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ABSTRACT

Full Name : [Hamed Mohammed Bin Qadhi]

Thesis Title . [Modulation and Fault Control of Three-phase Dual Active Bridge
Converter for Breaker-less DC Microgrid Protection]

Major Field . [EE]

Date of Degree : [May 2022]

The need for Microgrids increases dramatically with the increased penetration of
distributed generation (DGSs) units in which the distribution system can be islanded from
the main grid in case of grid disturbances. Also, due to the many advantages including
higher efficiency and power quality, DC microgrids draw more attention than their
competing AC microgrids. However, the different natural characteristics of DC systems
cause many challenges in designing a proper protection scheme for DC systems. One major
concern for designing protection systems for DC microgrids is the unsuitability of
conventional AC circuit breakers (ACCBs) and the need for DC circuit breakers (DCCBS)
which have some disadvantages including their high cost. Many researchers suggested
having breaker-less architectures of DC microgrids using DC current limiters and no-load
DC switches to isolate faults. Although, in many studies, three-phase Dual Active Bridge
(DAB) DC-DC converters have been shown to have a very good response in fault
situations. However, their conventional control methods have some drawbacks and
limitations including high peak AC current value, hard switching, and reduced output DC
current.

In this research, two suitable control techniques for the three-phase DAB converter for fault
ride-through operation are proposed. The two methods overcome the drawbacks and
limitations of the existing modulation techniques and enhance the performance of the three-
phase DAB at fault situations. These approaches provide online calculation of the control
parameters for reliable control of the transformer and output currents while considering
soft-switching operation of the converter switches. Simulation, as well as experimental
verification of the proposed schemes, are conducted. Finally, the performance of the
proposed schemes is compared with the available control methods and their main features

are summarized and highlighted.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

Generally, DC power microgrids outweigh AC microgrids in many aspects, including
efficiency, complexity level, cost, power quality, safety, and the ratio of transferred power
[1]. Considering the efficiency point, DC microgrids are more efficient for two reasons.
The first one is the lower number of conversion stages which will reduce the amount of
power losses. In AC microgrids, the power generated from the AC distributed generators
(DGs) (e.g. wind turbines) goes through AC-DC-AC conversions to be connected to the
main AC bus and the power from the DC DGs (e.g. solar arrays) must be converted from
DC to AC. However, DC DGs can be connected easily to the DC bus in DC microgrids,
while a single AC-DC conversion stage is needed for the AC DGs [2]. The other reason is
the skin effect in AC systems, which increases wire resistance by allowing the current to
flow in the outer edge and reducing the actual cross-sectional area. Consequently, it
increases the power losses by 15-20% or more depending on the cable’s cross-sectional
area [3]-[5]. In addition, DC microgrids have less complexity level due to the absence of
reactive power and frequency and their regulations as well as the elimination of the
synchronization problems [6]. Moreover, a lot of distributed energy resources (DERS),
including photovoltaic (PV) and loads such as electric vehicles (EVs), are originally DC
systems. The lower cost of DC microgrids is a result of the higher efficiency, power transfer
capacity, as well as reduction in conversion stages [7]. Also, the absence of the skin effect
allows the DC grid to use smaller wires for the same current value and reduces the cost
even more. At the point of safety, DC systems cause lower damage to the human body than
AC system discharges [8], [9].

A typical DC microgrid consists of DERs, and DC loads all connected to the main DC bus.
Also, the AC grid is connected to the DC microgrid using a power electronic converter.
Figure 1.1 shows a DC microgrid diagram that illustrates that the power system is not
radial, and the power flow is bidirectional. Medium and low voltage DC microgrids can be
found in shipboard, control, telecommunication, and residential systems [10].



AC Load ~ —H C:/,/N ,

7, DC Load

Figure 1.1 DC microgrid diagram

Based on the voltage polarity and levels, DC microgrids are classified into unipolar and
bipolar DC systems. In the unipolar DC system, power flows at only one fixed voltage
level via two wires where sources, and loads are connected to these positive and negative
voltage wires. On the other hand, the bipolar system provides three different voltage levels
(positive to ground, negative to ground and positive to negative voltage levels) only by
adding the neutral wire. The higher reliability of the bipolar configuration is a major
advantage as DG faults do not force an entire shutdown and power can still flow through
the un-faulted pole and neutral wires [11]-[13]

DC microgrids are also classified based on their architecture. These types of configurations
illustrate the connection options between the AC grid and the DC microgrid. The first type
is the radial architecture in which the AC grid and the DC microgrids are interfaced in a
single point, and power flows in only one path and direction. The second type is the ring-
bus DC microgrid which has more than one path for the power flow and the connection
between the AC grid and the DC microgrid components.



Table 1.1: DC microgrid Architectures.

Architecture Type Pros Cons Applications
e Simple e Very low reliability
: o In multi-bus system, buses (especially when buses N -
Radial can share power. are connected in series) * Residential buildings
o Low power loss. o Low selectivity
¢ Reliable e Hioh dependency onthe Modern residential
Ring o Higher selectivity in case gh cep Y buildings
AC grid : -
of faults o Industrial facilities

e HVDC systems
e Complex design and e Underground urban sub-
operation transmission
o Power distribution

Mesh e Very reliable

Interconnect
ed

e Highest reliability
Zonal e Several power paths and e Very complex o Shipboard systems
higher selectivity

The last type of DC microgrids configuration is the interconnected architecture where the
DC microgrid is being connected to the AC grid in more than one connection point. Two
different configurations are distinguished within the corresponding architecture, which are
the mesh and zonal interconnected DC microgrids. The mesh configuration, also called the
multi-terminal configuration, is similar to the ring architecture except for the higher
number of AC supplies. However, in the zonal architecture, the DC microgrid is divided
into several zones in that each sub-microgrid is supplied from two DC buses [14]-[16].
The different advantages, drawbacks, and applications of each architecture of DC
microgrids are illustrated in Table 1.1.

