gt—3d t
NP OP OO PO PN ON OO NO NP
le——— Switching Sequence for NPC Bridge ——

Fig. 3.2: Waveforms and switching states of the NPC bridge with the five-level control. Source:
021

3.2 Relationships between neutral-point current and
transformer current

As shown in Fig. 3.2, to simplify the analysis, the switching states of NPC bridge
with the five-level control are expressed by [P], [O], and [N], which are defined in Table
3.1. Since the current flows through the neutral point o0 only during the four switching
states [PO], [OP], [NO], and [ON], these switching states are generally regulated to
balance the capacitor voltages. However, the direction of the neutral-point current,
which determines that a certain capacitor (i.e., C;; or Cy) will be charged or discharged,
is determined by the polarity of the transformer current iy, for a certain switching state.
For instance, Fig. 3.3 shows the current-flow paths for the switching state [OP] with
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3.2. Relationships between neutral-point current and transformer current

Table 3.2: Direction of the Neutral-Point Current Under Various Switching States. Source: [J2],
[C2].

Intervals | Switching states | Polarity of if; | Value of vy Current-flow path Direction of i,.
irp > 0* S5 — Sz — Sp3 — D ip > 0%
[A, B] [or] 112 —05W 25 26 23 2 )
irp <0 Dy — Spp — Do — Dos i, <0
ir2 >0 D3 — Sy — D2y — D ip <0
[C, D] [PO] 12 05V, 3 26 22 21 Lo
i <0 Syt — S — Spy — Dy i, >0
i >0 Dog — Doy — Sp3 — D i, >0
[a, b] [ON] | u2>0 ] 05V, 28 27 23 2 o
ip <0 Dy — Sp2 — Sp7 — S ip <0
ip >0 D3 — Sy = Sp3 =+ S i, <0
o, d] [NOJ 2 —05V 3 26 23 24 o
i <0 Doy — Doz — Soy — Dy ip >0
irp > 0*: ip flows from the primary to secondary side; i, > 0%: i, is injected into the neutral point

Sa1 D21 Si”: D2 * D25
+
— Cu — Cu
S_IGDZZ * Sgi”:)?m, * D26 }
D ™ Ds Ds
= o W o W
112

d io

iL2

Sﬁ] Q Sos ;; Das B Sﬁ] Q D2s Sos ;; Das B
n n
0 0

@ (b)

Fig. 3.3: Current-flow paths under the switching state [OP] when: (a) iz, > 0 and (b) i;, < 0.
Source: [J2], [C2].

both positive and negative transformer current. It can be seen from Fig. 3.3 that with
opposite transformer current polarity, the direction of the current i, (i.e., the charges)
will also change. Similarly, the relationships between the neutral-point current and the
transformer current polarity for the other three switching states can be summarized
in Table 3.2. Therefore, the transformer current polarity information is required to be
considered when the switching states are regulated.

A typical MPS voltage balancing control strategy is shown in Fig. 3.4 when
Veu > Ve and the average transformer currents Ij, [A, B] > 0 and I, [C, D] >
0 (ie., Irp [a, b] < 0 and I [c, d] < 0 due to the symmetry of the transformer
current) [38], where the solid lines denote the waveforms after the MPS method is
applied, and the dotted lines denote the waveforms in steady state. Since i, > 0 is
required for the condition of V;; > V1, according to Table 3.2, a required positive
i, can be achieved during [A, B] and [c,d]. Thus, the two switching states during
[A, B] and [c, d], i.e., [OP] and [NO], are defined as beneficial switching states, and
the other two switching states, i.e., [PO] and [ON], which will further accelerate the
voltage imbalance, are defined as adverse switching states. Therefore, the dwell time
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3.3. CSS Voltage Balancing Method

_ 4 DT, 1]
S21S23 i DT i >

522524 I l »

S2750s —% [ D'Tie il >
S28S26 »

D Ocd
— g 1'12% t

Veu + AVe PI = K
controller | Of

Ve

Fig. 3.4: A traditional capacitor voltage balancing control strategy based on MPS method under
the condition of Vy; > Vi when I, [A, B] > 0, and I} [C, D] > 0. The dotted lines denote the
waveforms in steady state without the voltage balancing control. Source: [J2], [C2].

0
p
Sa1 D21 + SEI@DN SEI$ +
ok, <k go-k, T
S D22 S D2 So6 D2
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P v E[’” 10"

”

Sos D2 So7 D27 + So3 I: D23 So7 27 +
—IQ ?Dz —I@ ¥D4 = C D> _I D: =— Ct
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Fig. 3.5: Current-flow paths during the interval [C, D] with: (a) original switching state [PO], and
(b) its complementary switching state [ON]. Source: [J2].

of [OP] and [NO] are increased while the other two intervals are decreased by an
additional phase-shift ratio D’ for balancing the capacitor voltages. Since the voltage
v.4 changes when the voltage balancing control is enabled, the transformer current
irp will fluctuate according to (2.3), which will cause transferred power fluctuations
and current overshoots. Furthermore, if the peak current exceeds the rated value, the
converter will be shut down and the entire system will not be able to operate.

3.3 CSS Voltage Balancing Method

Based on the above analysis, the current fluctuations can be minimized if the
voltage v.; can be kept unchanged during the voltage balancing. Therefore, the
CSS pairs are defined as the two switching states, which can achieve: 1) opposite
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3.3. CSS Voltage Balancing Method

Table 3.3: Capacitor Conditions with the CSS Method Under Mode I. Source: [J2].

Steady state Balancing state
Intervals
Formed capacitors | Conditions | Formed capacitors | Conditions
[A, B] Cu Discharged Cu Discharged
[C, D] Cu Charged Cr Charged
[a, b] CL Discharged Cu Discharged
[c, d] CL Charged CL Charged
A
Steady State Balancing State
% 25—
S21 523 = 2] — : il : »
_ 2 o, )
S22 524 = % T i >
S 525 : s = P >
a, a, r—]', - g
25526 = P % : >

T >
05V2 C]JD Ve a11b | CrlD aL[b -

NP]OP[OO[PO[PN]ON ooINOINPiNPIOPIOOIW PN[POJOOINO[ NP |
Switching Sequence

Fig. 3.6: Implementation of the CSS voltage balancing control under Mode I: I;1[A, B] > 0 and
I11[C, D] > 0 during Ve > Vep. The dotted lines are the steady-state waveforms without the
voltage balancing control. Source: [J2], [C2].

current-flow direction of i, and 2) identical voltage v.;. Accordingly, two CSS pairs
can be obtained from Table 3.2, i.e., [OP] and [NO], [PO] and [ON]. There are two
beneficial and two adverse switching states due to the symmetry, and if the adverse
ones are replaced by their corresponding CSSs, the required neutral-point charges can
be increased without affecting the waveform of the voltage v.;. As a result, smooth
dynamics can be achieved.