Despite these advantages, many challenges are associated with the development of proper
protection systems for DC microgrids. Due to the different characteristics between the two
power systems (AC and DC), the protection methods and protection devices are not the
same. Power systems must be effectively protected in that faults must be detected, located,
and isolated within a specific time to avoid losing any system component. In addition, DC
microgrids have many converters that are very sensitive components and need faster
protection schemes.

Protection of power systems is critical to ensure a reliable system which is the main purpose
of introducing microgrids. Hence, providing a proper protection system for microgrids is a
prior requirement [17], [13]. Microgrids have different characteristics from conventional
distribution systems, which are passive and radial networks. Conventional power systems
are usually protected using fuses, reclosers, and over-current relays, which monitor the
passing current and open the circuit when measuring a current higher than a pre-set
threshold [18] [19].



1.2  Thesis Objectives

This thesis mainly aims to design new breaker-less protection strategies for three-phase
DAB-interfaced DC microgrids. The proposed protection schemes will be based on proper
control of the three-phase DAB DC-DC converter to limit and regulate fault currents. The
proposed technique shall be independent of the fault type and configuration of the DC
microgrid. Simulation validation will be carried out on the proposed protection schemes
using MATLAB Simulink. Furthermore, the proposed method will be verified
experimentally using the available equipments at the KFUPM power laboratory.

The thesis objectives can be summarized as follows:

Objective 1: Simulating the conventional and available fault control strategies for
three-phase DAB for breaker-less DC microgrids using MATLAB
Simulink software and comparing them to highlight the advantages and
drawbacks of each scheme.

Objective 2: Developing new and better modulation and fault control strategies for the
three-phase DAB to enable having breaker-less DC microgrids.

Objective 3: Validating the proposed control strategies using MATLAB Simulink
software.

Objective 4: Implementing the proposed control strategies experimentally using the
available equipments at the KFUPM power laboratory.



1.3 Thesis Contributions

The three-phase DAB dc-dc converter, which is used as a power-electronics building block
in intelligent dc substations, is the focus of this research. Despite the fact that this three-
phase DAB converter has many advantages, there are still some limits and gaps in the state-
of-the-art control techniques when dealing with fault conditions including the high peak
transformer AC current, low output current delivery, and hard switching. Therefore, the
main contribution of this thesis is developing an optimized control technique that has no
such drawbacks.

Firstly, a new modulation strategy, named variable duty cycle single phase shift
(VDCSPS), was proposed. This method can effectively control both the output and
transformer currents by controlling the duty cycle of the modulation signals and the load
angle between the primary and secondary.

Another and more sophisticated control method named modified asymmetrical duty cycle
control was proposed. This technique has three independent control parameters which are
the duty cycles of the primary and secondary bridges as well as the load angle between the
two bridges. This increase in control variables increases the controllability and flexibility
of the converter. Both the output and transformer currents are effectively regulated, and
soft switching operation can also be realized.

1.4 Thesis Organization

Aiming to achieve the aforementioned goals individually, the thesis’s remaining chapters
are ordered as follows.

Chapter two presents a comprehensive review on protection of DC microgrids, firstly, the
consecutive stages of DC faults are discussed and analyzed. Then, the challenges facing
the implementation of reliable protection schemes for DC microgrids are explained. After
that, the existing protection methods to overcome the discussed challenges are classified
and the advantages and disadvantages of each technique are highlighted. The last section
in this chapter discusses the available options for fault current interruption and isolation of
faulty sections of DC microgrids.

After being motivated in chapter two about the DC-DC converter-based breaker-less DC
microgrids, the existing control methods of the three-phase DAB converter are explained
in chapter three. The operation principle , as well as the behavior of the three-phase DAB
converter under fault conditions of each modulation approach, is illustrated in details. Also,
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the drawbacks and limitations of each existing control scheme when dealing with faults are
discussed.

Chapter four presents two proposed modulation strategies for a better performance of the
three-phase DAB when dealing with DC faults. The detailed derivation and operation
principle of each proposed method are discussed in this chapter.

In chapter five, the proposed methods are validated in simulation and experimentally and
compared with the most common existing modulation method. Firstly, the three-phase
DAB circuit is built in a simulation software and controlled using the proposed and existing
schemes. Furthermore, experimental testing of the proposed methods is carried out by a
small-scale prototype of the three-phase DAB circuit. Finally, the simulation and
experimental results are discussed and compared in the last section of this chapter.

In the final chapter, chapter six, the thesis work is briefly discussed. Also, the findings and
contributions of this research are summarized. Furthermore, the possible future work to be
done to enhance the outcomes of this research are address in this chapter.



CHAPTER 2

LITERATURE REVIEW

2.1 DC faults

Having a comprehensive understanding of the fault current analysis is very vital for
developing a proper protection method. Also, knowing the fault characteristics is required
to coordinate relays and other protection devices [20].

Compared with AC systems, Faults in DC systems are more severe due to their lower
resistance caused by the absence of the skin effect. Also, due to their simplicity and low
cost, two-level voltage source converters (VSCs) are very commonly used power
converters for AC to DC connection. However, these VSCs enable high fault current to
pass from the AC grid. Therefore, Solid-State Transformers (SSTs) have been recently
proposed to interface AC and DC systems. SSTs decrease the fault current value and
prevent the AC grid from supplying fault currents occurring in the DC microgrid [21], [14].
On the other hand, this decrease in the fault current can affect the reliability of the
conventional overcurrent protection techniques [22].