For instance, it can be obtained from Fig. 3.4 that [PO] and [ON], which are during
the intervals [C, D] and [a, b], are adverse for voltage balancing when V¢ > Vr.
After replacing them by using their corresponding CSSs, i.e., replacing [PO] by [ON]
during the interval [C, D], and replacing [ON] by [PO] during the interval [a, b],
the capacitors that the neutral-point current flows through will change, as shown in
Table 3.3. For example, during the interval [C, D], the original switching state is [PO],
and the current conduction path is shown in Fig. 3.5 (a). The upper capacitor Cy; is
charged during this interval, and thus it is adverse for the voltage balancing under
the condition of Vi1 > V1. On the other hand, if [PO] is replaced by its CSS [ON],
the lower capacitor C; will be charged, as shown in Fig. 3.5 (b). By doing so, all
the four switching states can assist voltage balancing after applying the CSS method.
Meanwhile, the voltage v.; will not change after the replacement. Hence, the power
and current fluctuations caused by changed voltage vy during the balancing can be
significantly suppressed.
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3.4. FSS Voltage Balancing Method

The CSS control strategy under the above condition can be implemented as shown
in Fig. 3.6, which is defined as Mode I. ¢; and «; are the duty cycles and phase-shift
angles during the steady state, which can be expressed as

{a = (Do + D)Tjs, 02 = DTy, 03 = DTy, 04 = (Do + D) T 61
¢1 =

¢s=(1—D)Tys, 92 = 93 = (1+ D) Tjs

and {X; and (p; are those during the balancing state after the CSS control is activated. As
shown in Fig. 3.6, to achieve the CSS replacement, the phase-shift angle of Sy; should
be increased by (x3 — a), and that of Syg should be decreased by the same phase-shift
angle, while other control variables are kept unchanged. Therefore, the balancing-state
control variables can be calculated as

o =g+ (a3 = w), 0y = ap, 0 = a3, 0y = ay — (a3 — az)
¢; = ¢i(i=1,2,3,4)

For the other three conditions, i.e., I1» [A, B] > 0 and I}, [C, D] < 0 (Mode 1I), I;5
[A, B] < 0and I}, [C, D] > 0 Mode III), I;5 [A, B] < 0 and I}, [C, D] < 0 (Mode 1V),
the implementations of the CSS method are shown in Fig. 3.7, and the expressions of

the phase-shift angles and duty cycles during the balancing state can be obtained in a
similar way as

Mode I : { (3.2)

af = a;(i =1,2,3,4)
Mode II : =¢1+ (a3 —a2), o3 = @2 + (a3 — ap) (3.3)
93 = @3+ (a3 — a2), ¢4 = @2 + (a3 — a2)

( )

( )

/
92
/
P4

/

!

o) =g + (a3 —a2), a5 = ap + (a3 — ay)
!

“3:0(37 4=

g — (a3 — ap)
@1 = 91— (a3 — a2), 93 = @2 — (a3 — )
P3= g3+ (a3 —a2), ¢4 = ps+ (a3 — a2)
o) =ay,ah =ay + (a3 — ap)
Mode IV : { af = a3 — (a3 — a0), ) = ag (3.5)
9 =i, (i=1,2,3,4)

In addition, as the required neutral-point current will be opposite for the conditions
of Vey > Ve and Vi < Ve, the implementation for the condition of Voyp < Vr
can be summarized in Table 3.4. The control structure of the CSS method is shown in
Fig. 3.8. When the difference between the two capacitor voltages, i.e., AV, exceeds
the threshold Vy,,, the voltage balancing control is enabled, and certain modes will

be selected according to the transformer current polarity, which is determined by the
current model.

N3 — ), K

Mode IIT : (3.4)

/
2
!
4

3.4 FSS Voltage Balancing Method

The CSS method can improve the converter dynamics by reducing power and
current fluctuations after the voltage balancing control is enabled. However, the em-
ployed switching states to regulate the capacitor voltages requires the current polarity
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3.4. FSS Voltage Balancing Method
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Fig. 3.7: Implementation of the CSS voltage balancing control when V¢y; > V¢, under: (a) Mode
11, (b) Mode 111, and (c) Mode IV. Source: [J2], [C2].
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3.4. FSS Voltage Balancing Method

Table 3.4: Implementation of the CSS Voltage Balancing Control During Various Conditions.

Voltage difference Current polarity Diagram Implementation
I, [A,B]>0,I,[C,D] >0 Fig. 3.6 Eq. 3.2)
Io[A, Bl >0,I,[C, D] <0 Fig. 3.7 (a) Eq. (3.3)
Veu > Ver -
I [A, Bl <0, I [C,D] >0 Fig. 3.7 (b) Eq. (3.4)
Io[A, Bl <0, I, [C, D] <0 Fig. 3.7 () Eq. (3.5)
I, [A,B]>0,I,[C,D] >0 Fig. 3.7 (0 Eq. 3.5)
I, [A Bl >0,I,[C, D] <0 Fig. 3.7 (b) Eq. 3.4)
Veu < Ver -
I [A Bl <0, I, [C,D] >0 Fig. 3.7 (a) Eq. 3.3)
Io[A Bl <0, I [C, D] <0 Fig. 3.6 Eq. (3.2)
{ Step 1 Y i Step2 i { Step3

Veu> Va: c 1 i {[ModeT
io>0is required | i urrent polarity | i [Mode 11
:> identification for :> s :

+IAVC i| . Veus<Va: i i oA, Bl&I[C D] | [ Modelll |
i0 <0 is required i i[ModelV]!

||AVc| <Vir |—>| No voltage balancing control |

Fig. 3.8: Control structure of the CSS voltage balancing control strategy. Source: [J2].

identification in the MPS and CSS methods. However, the transformer current polarity
model is affected by various factors like DC-link voltages and transferred power, and
will also be different under various operating modes. Therefore, it will be challenging
to acquire a generic model to identify the transformer current polarity when the DAB
converter is employed in the applications where the operating conditions/parameters
may vary in a wide range. Furthermore, the parameter variations and operating mode
changes may affect the performance of these model-based voltage balancing control
strategies, including the traditional MPS control and the proposed CSS control, which
results in an increased balancing period and even further voltage imbalance. Therefore,
the CSS voltage balancing control can be used in the applications where the transferred
power and/or DC-link voltages vary in a limited range since the current polarity can
easily be determined in such conditions. Accordingly, a novel control strategy which
can be decoupled from the current polarity is proposed in [J3].

As analyzed previously, the original four switching states, i.e., [PO], [OP], [NO],
and [ON], cannot achieve a model-free voltage balancing control. Therefore, other
switching states should be employed during the balancing to address this issue. Figs.
3.9 and 3.10 show the current-flow paths for two switching states [N( +)N( +)] and
[P(_)P<_)] (defined in Table 3.5), which fulfill the above requirements. As shown in Fig.
3.9, for the condition of V-y; > V1, i will be injected into the neutral point regardless
of the transformer current polarity under the switching state [N()N(,]. Similarly,
as shown in Fig. 3.10, for the condition of V¢ < Vip, a negative i, can always be
obtained under the switching state [P(,)P(,>].

These two switching states provide a possibility to realize a model-free voltage
balancing method. However, the dwell time and position where the two switching
states are applied should be properly determined. Several principles should be taken
into account when designing the voltage balancing control strategy, i.e.,
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3.4. FSS Voltage Balancing Method

Table 3.5: Additional Switching States for Voltage Balancing Control. Source: [J3].

Switching state | ON switches (first arm) | ON switches (second arm)
[Pyl {Su} {S5}
[Py] {S2} {S26}
[Nl {Ss} {S27}
INO)! {Sa} {Ss}

+
+

0
14 P
Sﬂ @ D2 Sﬂ @ Sa1 D2 Sos D25

+
:; Cu — Cu
Sﬂ D2 DZ( S22 D2 S26 D26
D1 Ds D1 Ds
b < p C
iL2 i 0 V2 112 > 0 V2
P ’ \ 4 d io
L
S I: D23 Sa7 D27 + Sa3 D23 Sa7 D27 +
D- J D: = C J D D: =/ C
So4 D2s Sﬂ Das _ Sﬂ D24 Sos Das _
n o 1 n o
(@ (b)

Fig. 3.9: Current-flow path with [N, N ] when: (a) iz > 0 and (b) i, < 0. Source: [J3].
& p (BN

- P —> 7
Sz_x] D21 Sos D25 D25
:;Cu :;Cu
S22 D22 S26 D26 D26
Ds Ds Ds
g'[—i—'f ] 30 W = N
d io io
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S—IQDN SJ$D27 $D4 :g. a S—IQDN S_I@Dv $D4 :g. a
52_4”;‘? Sus L/;?Dzs B 52_4”;‘? Sus L/;?sz B
n o n o

Fig. 3.10: Current-flow path with [P(,)P(,)] when: (a) i;p > 0 and (b) i;p < 0. Source: [J3].

® The gate-driving signals should be kept symmetrical in a switching period to
maintain a symmetrical voltage v.; and to avoid DC bias.

¢ To simplify the implementation, the amount of control variables should not be
increased after the voltage balancing control is activated, i.e., the intervals where
[N( +)N( +)] and [P(,)P(,)] are employed should be ensured by the exiting four
duty-cycle and phase-shift ratios.
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3.4. FSS Voltage Balancing Method
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Fig. 3.11: Dynamic waveforms of the FSS method by employing: (a) [N(+>N(+)] when Ve > Vep,
and (b) [P(,)P(,>] when Vi1 < Vep. The dotted lines are the steady-state waveforms without
voltage balancing control. Source: [J3].
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Fig. 3.12: Control structure of the FSS method. Source: [J3].

* Certain gate pulses should be kept unchanged after enabling the FSS con-
trol, which are used as basic signals to obtain the entire switching sequence.
Otherwise, complicated pulse generation is required, resulting in complex im-
plementation.

The dynamic waveforms with the proposed FSS method is shown in Fig. 3.11,
where the dotted lines are the steady-state waveforms, and the solid lines are the
waveforms when the FSS control is enabled. The corresponding control structure is
shown in Fig. 3.12. As shown in Figs. 3.11 and 3.12, the fixed switching state, i.e.,
[N )Nl during Vey > Ver, or [P(yP(_y] during Vey < Vi, is employed at the
two intervals [E, F] and [e, f]. During the voltage balancing, the waveform of the voltage
is controlled by Dy and D, as shown in Fig. 3.11, without introducing additional control
variables. Moreover, the gate-driving signals of Sp; and Sy4 will not change during the
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3.5. Comparison of Various Balancing Methods

voltage balancing, which can be used to obtain the other gate-driving signals as

S22 = 571,523 = 531,528 = Sn1
Veu > Ver: _
Sz5 = So4,S26 = 524,527 = Spa (3.6)
S26 = 521,527 = 521,528 = Sn1
Veu < Ver: _
S22 = Sp4,523 = 524,525 = Spa

By doing so, the above three principles for the implementation of the FSS method can
be satisfied.

3.5 Comparison of Various Balancing Methods

3.5.1 Experimental Comparison

Experimental tests are performed to compare different voltage balancing methods,
and then, the advantages, disadvantages, and suitable applications for each voltage
balancing method are summarized.

Fig. 3.13 shows the experimental waveforms when applying the CSS and FSS
methods and the traditional MPS method when the initial capacitor voltage difference
is 50 V, where the transformer current polarity for the MPS and CSS methods is
determined offline. As shown in Fig. 3.13 (a) and (b), there are fluctuations in the
transformer current and the output voltage (i.e., transferred power) after the MPS
method is activated. The dynamics, including the settling time #,, peak current iy,
and fluctuating output voltage AV, (i.e., the error between the balancing-state output
voltage and the steady-state output voltage), with the MPS control scheme are different
under various upper threshold K (see Fig. 3.4). Note that in order to avoid waveform
distortion due to the changed switching sequence, the additional phase-shift ratio
should satisfy D’ < D, and thus, the threshold K is also less than D. In Fig. 3.13 (a)
and (b), K is set as 0.15 (i.e., the maximum value) and 0.075, respectively. After the MPS
voltage balancing control is enabled, the difference between the two capacitor voltages
can become equal by using t,;. However, due to the current and power fluctuations,
the converter is able to enter a new steady state, i.e., the output voltage is kept constant
at the reference value, after another regulating interval of t;;. Therefore, the total
settling time t;, is t;, = t;; + typ. From Fig. 3.13 (a) and (b), it can be seen that the
balancing time t;; can be shorten with an increased K. However, it will result in a larger
fluctuation on the output voltage and transformer current. Thus, the regulating time
typ will be increased to realize the reference output voltage. Hence, when applying
the MPS control method in practice, the value of K should be suitably chosen after
compromising the settling time and current/power fluctuations.

As for the CSS method, the current fluctuations can be effectively reduced, as
shown in Fig. 3.13 (c), and the output voltage can be kept constant. Thus, after the two
capacitor voltages are balanced, the DAB converter enters the new steady state shortly.
Therefore, the entire settling time ¢, is equal to the balancing time f;1. In addition, as
shown in Fig. 3.13 (d), the fluctuations during the voltage balancing also occur with
the FSS method, which is similar to the MPS method.
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Fig. 3.13: Experimental waveforms after applying various voltage balancing control schemes
when ch — VCL =50 V under V1 =140 V, V2 =300 V, P = 1580 W, D= 0.15, D] = 0.05, Dz = 0.2,
and Dy is set as the output of the PI controller in closed-loop control with: (a) traditional MPS
method under K = 0.15, (b) traditional MPS method under K = 0.075, (c) proposed CSS method,
and (d) FSS method. Source: [J3].

MPS method CSS method FSS method

Q0. (250 V/div) Qv (250 V/div) @ ir2(20 A/div)

Fig. 3.14: Zoom-in experimental results after applying different voltage balancing control schemes.
Source: [J3].

Furthermore, the zoom-in transient waveforms of the above voltage balancing
control schemes are shown in Fig. 3.14. The transient waveforms will become asym-
metrical during the balancing with the MPS method, and thus resulting in DC bias and
high peak current. As for the CSS method, the transient waveforms can be maintained
unchanged. Thus, the current fluctuations will be significantly suppressed. In addition,
the transient waveforms can be kept symmetrical with the FSS method, which can
avoid significant current overshoots. However, since the waveform of the voltage v,
changes after the FSS method is enabled, the transformer current will also fluctuate.

Fig. 3.15 illustrates the comparative curves of the settling time t;, and current
increment after applying the above three voltage balancing control schemes with
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Table 3.6: Control Variables of the Experiments in Fig. 3.15.