There are two types of faults in DC systems, pole to ground (PG) and pole to pole (PP) DC
faults. PG fault is when one or both conductors get in touch with the ground, resulting in a
high-impedance fault. On the other hand, PP fault occurs when the two conductors get short
circuited, resulting in low-impedance fault. Therefore, PP faults are more sever and more
likely to be detected. However, PG faults are more frequent than PP faults [23].

DC faults have a nonlinear behavior consisting of three different stages defined as capacitor
discharge stage, cable discharge stage, and grid-side current stage. Figure 2.1 shows the
circulating currents of all three stages of the DC fault while Figure 2.2 is the waveform of
the cumulated fault current of all stages for both VSC-based and SST-based DC microgrids
[24].
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Grid-side stage



2.1.1 Capacitor discharge stage

Momentarily after the DC microgrid the fault, the stored energy in the DC link capacitor

begins to be discharged through the cable impedance. In this stage, the current oscillations

can reach 100 times the VSC rated current [26]. This stage is illustrated with the equivalent

circuit for PP fault shown in Figure 2.3(a) where the system dynamics can be described as:
d’i Rdi 1

a’i Rdi 1. 21
a2 Tac Tt =0 21)

where i is the fault current discharged from the capacitor, R the sum of both DC line

resistance (RL) and fault resistance (Rf), L is the line inductance, and C is the DC link

capacitance. Using Laplace transform to solve (2.1), the fault current can be expressed as:
R

LO)[s+R
I(s) = % 2.2)

2 — —_
S +LS+LC

where 1;,(0) is the initial line current. From (2.2), it is clear that the factors affecting the
fault current value are the initial line loading, capacitor size, and the fault path impedance.
By factorizing the characteristic equation, the poles of (2.2) are:

R R? 1 ,
51,2: —Zi E—E: —ai— az—wg (23)

where « is called the damping factor (a = R/ZL) while w, is the resonance frequency

(wg = 1/\/R)' The behavior of current oscillations is determined by the relationship

between the square of the two quantities in that the current response is under-damped if
a? < wi, critically damped if a? = w? or over-damped if a? > w?.

2.1.2 Cable discharge stage

Once the capacitor is fully discharged and its voltage reaches zero, the energy stored in the
cable inductance starts to be discharged through the freewheeling diodes of the VSC. The
equivalent circuit of this stage is shown in Figure 2.3(b) where the system dynamics can
be described as:
diy, _
LE+R1L =0 (24)

Using the Laplace transform and its inverse to solve (2.4), the current response in the
frequency and time domains can be expressed as:
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L1,
Ls+R

X)e (2.6)

I(s) = (2.5)

i, (6) = Ie(

where I, is the cable current at the end of the capacitor discharge stage in which the voltage
across the capacitor is zero. This initial current of this stage can be very high and capable
of damaging the freewheeling diodes in a very short time. Hence, the protection scheme
must detect and isolate the fault before reaching this stage of the DC fault current [27].

2.1.3 Grid-side current

In this stage and as illustrated with the equivalent circuit in Figure 2.3(c), the fault current
is supported by the AC grid through the VSC, which behaves like an uncontrollable full-
bridge rectifier [28]. As a result, the fault current equation is:

iG‘r’id = ia + ib + iC (27)

where i,. i, and i, are the unrectified parts of the three phase currents supplied by the AC
grid through the freewheeling diodes.

2.2 DC microgrid protection challenges

DC microgrid protection has several challenges, which impose the necessity for critical
modifications on the conventional protection systems. These challenges are listed and
comprehensively discussed in this section.

2.2.1 Non-radiality of DC microgrids

One major challenge in DC microgrids protection is the bidirectionality of fault currents
due to the connection of different power resources in different locations. Hence, the non-
directional overcurrent relays will not identify many fault currents. Moreover, DC
microgrid topology changes frequently, which may result in changing the current direction.
A very effective solution for these problems is to consider all possible operational changes
that may occur in the DC microgrid and adapt the relay settings accordingly [29], [30].

2.2.2 The high rising rate of fault currents

DC microgrid faults have a high rising rate because of the low resistance of the line, which
can damage the different components in the DC microgrid. Although this very fast growth
of fault currents enables overcurrent relays to easily and quickly detect fault currents, it can
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disrupt the coordination between the relays and decreases the selectivity of the protection
system of the DC microgrid [31].

2.2.3 Circuit breakers

Due to the lack of natural zero crossing in the DC current, unlike AC current, the DC
current is more difficult to be interrupted and AC circuit breakers (ACCBSs) are not suitable
for fault current interruption in DC microgrids [32],[33]. Furthermore, due to the high
rising rate of the fault current as well as the low short-circuit tolerances of the power
electronic converters, fault currents have to be interrupted very fast within microseconds
[34]. In order to overcome the mentioned fault current interruption challenges, DC circuit
breakers (DCCBs) have been developed. However, they are very complex, and their prices
can reach to dozen times that for ACCBs with the same rating voltage and current [35].

2.2.4 Fault current value variation

Another protection challenge is the change in the short circuit level. Fault current value can
go up to 20-50 times higher than the rated current. However, it also can be smaller than the
relay threshold setting. This remarkable change in fault current level is mainly due to
changes in operating conditions and grid-connected and islanded modes of microgrid
operation [36]. Due to the dependency of current-based relays on the amplitude of the fault
current, the grounding system of the DC microgrid should be carefully designed for it to
help relays detecting PG faults [37].

2.3 Protection methods in DC microgrids

Recently, many protection schemes have been presented to overcome the above-mentioned
challenges. Some of these methods are discussed in this section.