Transferred power (W) Control variables
390 Dy =0.20, D, = 0.10, D = 0.15
570 D; =0.15, D, = 0.10, D = 0.15
780 Dy =0.10, D, = 0.12, D = 0.12
1150 D; = 0.05, D, = 0.15, D = 0.10
1580 Dy = 0.05, D, = 020, D = 0.15
1920 D, =0.05, D, =0.30, D = 0.15
2250 D; = 0.05, D, = 0.35, D = 0.10
100
20 -+  MPS control Q) = MBPS control
‘@ 250 1 ~—+ CSS control < 80 - CSS control
é +— FSS control = - FSS control
= 200 g 60k
o 9]
£ 150} 5
o £ 40t
é 100 ¢ "g
3 so0f :;; 20
0 500 1000 1500 2000 0 500 1000 1500 2000
Transferred power P (W) Transferred power P (W)

(a) (b)

Fig. 3.15: Curves with various voltage balancing control strategies in terms of: (a) balancing time
and (b) current increment at different power levels.

respect to different transferred power levels, where the corresponding control variables
are shown in Table 3.6. It should be noted that the upper threshold K of the traditional
MPS control scheme is set as half of the maximum value (i.e., K = 0.5D) considering the
trade-off between the balancing time and current fluctuations. The current increment
is expressed as (i, — ips)/ips, Wwhere iy, and ips are the peak currents in the balancing
state and steady state, respectively. As shown in Fig. 3.15, the CSS method can
achieve the lowest current fluctuations and relatively short settling time under various
transferred power. Besides, the dynamics under the FSS method can also be improved
compared to the traditional MPS method. Furthermore, the major advantage of the
FSS method is the model-free feature, which can simplify the control complexity
significantly.

Since the MPS and CSS methods rely on the current models, the performance of
them will be affected by operating mode changes or parameter variations. For instance,
Fig. 3.16 demonstrates the simulation results when the DC load (i.e., transferred
power) changes. The switching states of the CSS method are determined as beneficial
or adverse based on the transformer current polarity when the voltage balancing
control is activated, i.e., at PA. It can be seen from the waveform of i;, at PA in Fig.

47



3.5. Comparison of Various Balancing Methods

]
a
S

CSS activated W’

]
=]
S

Veu, Ver (V)
g

=
=)
S

Capacitor voltages

40 ms/div

o1
=}

‘||»

i o | D
JJ[A, B 1™ [A, B] FY[AI B]
10 ps/div

0 (100 V/div) 2 (10 V/div)
(@)

N
a1
=}

FSS activated
- %

[N
=3
S

K_ Load changes

Veu, Ver (V)
&
S

H

(=3

(=]
<

Capacitor voltages

[$)]
S

(R [T

|||»

v

e (100 V/div) iz (10 V/div)
(b)

Fig. 3.16: Simulation results with a step change in the DC load (i.e., the transferred power changes
from 1580 W to 1200 W) after the voltage balancing is activated with V; =200 V and V, =300 V
under: (a) CSS method and (b) FSS method. Source: [J3].

3.16 (a) that the transformer current during the interval [A, B] is positive. However,
after the load changes, the transformer current during [A, B] becomes negative, which
can be seen from the waveforms at PC. Since the transformer current is generally not
re-identified before the balancing is completed, the beneficial/adverse switching state
during [A, B] will be wrongly determined, and the required neutral-point charges will
be reduced, which will further result in an increased balancing time and even worsen
the voltage imbalance, as shown in Fig. 3.16 (a). The MPS control scheme has similar
characteristics as it is also dependent on the transformer current polarity. However,
the above issue will not occur in the FSS control due to its model-free feature, which
can be seen in Fig. 3.16 (b). Therefore, it is evident that the FSS method has higher
robustness against operating mode changes and parameter variations.
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3.6. Summary

Table 3.7: Characteristics of Different Capacitor Voltage Balancing Control Schemes.

Decoupled from

Robustness against

Balancing methods . Dynamics o Control complexity
the current i» parameter variations
MPS method X worst low difficult
CSS method X best low medium
FSS method v medium high easy

3.5.2 Applications of Voltage Balancing Control Strategies

The characteristics of different voltage balancing control strategies are summarized
in Table 3.7. For the traditional MPS method, in addition to identification of the current
polarity, the upper threshold K should also be determined based on practical tests
in order to avoid high current overshoots, which may trigger the protection system
and shut down the DAB converter. Thus, the practical implementation of the MPS
method will be the most challenging among the three methods. The identification of
the transformer current polarity is also required for the CSS method. Therefore, its
implementation will be more complicated than the FSS method which does not require
the knowledge of the transformer current polarity.

On the other hand, the CSS method can provide the best dynamics with the
lowest current and power fluctuations as well as short settling time. Therefore, if
the transformer current can be easily determined in certain applications, the CSS
method should be employed. When the transferred power and DC-link voltages
change in a limited range, certain operating modes can be ensured. Thus, it will be
easy to determine the current polarity under certain modes. In addition, when the
DAB converter operates in zero-voltage-switching (ZVS) state, according to the ZVS
constraints [72]:

ir2(A) > 0,i12(B) > 0,i2(C) > 0,i12(D) >0 (3.7)

it can be obtained that during the intervals [A, B] and [C, D], the transformer current
will always be positive. Furthermore, in the above applications, the robustness of the
CSS method can be enhanced due to the fixed operating modes or current polarity. On
the other hand, if the current polarity is difficult to be determined due to the operating
parameters and modes changes in a wide range, e.g., energy storage systems, the FSS
method has the superiority of low control complexity and high robustness.

3.6 Summary

In this chapter, two voltage balancing control strategies were proposed to address
current fluctuations and coupling with the transformer current polarity. Above all,
the direction of neutral-point current under different transformer current polarity
during each switching state were obtained. Accordingly, the CSS voltage balancing
method was proposed to enhance the dynamics by reducing the transferred power
and current fluctuations, In the CSS method, the adverse switching states will be
replaced by the corresponding CSSs to regulate the direction of the charges and keep
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3.6. Summary

the voltage v.; unchanged. However, the CSS method and the traditional voltage
balancing methods rely on the current polarity, which is challenging to obtain when
the operating conditions/parameters vary in a wide range. To address this issue,
FSS method was proposed, where two additional switching states were applied to
obtain the required neutral-point current regardless of the transformer current polarity.
Finally, experimental tests have demonstrated the performance of various voltage
balancing methods. The suitable applications of different strategies has also been
discussed.
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Chapter 4

Open-Circuit-Fault Diagnosis
and Fault-Tolerant Control

4.1 Background

As analyzed in Section 1.2.3, the open-circuit-fault (OCF) issues have not been fully
explored for the multi-level DAB converters. The previous OCF diagnosis methods
for the two-level DAB are general impossible to identify the specific faulty switch
of the multi-level DAB converters due to more complicated post-fault characteristics
as many devices are used. Moreover, the fault-tolerant control schemes for the two-
level DAB converter, e.g., the bypass-arm (BPA) control scheme [59, 66], can be used
to suppress the OCF effects, e.g., current overshoots and DC bias. However, these
methods fail to make the most of the potential of the multi-level topology (i.e., more
choices of current-flow paths) to enhance the post-fault performance of the converter,
e.g., increase the post-fault power-transfer range. Therefore, an OCF diagnosis method
and a fault-tolerant control scheme for the 2/3-level DAB converter are proposed in
this thesis [J4], [C3].

Since the primary-side H-bridge is identical with the two-level DAB converter, the
prior-art fault diagnosis and tolerant methods in [59-62, 66] can be directly applied
when a fault occurs on the primary side (i.e., S11, S12, S13, and Sy4). Therefore, this
chapter mainly focuses on the OCF issues of the secondary-side NPC bridge. The fault
diagnosis requires an accurate and fast detection. Based on the post-fault characteristics
of the midpoint voltages v¢; and vy, the exact faulty switch can be identified by using
the mean value and duty cycle after waveform transition of the midpoint voltages
[J4], [C3]. On the other hand, a complementary-switch-blocking (CSB) fault-tolerant
control strategy is proposed [J4], [C3], where the gate pulse for the complementary
switch of faulty switch will be blocked to counteract the negative effects. Thus, the
current overshoots, DC bias, and other issues induced by the OCF can be effectively
suppressed. At the same time, the post-fault power range can be extended compared
to the traditional fault-tolerant control schemes, e.g., the BPA control scheme.
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Fig. 4.1: Pre-fault and post-fault waveforms if an OCF occurs on Sy; (see Fig. 4.2). Source: [J4],
[C3].
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Fig. 4.2: Current-flow paths during the interval [M, N] (in Fig. 4.1) when: (a) S;; operates
normally, and (b) an OCF occurs on Sy;. Source: [J4], [C3].

4.2 Fault Diagnosis Based on Midpoint Voltages

The faulty switch is generally identified based on the post-fault waveforms of the
terminal voltage vy, transformer current iy, or midpoint voltages v, and vg,. These
post-fault waveforms will be affected by the ranges of voltage conversion ratio and zero-
crossing point of the transformer current. Furthermore, the post-fault waveforms will
also be different depending on the applied control schemes, i.e., SPS and MPS control.
To achieve a general fault diagnosis method, which can be employed for various control
strategies and operating conditions (e.g., DC-link voltages), the post-fault waveforms
should be comprehensively analyzed. To reduce the analysis complexity, the post-fault
characteristics will first be analyzed based on the SPS control, and the resultant fault
diagnosis method will be verified with the MPS control, e.g., five-level control, by both
theoretical analysis and experimental tests.
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4.2. Fault Diagnosis Based on Midpoint Voltages

Table 4.1: OCF Characteristics During the Faulty Interval Under the Condition of 0.5 < k < 1.
Source: [J4].

OCF on ira(f) <0 ira(t1) >0
Current conduction path| vy | ven OF gy Current conduction path Ued Ven OF Vgyy
So1 Dy — Sy — Sp7 = Sog | 0.5V, |0e, = 0.5V, || =" Dy — Spp — Sp7 — Sog | nV4;0.5Va | 0oy = nVy; 0.5V,
S» Doy — Dys — Sp7 — Spg 0 Ven =0 —; Doy — Doz — Sp7 — Spg nVy; 0 ey = nVy; 0
Sz3 | S5 =S —+Dpp—Da| 0 Ven=Va || =S5 =S = D2 = Dy | -nV4;0 Vep = VornVy; Vo
Sos So5 — Sp6 — Sp3 = Dy [-0.5V5 |vey = 0.5Va || —; Sp5 — Sp6 — So3 — Dy | -nVy; -0.5V5 | vey = Vo-nVy; 0.5V,
S»s | Ds = Sas — S5 —> Sas |-0.5Va | vaw = 0.5Va || —; D3 — Sps — Sos — Spa | -nVi; -05Va| van = nV4; 0.5Vs
Sz6 | Dog — Doz —So3 =S| O Vap =0 —;Dag — Dp7 = Sp3 = Sog | -nVy;0 gy = nVy; 0
Sy | Sa —S» Dy =Dy | 0 Vi = Vo || =5 S21 = So — Dog — Dos nVi; 0 vy = Vo-nVi; Vo
Sog Sy — Sz — Sp7 = Dy | 0.5V5 |04, =0.5V2 || —;S21 — Sz — Sp7 — Dy | nV4; 0.5Va |04, = Vo-nVy; 0.5V,
—*: transformer currentis 0  ;*: two different current-flow paths (i.e., voltage levels) in the faulty interval

4.2.1 Post-Fault Characteristics Analysis

Fig. 4.1 illustrates the transient waveforms when an OCF occurs on Sy;, where £
is the zero-crossing point of irp. During [M, NJ, if Sy; can be turned on/off normally,
the current conduction path can be as shown in Fig. 4.2 (a), and the terminal voltage
v.4 and midpoint voltage v, will be V,. However, if an OCF occurs on Syj, as shown
in Fig. 4.2 (b), the current flows from the neutral point o instead of the positive port
p, and thus, the terminal voltage v,y and midpoint voltage v., will be 0.5V;. As
a consequence, the waveform of the transformer current i;, becomes asymmetrical,
resulting in an increased DC bias and peak current, and capacitor voltage imbalance,
if no fault-tolerant control is employed. On the other hand, the difference between
pre-fault and post-fault waveforms can be applied to identify the faulty switch.

According to Fig. 4.1, the faulty interval starts from the zero-crossing point
of the transformer current i;p. Therefore, the position of ¢y (i.e., the transformer
current polarity) will affect the post-fault waveforms. Fig. 4.3 illustrates the post-fault
waveforms when an OCF occurs on different switches under 0.5 < k < 1, where
m; = 0.5V, my = nVj and m3 = V, — nVj are new voltage levels in the midpoint
voltages v, and vy, after the OCF occurs, and i1, (#1) is the current at the rising edge
of the gate pulse for S1;. As shown in Fig. 4.3, the post-fault voltages and transformer
current are different under the conditions of i;5(#1) < 0 and i;5(#1) > 0. The current-
flow paths during the faulty intervals are summarized in Table 4.1. In addition, for the
other two conditions, i.e., 0 < k < 0.5 and k > 1, the post-fault characteristics can be
obtained in a similar way. Details are directed to [J4]. It should be noted that the fault
diagnosis method and fault-tolerant control scheme are proposed after considering all
conditions (i.e., different ranges of k and different positions of the zero-crossing point),
and thus, they can be applied to various operating conditions.

Since the post-fault waveforms of the terminal voltage v.; are the same when the
OCF occurs on two different switches, e.g., Sp1 and Spg, and a similar condition applies
also for the transformer current iy, it is impossible to locate the exact faulty switch if
U4 Or irp is applied as the diagnostic signal. However, this issue can be avoided if the
midpoint voltage v.,; or vy, is used for fault diagnosis, since the post-fault midpoint
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Fig. 4.3: Post-fault waveforms when the OCF occurs on different switches under 0.5 < k < 1
when: (a) i12(#) < 0 and (b) ir2(f1) > 0. Source: [J4].

voltages are unique when the OCF occurs on each switch. Therefore, a fault diagnosis
control scheme is developed by using the post-fault midpoint voltages.

4.2.2 Fault Diagnosis

The fault diagnosis control based on the midpoint voltages is shown in Fig. 4.4,
which can be divided into three steps as follows:

e Step 1: The mean value of the midpoint voltages v., and vy, is 0.5V, during
normal state in ideal conditions. When an OCF occurs, the mean values of
the midpoint voltages will change. If the error exceeds the threshold «, the
fault diagnosis control will be enabled. It should be noted that the threshold

54



4.3. Fault-Tolerant Control

« is related to various non-ideal factors, e.g., dead-time, measurement errors,
switching noise, and parasitics. It is challenging to calculate these non-ideal
factors separately. Instead, it is more effective and realistic to determine the
threshold « by measuring the total errors in practice since the above factors rely
highly on the surrounding conditions and circuit design. & = 4 V is determined
by experimental tests in the prototype after considering the sensitivity and
reliability of the fault diagnosis.

o Step 2: If Uey < 0.5V, — a, the possible faulty switch can be either Sy; or Sy,
where 7., is the average midpoint voltage. Otherwise, either Sy3 or Sy, is the
possible faulty switch. However, the fault on the two possible switches cannot
be differentiated by using the average midpoint voltages. Similar condition is
also applied in the second-arm switches (i.e., S5, Spg, Sp7, and Spg), when using
the average midpoint voltage 7,,. Therefore, waveform transition, i.e., Step 3, is
applied.

e Step 3: The exact faulty switch can be identified by waveform transition as shown
in Fig. 4.4. After the waveform transition, the waveform of the midpoint voltage
Uen OF Uy, can be converted to square waveforms with different duty cycles
(i.e., vo. and vgy), and the faulty switch can then be located. The threshold f is
applied during the identification of the duty cycle of the converted voltage vy,
after the waveform transition, which is also affected by the noise in normal state.
After experimental tests, § = 0.015 is designed.