2.3.1 Current and voltage measurement-based protection

DC overcurrent protection is designed in a similar procedure to conventional AC
overcurrent protection, where fault detection is done by setting a specific threshold for the
line current. In [33], the DC microgrid converters have been utilized to interrupt fault
currents detected by overcurrent relays. These relays detect faults by monitoring both the
line current and the capacitor voltage. The DC microgrid is divided into several protection
zones to ensure selectivity and coordination among relays. However, the scheme is limited
to small DC microgrids as its speed and reliability will decrease with the complexity of the
DC microgrid. Another protection scheme with high speed, selectivity, and sensitivity is
proposed in [38]. The method utilizes both unit-based protection and overcurrent protection
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to extract the advantages of these techniques. However, the scheme could not overcome
the low sensitivity of overcurrent protection for high impedance faults.

In [39], a new technique for locating faults in DC microgrids was introduced. The proposed
algorithm needs only the current and voltage measurements to accurately determine the
location of occurred faults with a 2% error. However, the accuracy of this technique
depends on the distance and fault resistance as the error increases for far and high resistance
faults.

Change in the current direction occurs very often in DC microgrids. According to [40],
this issue has been addressed by adding the direction monitoring feature to conventional
overcurrent relays. Yet, the proposed scheme is also unable to detect faults with high
impedances that result in small current values to be recognized.

This common issue of high impedance fault identification was addressed in [41] by adding
a parallel LC filter in series at each system line. Once a fault occurs, this LC circuit
produces a voltage signal extracted using wavelet transform to determine the disturbance.
This method is very effective for fault with resistances up to 200 Q, but it is not fast and
may not meet the fault detection time requirement.

Under voltage protection strategy can also be applied for DC microgrids, but this type of
protection has poor selectivity. Thus a new protection scheme was proposed in [25] based
on monitoring the DC voltage magnitude, the sign of the second derivative of the voltage,
and the current rate of change (di/dt). The protection scheme was developed for an SST
interfaced DC microgrid. It provided a fast and selective protection against fault with
resistance up to 0.25 Q, which can be increased by adding inductance to the DC feeders.

2.3.2 Current Derivative Protection

As discussed above, DC faults have a high rising rate which means that the current
derivative is quite high. Taking this feature into consideration, fault currents can be
detected very quickly. In [42], the first derivative is used to detect fault currents. In order
to eliminate the dependency of the first derivative on cable length, line loading, and fault
impedance which can cause false tripping, the second derivative is additionally used as a
fault threshold. This problem of the first derivative is also solved using the integration of
the line current as a second threshold as proposed in [43]. This research suggests a backup
protection scheme in case of failure in the primary method, relays and/or breakers.

2.3.3 Directional protection

The directional protection technique is based on the idea that current direction changes at
only one end of the protected feeder when the fault happens. In [44], the directional
protection method was proposed and verified on a ring-type DC microgrid. The scheme
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uses intelligent electronic devices (IEDs) at both ends of each segment and the least square
method to estimate the fault path inductance and determine the fault current direction. This
scheme provides accurate detection and location of faults. Another directional protection
scheme was suggested in [45]. The scheme is very fast, with a fault detection time reaches
100 ps. However, its dependency on communication channels reduces its reliability and
increases its cost.

A superimposed current component-based directional protection scheme was proposed in
[46]. Using IEDs, superimposed fault currents from both ends of the line segment were
used in this method. The scheme is based on signs of the superimposed currents and their
coordination to distinguish internal and external faults. The better and improved
performance of this scheme compared with other unit-based protection schemes such as
current directional and differential techniques is the main advantage of this approach.
However, its reliability is limited to faults with less than 5 Q resistance. In [47], a
superimposed current directional protection was proposed. The superimposed component
of the current is measured by an IED at each end of the protected line. This current is fed
to a periodically forced harmonic oscillator which solves its equation and determines the
system states to discriminate normal and fault conditions. The scheme detects fault type
and direction and clears it even in high impedance faults (HIFs).

2.3.4 Differential protection

The current magnitude on the two ends of a line is measured and subtracted, and faults are
detected based on the deferential current value. A differential protection scheme is
proposed in [48] along with a directional overcurrent protection as backup protection in
case of communication failure. The protection scheme also proposes a self-healing and
adaptive strategy to ensure successful system operation. The proposed scheme uses
isolators to compensate for the high cost of the required communication. In [49], another
differential protection scheme is proposed, which analyzes the differential current
measurements and gets advantage of its characteristics to decrease the response time of
fault detection of the protection scheme. The disadvantage of this scheme is the decrease
in its accuracy and reliability in case of faults with high resistances. The differential
protection technique was also designed and implemented in [50] to detect and locate faults
in a PV-based DC microgrid. The differential protection technique provides very fast and
accurate protection. However, its need for communication assets decreases its reliability
and increases the protection cost of the DC microgrid.

2.3.5 Distance protection

In this method, faults are detected and located by measuring the impedance from a certain
point known as the point of measurement (POM) to the fault point. The appropriate
isolation device will receive a tripping signal once the measured impedance falls under a
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certain distance range. In [51], faults are detected based on calculating the apparent
resistance from the measured voltage to current ratio using sensors, signal conditioning,
and filtering stages. The scheme is very cost effective as it uses only the power converters
and segmenting contactors to measure, detect, limit, and isolate fault currents in the DC
microgrid. The disadvantages of this scheme are the inability to detect high impedance
faults (HIFs) as well as the low protection speed.

The HIFs problem has been addressed in [52] for high penetration of constant power loads
DC microgrid. The proposed protection scheme is based on estimating the fault resistance
by calculating the system power sharing. The scheme also uses the pre-fault data and
current first derivative to determine the fault location. However, this method is system
dependent as the relay setting varies from one system to another. Anther fault resistance
estimation techniques that considers HIFs is presented in [53]. The method is based on
calculating the fault distance and fault resistance by sampling the current in the DC line
after tripping the circuit breaker. The method is fast, accurate and can be used in both radial
and mesh DC networks, it requires two protections devices for each DC line which
increases its cost. in [54], a different way to estimate the fault location is presented. The
method is based on analyzing the voltage resonance caused by the discharge of DC-link
capacitors after occurrence of faults. The fault distance is determined after extracting the
characteristics of this resonance using The Prony’s method. This method does not require
communication links, but it requires consistent data acquisition and accurate linearization
of the RLC circuit

2.3.6 Traveling wave-based protection

When it comes to DC grids, transient-based protection algorithms are considered to be the
best solution for protection systems [55]. Traveling waves are the high frequency content
of the fault induced component, which carries the main fault characteristics. As a result,
traveling wave-based protection schemes are reliable with a very high operation speed.
This protection approach is considered one of the best solutions to detect and locate faults
in high or medium voltage DC transmission systems. Still, it may not be suitable for short
LVDC distribution networks [56]-[59].

Using local measurements, an ultra-high speed protection method was proposed in [60].
The approach can detect, classify, and locate faults in the DC microgrid by analyzing the
waveshape of the traveling wave and estimating its time constant. The major disadvantage
of this algorithm is the very high frequency of the fault current component to be analyzed,
which can reach tens of MHz’s. As a result, this scheme requires very expensive hardware
devices. The same authors tried to address this issue in [61] by utilizing the first two
subsequent traveling wave reflections to detect and locate faults in DC microgrids.
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Table 2.1: Comparison of DC protection methods

Protection
method

Speed

Sensitivity

Selectivity

Reliability

Cost

Current and
voltage
measurement-
based

protection

Moderate

Low/moderate

Moderate

Moderate

Low

Current
Derivative
Protection

High

High

Low

Moderate

Low

Directional
protection

Moderate

Low/moderate

High

Moderate

Moderate

Differential
protection

High

High

High

Moderate

High

Distance
protection

Slow/moderate

Moderate

High

High

Moderate

Traveling
wave-based
protection

High

Moderate

High

Moderate

Moderate

Deep
learning-
based
protection

Slow/moderate

Moderate

High

Moderate

Moderate

2.3.7 Deep learning-based protection

Similar to several disciplines, deep learning algorithms broke into DC systems protection
and attracted many researchers, especially after the efficient performance in detecting and
locating faults in AC systems. System architecture dependency and high computational
intensity are the major drawbacks of this kind of protection technique [62].

In [63], an artificial neural network (ANN)-based method was suggested to identify the
fault location in a PV system. The approach used direct wavelet transform to extract the
features of the high frequency fault noise signal. The technique has proven accurate and
robust, but it did not explore high resistance faults in addition to the intensive computing
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requirement. This intensive computation problem has been eliminated in [64] by utilizing
the local current measurements. However, it requires communication channels between
line ends which reduces the reliability of the protection system. Another ANN-based
approach was proposed in [65] for fault locating in DC distribution networks. The
technique is not fast for DC systems as it requires 30 ms for fault interception.

Table 2.1 summarizes all aforementioned protection methods with their advantages and
disadvantages.

2.4  Fault current interception schemes

Fault current limiting and/or interruption is the major task of the protection scheme to
maintain the system stability and healthy components. As mentioned above, protection
schemes applied in DC systems are required to have higher operation speed than those in
AC systems due to the higher fault current rising rate and the higher number of power
electronic converters.

2.4.1 Breaker-based methods

Several studies have been proposed for DC microgrid protection based on circuit breakers
to isolate the faulty section. These breaker-based techniques are more reliable, selective,
and can handle more fault conditions. In the following, the two types of circuit breakers,
ACCBs and DCCBs, are discussed in detail:

a. ACCBs

Having the alternating behavior of the AC current leaves the ACCB with only one task,
which is to open its contacts at the zero-crossing of the current. As a result, ACCBs are
simpler in design and much less expensive than DCCBs [66]. In [67], VSC-based multi-
terminal DC (MTDC) systems' protection technique was proposed utilizing ACCBs to cut
the fault current supply. The handshaking method is used to locate the fault and then
ACCB:s are utilized to prevent the AC grid from supplying the fault current. Once the fault
current reaches zero, a fast DC switch opens and isolates the faulty section. This method is
not feasible for DC grids with DC sources and requires system de-energization, which
reduces power system reliability.

b. DCCBs

Fuses can also be applied in DC systems, and they are also the simplest and most cost-
effective protective devices. Along with fuses, molded case circuit breakers (MCCB) are
the conventional and common protection devices in DC systems.
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Although they are suitable for LV applications, the insufficient interruption speed and need
for replacement are the major drawbacks of these devices [68], [69]. To overcome these
disadvantages, four types of DCCBs were proposed, which are mechanical (MCB), solid
state (SSCB), hybrid (HCB), and z-source circuit breakers (ZSCB).

The absence of the current zero-crossing in DC systems added more requirements from the
DCCBs. DCCBs are required to create artificial current zero crossing and quickly interrupt
the fault current [70], [34]. For DCCB design, many artificial zero crossing-producing
approaches were proposed, including current injection, passive and active resonance
circuits, as well as arcing voltage techniques.

Three main parts are what compose MCBs. A commutation circuit to create artificial zero-
crossings in the fault current signal. A mechanical switch to interrupt the fault current at
the first current zero-crossing. The last part of the MCBs is the energy absorber circuit, for
post clearance energy absorption and dissipation. Metal Oxide Varistors (MOV) are the
typical energy absorber circuits used in DCCBs. MCBs are very efficient in terms of both
cost and power loss. However, the current interruption capability of these circuit breakers
is very limited, and their operation time is considered to be long (30-100 ms) [71], [72].