4.3 Fault-Tolerant Control

To suppress the current overshoots and DC bias caused by OCFs, the fault-tolerant
method should be applied when the fault diagnosis system locates the faulty switch.
The bypass-arm (BPA) method is a popular fault-tolerant method for the two-level
DAB. If it is used in the multi-level DAB converter, when a switch is diagnosed as the
faulty one (e.g., Sy1), the other three switches in the same bridge arm (i.e., Sy2, S»3,
and Sy4) should be blocked to achieve safe operation for the converter. However, this
method fails to make the most of the increased number of switches (i.e., current-flow
paths) to further improve the post-fault performance, e.g., increase the power-transfer
capability of the converter. Therefore, a CSB control method is proposed [J4], [C3].

4.3.1 CSB Fault-Tolerant Method

According to the analysis of the post-fault waveforms, the negative OCF effects are
induced by the asymmetrical post-fault voltage v.4. Thus, if this voltage waveform can
be kept symmetrical after employing the fault-tolerant method, the DC bias, current
overshoots, and capacitor voltage imbalance can be suppressed. For example, when
an OCF occurs on Sy1, the faulty interval occurs during [¢tg + Tjs, (1 + Dg)Tjs], where
the voltage v.; decreases from V, to 0.5V, as shown in Fig. 4.5. If a complementary
interval is applied during [fg, DoTj,s], where the voltage v.; can decrease from —V, to
—0.5V}, the post-fault waveforms will remain symmetrical, and the impact caused by
the faulty switch Sp; can be counteracted, which can be seen in Fig. 4.5.
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Fig. 4.4: Control structure of the proposed fault diagnosis method. Source: [J4], [C3].
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Fig. 4.5: Process for the proposed CSB fault-tolerant control scheme. Source: [J4].

As shown in Fig. 4.3, when an OCF occurs on Sy4 or Sps, the faulty interval is
the same as the complementary interval in Fig. 4.5. Thus, if Sy; is diagnosed as
the faulty switch, the negative effects can be suppressed by blocking the gate pulse
of Sy4 or Sps. However, during the faulty interval for Syq, it can be seen from Fig.
4.2 (b) that the current is drawn from the neutral point. In order to avoid capacitor
voltage imbalance, the current should be injected into the neutral point during the
complementary interval. Fig. 4.6 shows the current-flow paths during the faulty
intervals when an OCF occurs on Sy; and Sys, where it can be seen that the required
neutral-point current can be obtained during the faulty interval for S,4 instead of Sps.
Thus, Sy4 is the complementary switch of Sy. This means when an OCF occurs on Sy,
the gate pulse of Sy; should be blocked. With a similar analysis, the complementary-
switch pairs can be identified as: Sy; and Sp4, Syo and Sp3, Sys5 and Spg, Sy and
Syy.
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Source: [J4].

4.3.2 Post-Fault Power-Transfer Capability

With the above analysis, when an OCF occurs on an outer switch (e.g., Sp1) or an
inner switch (e.g., S22), the equivalent circuits after applying the CSB method can be
shown in Fig. 4.7. It should be noted that if an OCF occurs on an inner switch, after
blocking its complementary switch, the current cannot flow through any switch in the
faulty bridge arm (except the anti-parallel diodes). Thus, in the equivalent circuit, i.e.,
Fig. 4.7 (b), all the four switches in the faulty bridge arm are blocked.

When an outer switch is diagnosed as the faulty one, the post-fault waveforms
after applying the CSB method are shown in Fig. 4.8. According to the expressions
of the transformer current and transferred power, i.e., (2.3) and (2.2), the normalized
transferred power Py and the corresponding power range of each mode can be obtained,
as shown in Table 4.2, where it can be seen that the power ranges are seamless between
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Table 4.2: Expressions of ty, Py, and the Ranges of D and P, for Mode C1 to C6. Source: [J4].

Range of k|Modes|Expression of ty Expression of Py Range of Py
_ 2
c1 | HEpEh —2—2(2k+ 1)ty — 3D + 6Dy +2(k—1)  |2EHD < py < 51625
05<k<1 - (4k+3)
@] % 2(k — 1)} + 6Dotg — 3D3 0 < Py < 22 tkt))
0<k<025:0*
c3 2%;}{):33% —13 —2(2k + 1)ty — 3D + 6Dy + 2(k — 1) 025<k<05:
0<k=<05 2(—2k2+k+1) 16k2+24k+5
— +24k+
3 <P < TGz
0<k<025:
0 < Py < 16K2—24k+11
ca | 20 (8K 5)12 4 6Dty + 4(1 — 2k)f — 3DZ + 2k — 1 =0 ks
025 <k<05:
_ox2
0< P < w
2(k—1)+3D, 2 2104k
Lo C5 et —12 —2(2k + 1)ty — 3D} + 6Dg + 2(k — 1) 71<P0§%+—5
c6 | 2T |8k —7)8 4+ 6Doty — 8(k — 1)ty — 3D +2(k — 1) 0< Py < B

*@: no power range under certain operating constraints
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Fig. 4.8: Steady-state waveforms after applying the proposed CSB method when the OCF occurs
on an outer switch under various operating conditions. Source: [J4].

the two modes for a certain range of k. Thus, the power ranges under various voltage
conversion ratios can be obtained as

2
0<k<025:0<p < Ok —24k+11

2(4k — 3)2
16k2 + 2ELk +5 ) @1
k>025:0< Py < —— =9
” R Ty

On the other hand, when an OCF occurs on an inner switch, the steady-state
waveforms with the CSB method are illustrated in Fig. 4.9. Similarly, the power ranges
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Fig. 4.9: Steady-state waveforms after applying the proposed CSB method when the OCF occurs
on an inner switch under various operating conditions. Source: [J4].

under various voltage conversion ratios can be obtained as
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For the traditional BPA method, when an OCF occurs on a switch (regardless of
outer or inner switch), the other three switches in the same bridge arm will be blocked.
Thus, the post-fault equivalent circuit and waveforms, and also the power range will
be the same as those when the OCF occurs on an inner switch with the proposed
CSB method, i.e., Figs. 4.7 (b) and 4.9. However, when an OCF occurs on the outer
switch, the power-transfer capability with the two fault-tolerant control schemes will
be different. Fig. 4.10 shows comparative curves of the post-fault transferred power
with the BPA and CSB methods, where it can be seen that the upper boundary of the
transferred power can be increased by applying the proposed CSB method compared
to the BPA method, especially when the voltage conversion ratio k is much smaller
than unity. If the transferred power is P; in normal state, and then an OCF occurs on
an outer switch, the transferred power will be decreased to P, with the traditional BPA
method. On the other hand, the transferred power will be maintained unchanged with
the proposed CSB method as P; < Ps.