The low-speed operation disadvantage of MCBs was solved in SSCBs by using
semiconductor switches including Gate-Turn-off (GTQO) Thyristor, Integrated Gate-
Commutated Thyristors (IGCTSs), Insulated-gate Bipolar Transistors (IGBTs), and Metal-
Oxide-Semiconductor Field-Effect Transistors (MOSFETS). Although, such switches
enable high speed interruption of fault currents, they have high conduction losses which
raise the need for cooling systems that will enlarge the breaker’s size and cost. These
conduction losses can be reduced by utilizing Wide Band-Gap (WBG) semiconductors
[73]-[77].

After knowing the advantages and disadvantages of the MCBs and SSCBs, HCBs are
proposed by combining the structures of MCBs and SSCBs. As a result, HCBs have high
operation speed and low power losses. HCBs mainly consist of a mechanical switch to
initiate the interruption, a main semiconductor switch, and an MOV unit for power
absorption and dissipation [35], [78]-[80].

ZSCBs are an improved version of SSCBs with many extra advantages, including fast turn-
off, natural commutation lower cost and simple control [81]. Although ZCCBs suffer from
drawbacks, such as the need for high activation current and the undesired power flows
during transitions, improved and modified ZCCBs to overcome their conventional
disadvantages and enhance their performance have been presented [82]-[84].

Table 2.2 summarizes the main advantages and disadvantages of the four DCCBs in terms
of the main comparison categories.
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Table 2.2: DCCBs comparison

DCCBs Type Speed Power Loss Cost
MCB Low (30-100ms) Very low Low
SSCB High (<100 ps) Very high High
HCB High Moderate Very high
ZSCB High High Moderate

2.4.2 Breaker-less-based methods

As mentioned above, the lack of zero-crossing in DC grids complicated the design and
price of the DCCBs. Therefore, many studies have been conducted to develop breaker-less
protection systems for DC networks. These kinds of strategies are based on analyzing the
fault current behavior passing through the power converters connecting sources with the
DC grid and designing a proper control scheme for current limiting. the faulty section is
isolated using no-load tie contactors located at each line end. Two main types of the
breaker-less-based methods are explained in the following:

a. Components coordination-based methods

In this type of protection systems, fault detection and isolation are achieved by proper
coordination between system components. In [51], a breaker-less protection scheme was
proposed for DC microgrids based on coordination between the power converters and bus
segmenting contactors. In this technique, faults were detected and located by measuring
the resistance at each converter and contactor. After that, the converters immediately
switch to the current limiting mode enabling contactors to isolate the faulty line based on
their resistance time-to-trip curves. The method is fast and effective, but it is feasible only
for radial networks and low resistance faults. Also, different predefined resistance trip time
curves need to be set for each contactor. These drawbacks have been overcome in [85],
where the approach presented can detect, locate, and isolate short circuit and high
resistance faults by properly coordinating between source converters and intelligent three
tie contactor switch units (ICU). The scheme is fast and robust but vulnerable to
communication failures.

b. DC-DC converters-based methods

DC-DC converters are mainly used to raise or reduce the input voltage and regulate the
output signal. In addition, DC-DC converters can play a significant rule in protection of
DC microgrids. By using proper control topologies and coordination with switches, DC
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faults can be detected and isolated [86], [87]. Most breaker-less protection schemes operate
with the following procedure:

e Once the fault occurs, converters switch to the current limiting mode to protect the
DC network and enable detection and location of the fault.

e After enough time for fault detection and location, the current value is reduced to
zero by proper control schemes of the converter, and the grid is de-energized

e In this stage, no-load contactor or switches associated with the faulty line open to
isolate the fault.

e After faulty section isolation, the system can be restored by regular operation of
converters.

DC buck converters can be designed to be intrinsically immune to faults, as suggested in
[88]. In [89], the boost DC-DC converter was used to detect the fault in a few microseconds
and isolate the source from the DC network. Dual active bridge DC-DC converters have
many advantages when it comes to DC systems protection, including:

e Galvanic isolation of the main power source due to the input to output isolation
feature of the transformer.

e Fault detection.

e Current control and limiting ability.

e Fault tolerant capacity (FTC).

e Enabling breaker-less protection schemes.

In the case of high-power applications, a dual active bridge (DAB) converter may not be a
good choice for power system protection. Instead, full-bridge modular multilevel
converters (MMC) with a proper control strategy can ride through DC faults and actively
limit the fault current [90]. Also, MMCs can be combined with DAB modules to provide
galvanic isolation between the source and the DC grid [91]. In addition, three phase DABs
is also feasible for high power application. Three-phase DABs provide more advantages
than the single-phase DABS, such as the higher power density, smaller size of the DC-link
filter, and soft-switching operation in fault conditions. Conventional single phase shift
control method of the three phase DAB has many disadvantages in fault conditions,
including the high peak current, which can harm the semiconductor switches, hence space
vector asymmetrical duty cycle control was suggested to enable the three phase DAB to
ride through fault while realizing soft switching operation [92]-[94].
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CHAPTER 3
EXISTING MODULATION METHODS OF THE THREE-

PHASE DUAL ACTIVE BRIDGE

As shown in Figure 3.1, the three-phase DAB converter is made up of two three-phase
bridges connected by a medium-frequency three-phase transformer. The transformer's
winding configuration can be Y/Y, A/A, or Y/A, which affects the three-phase DAB
converter's working characteristics [95]. The three-phase DAB converter is studied in
the rest of this thesis using the most widely used Y/Y linked three-phase transformer.
State-of-the-art modulation techniques for three-phase DAB control are briefly
introduced in the following sections:

Primary-side bridge Secondary-side bridge
el 23 [ ] Fiy

.

Figure 3.1 three-phase DAB converter diagram [96]

3.1 Single Phase shift

3.1.1 Operating principle

Single phase-shift is the most common modulation method for three-phase DAB control
[92]. The operation principle of this method is that the two bridges are modulated with a
fixed frequency and duty cycle, 50% duty cycle is used. Hence, the only control parameter
is the phase shift between the modulation signals ¢ of the three-phase DAB. In other words,
the secondary bridge is modulated with a ¢ shifted signal of the modulation signal of the
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primary bridge. Using this load angle ¢, the transferred power from the primary to the
secondary sides of the three-phase DAB is controlled as:

dUZ (2¢ ¢? T
LD o<ps=
( 0<3

2nfly, \ 3 2m
Psps = dU2 0 x . T (3.2)
i - -<@p<=
2nfL, m 18 3 2

Where d is the three-phase DAB voltage ratio described by d = % N is the transformer’s
P
turns ratio, L, is the transformer’s total leakage inductance referred to the primary side i.e.

L, = Lp + N?Lg , fis the switching frequency.

For |@| = =, maximum power can be transferred, but having = < || < = results in a
2 3 2

large reactive power which affects the system’s efficiency. Therefore, the magnitude of the
load angle is usually kept less than g

Depending on the switching states of the primary and secondary switches Sp and Ss,
respectively, three-phase voltages are produced by each bridge representing the primary
u,, and secondary ug voltages of the transformer. These voltages has four discrete levels

namely + % and + % for the primary bridge and + % and + % for the secondary bridge,

where Up and Us represent the primary and secondary dc-link voltages, respectively, as
shown in Figure 3.2.

Zero-voltage switching (ZVS) operation in SPS modulation occurs at the turning on
operation of the switches when the corresponding anti-parallel diodes are conducting. ZVS
is a very desired operation as it reduces the switching losses as well as the electro-magnetic
interference noises. In SPS, the ZVS regions are shown in Figure 3.3, which are identified
by the transferred power and the voltage ratio of the three-phase DAB.

Figure 3.3 shows that ZVS operation can be achieved for both primary and secondary
bridges for all power levels at unity voltage ratio (d = 1). Furthermore, the maximum
transferred power increases linearly with the voltage ratio.
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Figure 3.2 three-phase DAB DC-DC converter schematic
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Figure 3.3 ZVS region in SPS modulation for 0<¢=<a/3 [97]
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3.1.2 Under fault condition analysis

In low-voltage or zero-voltage fault conditions, the three-phase DAB converter can still
deliver the same amount of output current using SPS modulation. However, when the
voltage ratio is lowered, the peak current and rms current of semiconductor devices
increases considerably. Furthermore, in the low voltage-ratio state, the output current
cannot be efficiently controlled by the load angle, as illustrated in (3.1). The worst-case
scenario is the zero-voltage fault, in which the three-phase DAB converter's output current
is independent of the load angle ¢. Furthermore, switches of the secondary bridge suffer
from hard-switching turn-on in low voltage-ratio settings. The associated heat stress and
electromagnetic interference (EMI) disturbances have the potential to harm semiconductor
devices. As a result, the SPS modulation is incompatible with dc fault ride-through (FRT)
functioning.

3.2  Asymmetrical Duty Cycle Control

3.2.1 Operating principle

Asymmetrical duty cycle control (ADCC) approach was developed to expand the operating
voltage ranges where soft-switching operation can be still maintained. Also, ADCC aims
to minimize the rms current under light-load scenarios. This technique is based on
regulating the duty cycle of the primary D,, and secondary D bridges ranging from 0 to
one third of the switching period. D,, and D provide two more degrees of freedom to adjust

the transformer current and transferred power, in addition to the load angle between the
primary and secondary bridge [97].

ADCC approach has three different modulation modes which are the three-phase triangular
current modulation buck mode (TCM3-Buck), three-phase triangular current modulation
boost mode (TCM3-Boost), and three-phase trapezoidal current modulation (TZM3).
TMC3-Buck is the most suitable mode for fault operations which its operation is more
explained in the following section:

3.2.2 three-phase triangular current modulation buck mode (TCM3-Buck)

TCM3-Buck mode is applied in light load conditions to step down the input voltage.
In this mode and referring to Figure 3.4, the primary and secondary duty cycles can

be written in terms of the phase position 6 as D,, = g—; and Dy = z—; Also, the angle
@ represents the phase difference between the centers of the switching states of the

primary and secondary bridges Sp and Ss and it is given by ¢ = %.
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Figure 3.4 three-phase DAB converter switching states, AC voltages and primary AC current operating with the
TCM3- Buck

The rms current passing through the transformer windings is obtained in terms of the load

angle o as follows:
PGl | 20 (3.2)
P¢ 3nfL, |(1—d)m

And the average transferred power for a lossless converter model is given by:

d2U2g?

Prycz-puck = 2fL,(1-d) (3.3)
g

This modulation mode provides soft switching transitions of all switches in the primary
and secondary brides except for the upper switches of the primary bridge as they have zero-
voltage switching (ZVS) turn-on but hard turn-off.
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3.2.3 Under fault condition analysis

As mentioned above, TCM3-Buck is the most suitable ADCC mode for fault situations.
Using this modulation technique, the peak current of semiconductor devices can be
regulated, and soft-switching operation can be achieved. However, and due to the
proportional relation between D,, and the voltage ratio d, The maximum output
current of the TCM3-Buck mode reduces considerably with the voltage ratio. This
will also lead to zero output current at zero-voltage fault conditions. As a result,
while the TCM3-Buck allows the three-phase DAB converter to soft-switch at a low
voltage ratio, the limited output current, particularly at zero voltage, prevents it from
being used for dc FRT.

3.3 Space-Vector-based Asymmetrical Duty-Cycle Control

This method was developed from the ADCC to overcome its limitations on dealing with
faults and enable the three-phase DAB to ride through zero-voltage faults. The method is
based on utilizing the other three voltage vectors of the primary bridge, U,, U,, and Uy, ,
that were not used in TCM#-Buck and uses only vectors U ,, Us, and Us, as described in
Figure 3.5. As a result, the primary duty cycle D, increases while the soft-switching

operation is still maintained. Also, the duty cycle of the secondary bridge Dy is fixed to 1/3
to maximize the DC output current [93].