4.4 Fault Diagnosis and Tolerant in MPS Control

Although the above fault diagnosis and tolerant methods are analyzed based on
SPS control, they can also be employed to the MPS control schemes including EPS, TPS
and five-level control schemes. The five-level control scheme is taken as an example to
analyze the effectiveness of the proposed methods.

Fig. 4.11 shows the transient waveforms when an OCF occurs in the first bridge
arm under the five-level control. The midpoint voltage v, has similar characteristics
with those of the SPS control scheme, as shown in Fig. 4.11, i.e., 1) the average
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Fig. 4.11: Post-fault waveforms with the five-level control scheme under the condition 0.5 < k <1
and if(2) > 0. Source: [J4].

midpoint voltage is 0.5V, in normal state, and 2) the average midpoint voltage is less
than 0.5V, when an OCF occurs on Sy; or Sy, and larger than 0.5V, when an OCF
occurs on Sp3 or Sy4. Thus, the constraints of the former two steps in Section 4.2.2 can
be satisfied. As for Step 3, Fig. 4.12 illustrates the waveform transition process for the
post-fault midpoint voltage under the five-level control, where it can be seen that after
the waveform transition, the two possible faulty switches (e.g., Sp; and Syy) can be
differentiated by the duty cycle of the converted voltage vg.. Therefore, the proposed
fault diagnosis method can also work under the five-level control.

As for the fault-tolerant control strategy, the complementary switch pairs are also
satisfied under the MPS control, e.g., Sp1 and Sy4, Spo and Sp3, as shown in Fig. 4.11. Fig.
4.13 illustrates the proposed fault-tolerant method with the five-level control scheme
when an OCF occurs on Sy, where it can be seen that by blocking its complementary
switch Sy3, the post-fault waveforms will remain symmetrical, and thus, the negative
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Fig. 4.12: Waveform transition with the five-level control scheme. Source: [J4].
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Fig. 4.13: Waveforms when the OCF occurs on Sy, by using the proposed CSB method with the
five-level control. Source: [J4].

OCEF effects like current overshoots can be decreased, and the DAB converter can
operate in safe condition. In summary, the proposed fault diagnosis and tolerant
control schemes can be applied to both SPS and MPS control schemes.

4.5 Experimental Validation

Fig. 4.14 shows some experimental results when an OCF occurs on Sy; and Sy,
where it can be seen that the post-fault waveforms of the transformer current and the
voltages are distorted. A positive DC bias appears in i1, and thus, the peak current
increases significantly. In addition, as shown in Fig. 4.14, the current overshoots and
DC bias will be more significant when the OCF occurs on the inner switches, e.g., S,
compared to the outer switches. To avoid these negative effects, fault diagnosis and
fault-tolerant methods should be employed.

To locate the faulty switch, the fault diagnostic signals, i.e., the midpoint voltages
ven and vy, are sampled and then the diagnosis control is carried out in the dASPACE
MicroLabBox. Fig. 4.15 illustrates the experimental results of the proposed fault
diagnosis method, where FD is used to differentiate various faulty switches, i.e., FD =
1,2, 3, or 4 denotes the OCF conditions on Sy1, Spa, Sp3, or Sy4, respectively. Compared
to the traditional fault diagnosis method, as shown in Fig. 1.7 in Section 1.2.3, the
exact faulty switch can be located with the proposed fault diagnosis method, and the
diagnostic period is around one switching cycle.

After the fault switch is identified, the proposed fault-tolerant control scheme is
enabled. As shown in Fig. 4.16, the post-fault waveforms can remain symmetrical
with the proposed CSB method, and thus, the current overshoots and DC bias can be
decreased significantly compared to that in Fig. 4.14. In addition, the two capacitor
voltages are kept balanced.
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Fig. 4.14: Experimental waveforms of the 2/3-level DAB under the condition V; =100V, V, = 250
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Fig. 4.15: Experimental waveforms with the proposed fault diagnosis method when the OCF
occurs on different switches. Source: [J4].

The post-fault power-transfer capability with different fault-tolerant methods can
be verified by the experimental results in Figs. 4.17 and 4.18. Fig. 4.17 gives the
experimental waveforms with the BPA and proposed CSB methods after an OCF
occurs on Sp;. As shown in Fig. 4.17 (a), the output voltage reduces from 250 V to
175V, i.e., the power reduces from 400 W to 196 W, after the traditional BPA scheme
is applied. Since the experiments are carried out in a closed-loop control system, the
output voltage/transferred power cannot be kept unchanged even when the phase-shift
ratio reaches the maximum value. However, the output voltage can be maintained
constant at the reference value with the CSB method, which can be seen in Fig. 4.17
(b). That means the power-transfer range is expanded compared to the traditional
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Fig. 4.17: Experimental waveforms when the OCF occurs on Sy; under the condition V; =50V,
Varer =250 V, and R = 156 () after employing: (a) BPA scheme, and (b) CSB scheme. Source: [J4].

BPA method. Furthermore, Fig. 4.18 shows the comparative results of the maximum
transferred power (i.e., D = 0.5) among the pre-fault state and post-fault state with the
two methods. The input voltage varies from 50 V to 170 V, and the reference output
voltage is 250 V (i.e., k varies from 0.4 to 1.36). As shown in Fig. 4.18, the maximum
post-fault transferred power is decreased for both the BPA and CSB methods compared
to that in normal state. However, the post-fault power-transfer capability is enhanced
by using the CSB method with various voltage conversion ratios.

Fig. 4.19 shows the experimental waveforms of the proposed fault-tolerant control
scheme under the five-level control with V; =100V, Vp,,f =250 V,and R =78 Q). In
order to show the OCF effects (e.g., current overshoots and DC bias), the CSB control
scheme is enabled 2 ms later after the OCF occurs. As shown in Fig. 4.19, transformer
current and the voltages remain symmetrical, and thus, current overshoots and DC bias
can be suppressed after applying the proposed fault-tolerant method, which validates
the effectiveness of the proposed CSB method under the MPS control schemes.

4.6 Summary

In this chapter, a fault diagnosis method and a fault-tolerant control scheme have
been proposed for the NPC-based DAB converter. The fault diagnosis was designed
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based on the post-fault midpoint voltages, which can be applied to various conditions,
e.g., different voltage conversion ratios and operating power ranges. Subsequently, the
fault-tolerant control scheme based on the complementary switch pairs was proposed.
When an OCF occurs on a switch, its complementary switch will be blocked to
mitigate the current overshoots and DC bias. Moreover, the post-fault power-transfer
capability can be improved with the proposed fault-tolerant method. The proposed
fault diagnosis and tolerant methods are generic for various control schemes including
SPS control and MPS control.
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Chapter 5

Conclusions

This chapter summarizes the research results for the project - Efficient and Reliable
Control of Multi-Level Dual-Active-Bridge Converters. The main contributions and future
research perspectives of this project are also discussed in the following.

51 Summary

The main focus of this project is to improve the efficiency and reliability of the multi-
level DAB converters in terms of control strategies. The challenges and limitations of
the conventional methods with respect to achieving the efficient and reliable control
for the multi-level DAB converters have been discussed. Subsequently, the optimal
control strategies for addressing these challenges have been proposed. A summary for
each chapter is shown as follows:

In Chapter 1, the state-of-the-art for the MVDC networks and the corresponding DC-
DC converters, which provide higher voltage-blocking capability have been reviewed.
After comparing the characteristics of different MV-network DC-DC converters, this
Ph.D. project focuses on the 2/3-level DAB converter topology, since it is a promising
solution for the applications which require galvanic isolation, high step-up ratios and
power density, and/or bi-directional power flow capability, e.g., energy storage or
auxiliary power supply systems in large-scale PV plants. Afterwards, the prior-art
research of the control strategies for improving the efficiency and reliability (with
respect to capacitor voltage balancing and OCF-tolerant) has been reviewed. Since the
efficient and reliable control strategies for the multi-level DAB converter have not be
explored comprehensively, three research objectives of this Ph.D. project are outlined:
1) generic optimal control strategy to enhance the efficiency under various operating
conditions/parameters, 2) capacitor voltage balancing control strategies for improving
dynamics and reducing implementation complexity, and 3) generic and accurate fault
diagnosis method and fault-tolerant control with improved post-fault performance.

In Chapter 2, a generic optimal control strategy for minimizing the current stress
and thus improving the efficiency has been proposed. Transferred power model
was first developed based on an equivalent-wave method to reduce the modeling
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complexity. Subsequently, according to the obtained peak current and transferred
power models, and defined operating constraints, the modulation for minimizing
peak current was developed. Obtaining the analytical solutions is a critical issue for
achieving online modification of the control variables when the operating parameters
vary in a wide range. In this chapter, the analytical solutions were obtained by
combining the numerical-solution analysis and the KKT conditions. Moreover, on the
basis of the obtained analytical solutions, a closed-loop control system was developed
to simplify the control structure.

In Chapter 3, two capacitor voltage balancing control strategies have been proposed
to suppress the negative effects caused by unbalanced neutral-point voltages, and
thus, enhancing the reliability of the DAB converter. To ensure a smooth transition
when the voltage balancing is activated and avoid system shut-down due to the high
overshoot current, the CSS method was proposed, where the adverse switching states
are replaced by their CSSs to increase the required charges to the neutral point and at
the same time maintain the voltage waveform unchanged. By doing so, the voltage
imbalance will be eliminated without introducing power and current fluctuations.
However, as the CSS method is highly dependent on the transformer current polarity, it
is suitably applied to the conditions where the operating parameters vary in a limited
range, since the transformer current polarity can easily be determined under such
conditions. Otherwise, the model-free FSS method with two additional switching states
can be applied to obtain the required neutral-point current without being affected by
the transformer current model.

Finally, in Chapter 4, the fault diagnosis and tolerant methods have been proposed
to suppress the negative effects like current overshoots, and thus ensure safe operation
of the post-fault DAB converter. After analyzing the post-fault characteristics under
various operating conditions, i.e., different transferred power and voltage conversion
ratios, the OCF diagnosis method was developed based on the midpoint voltages.
Afterwards, the fault-tolerant control scheme based on CSB method was proposed,
where the complementary switch is blocked to counteract the effect caused by the
faulty switch with symmetrical post-fault waveforms. Compared to the traditional
fault-tolerant control, the power-transfer capability of the post-fault converter can be
enhanced. Furthermore, the proposed methods can be used in both SPS and MPS
control schemes.

5.2 Main Contributions

The main contributions of this Ph.D. project are summarized as follows:
A) Generic Optimal Control Strategy for Improving Efficiency

* Due to the increased number of the control variables in the multi-level DAB
converters, it is challenging to obtain analytical solutions by using the traditional
optimization methods. In this thesis, an optimization method by combining the
numerical-solution analysis and the KKT conditions was employed to obtain the
analytical solutions;

* A generic minimum-current-stress control strategy was proposed by using the
obtained analytical solutions, where the control variables can be modified online
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during the operating conditions/parameters change. This cannot be achieved
in the previous control strategies based on the numerical solutions, where the
control parameters should be pre-calculated.

B) Capacitor Voltage Balancing Control Strategies

¢ A CSS method was proposed to achieve smooth dynamics during the voltage
balancing, which can be applied to the conditions where the transformer current
can be easily identified;

* Another FSS method was proposed for the applications where the operating
parameters vary in a wide range, and the determination of the current polarity
is difficult to achieve, since the neutral-point charges can be independent of the
transformer current polarity.

C) OCF Diagnosis and Tolerant Control Methods

* The post-fault characteristics of the DAB converter under various transferred
power and voltage conversion ratios were comprehensively analyzed, which
provided the necessary basis for fault diagnosis;

e The state-of-the-art fault diagnosis methods cannot locate the exact faulty switch
when being used in the 2/3-level DAB. Hence, a fault diagnosis method based on
the mean value and duty cycle of the midpoint voltages was developed, which
can be applied to various operating conditions and different control strategies;

* To enhance the post-fault performance in terms of power-transfer capability, a
fault-tolerant control based on the CSB method was proposed. The proposed
fault-tolerant method can be flexibly employed to different control strategies.

5.3 Research Perspectives

This Ph.D. project has developed solutions for the control-related issues of the
2/3-level DAB converter including current stress minimization, voltage balancing, and
OCF diagnosis and tolerant control. However, many challenging issues remain:

e For the DAB converters, two control objectives are generally considered for
improving the efficiency, i.e., current-related indices (e.g., peak or RMS current)
and soft-switching. The former one strongly influences the conducting losses,
while the latter one can be applied to decrease switching losses. For traditional
two-level DAB, due to limited number of control variables, both aspects were
considered for certain modulation strategies. However, with the increased DoFs,
it becomes challenging to obtain the analytical solutions for the multi-level DAB
converters even though only one optimization objective (e.g., peak current) is
applied. It is evident that analytical solutions will be more difficult to be derived
when the soft-switching is also considered in the optimization. A trade-off
between efficiency and implementation complexity is made in the proposed
minimum-current-stress control strategy in Chapter 2. However, the optimal
method to obtain the analytical solutions when both the current-related indices
and soft-switching are considered is worth being explored to further improve
the efficiency.
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* This project explored several control strategies for single DAB converter, which
are generic for various applications, e.g., voltage balancing control. However, in
the actual systems, a coordinated control among different converters should also
be taken into account. For instance, if the DAB converter is applied to energy
storage systems, e.g., in Fig. 1.1, the DAB converter should be coordinatively
controlled together with other power converters (e.g., the DC-DC converter
connecting the PV array and MVDC bus) to realize power dispatching and
support the DC-link voltages.

* Single three-level DAB converter can be employed to the applications with the
voltage rating of several kVs. When the DC-link voltage is higher, e.g., tens of
kVs, achieving MV connection will be difficult for a single multi-level topology
as the voltage-blocking capability of the semiconductors is limited. In that
case, cascaded converters with the module of three-level DAB converter can
be employed, and thus, the issues for series-connected converter, e.g., voltage
and power distribution should be explored. It should be noted that the control
complexity for the cascaded converters will be generally increased along with
the amount of the modules. Thus, by employing the multi-level topology as the
module, the modulation of the cascaded converters can be simplified compared
to the two-level topology.

* Reliability-oriented control strategies have been proposed in this thesis, including
capacitor voltage balancing control and fault-tolerant control, to avoid high
voltage and current stress as well as DC bias. However, other reliability issues,
such as thermal distribution for the inner and outer switches of the NPC bridge,
and lifetime estimation of the components, have not been analyzed for the DAB
converter.
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