Hence, in this method and in addition to the original voltage vectors of the primary and
secondary bridges used in the TCM3-Buck approach, the opposite voltage vector of the
primary bridge is also applied to control the transformer current in each one-third of the
switching time as shown in Figure 3.6,

010 110

® (6)

001 101

Figure 3.5 Voltage vectors of FRT-Buck method [93]
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Figure 3.6 three-phase DAB converter switching states, AC voltages and primary AC current operating with the
FRT- Buck

The peak value of the primary phase current is obtained to be:

. _ dUyp 2¢
a0 =5 /(1 —d)n (3.4)

And the maximum delivered power and current are given by:

d(1—d)? — U2
P FRT—Buck,MAX = 18 f I P (3-5)
o
(1-d*» -0,
lspc,max = 18fL — (36)
o
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CHAPTER 4
PROPOSED MODULATION METHODS FOR FAULT

RIDE-THROUGH

4.1 Variable Duty Cycle Single Phase Shift Modulation

In this thesis, a new approach of variable duty cycle single phase shift (VDCSPS) method
is proposed to control the three phase DAB current in fault conditions. Unlike the duty-
cycle control described in' [98]-[100], this method provides an analytical solution to the
control parameters that may be calculated online with commercial digital controllers. The
operation principle and theoretical derivation is illustrated in the following.

4.1.1 Operation Principle

In this modulation approach, the duty cycles of the primary and secondary bridges D are
the same but have variable values for more control of the output and transformer AC fault
currents. As shown in Figure 4.1, a piecewise-linear phase current is derived for

0<6< 2?” by computing the voltage difference between the primary and secondary phase
voltages as follows:

for0<6<¢
2U
iap(0) = K’L’e +i(0) (4.1)
foro<6<D
2U
lap(0) = ﬁ 1-d)(—9)+ilp) (4.2)

27



1
Spa
Ssa ,l r
sppl| ir—’—ﬁ
Ssb 0 1 1 1
Spcl
Ssc : : :
upa O Eli II |7
usa : : : | | | |
¢ D D+¢ 21
Figure 4.1 three-phase DAB converter switching states, AC voltages and primary AC current operating with the
VDCSPS
forD<6<¢p+D
2dU
. p .
= — -D D 4.3
iap(8) = =5~ (8 = D) +i(D) (43)
foro+D <6 < 2?”
21
iap(8) = iCp + D) = i () (4.4)
By equating i(0) = -i(z?") =i(p + D) we get:
DU
. P
=—"(d-1 4.5
iap(0) = 5—"(d = 1) (4.5)
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and after substituting i,,, (0) in (4.1), (4.2), (4.3), and (4.5) we obtain:

for0<6<g¢
. Up
iap(6) = 3~ (dD — D +26) (4.6)
foro <60<D
. Up
iap(6) = 3~ (dD — D + 20 — 2d0 + 2dg) (4.7)
forD<6<¢+D
. Up
iqp(6) = 37 (dD + D + 2dg — 2d6) (4.8)

for 1:1 turns ration, the transformer primary and secondary phase currents are the same i.e.,
lap(0) = i45(8). From the phase currents and the switches states, the output dc current

ispc IS given by:

for0<f6=<¢
ispc(6) =0 (4.9)
foro<6<D
: : Up
ispc(6) = lap(6) = 3= (dD — D +26 — 2d0 + 2d) (4.10)
forD<6<¢p+D
. : Up
ispc(0) = igp(0) = 3oL (4D + D + 2dp — 2d0) (4.11)
foro+D <6< 2?”
ispc(0) =0 (4.12)

As shown in Figure 4.1. The peak of the ac transformer current occurs at 8 = D:

U
ispc, peak(0) = iqp(D) = ﬁw —dD + 2dg) (4.13)
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This shows that the duty cycle of the switching signal is the effective parameter for
regulating the peak value of the transformer phase currents at fault conditions. Using the
state-space averaging technique, the average output DC current is obtained:

U
pe(t) = 5—= (2D = @) (4.14)

And the input-output voltage ratio is given by:

Us — (pRL

U, 2mwlL

(2D — @) (4.15)
Finally, the average output power is calculated to be:

d Uf

P=2""F(2D - ) (4.16)
Therefore, as described in Figure 4.2, the three-phase DAB will work using the SPS
modulation at normal condition. However, once a fault is detected, the three-phase DAB
will switch to be controlled using the VDCSPS approach. The VDCSPS control technique
will constrain the peak AC current passing through the transformer by finding the
corresponding duty cycle D using (4.13). Also, the output DC current will be controlled
using the load angle ¢.

[ Initialization |

| Normal condition
Vref Vdc

SPS control

Checking for fault
Vdc < Vthid

Calculate D
v

Control output
current using ¢

Figure 4.2 VDCSPS control flow chart
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4.2  Modified Asymmetrical Duty Cycle Modulation for Fault Control

The aforementioned VDCSPS control method was suggested to operate the three-phase
DAB converter at fault conditions. By varying the duty cycle of the modulation signal as
an additional control parameter along with the load angle, VDCSPS method can control
both the output DC current and the peak value of the AC transformer current. However,
switches in this control technique suffer from hard turning off. Also, the maximum DC
output current delivered in this mode is much lower than that of the normal condition which
will affect the performance of the overcurrent protection scheme of the DC microgrid.

Therefore, a new method is proposed to overcome the drawbacks of the VDCSPS. This
method is a modified version of the ADCC technique with different approach and
derivation for it to be able to be utilized for fault ride-through operation. The operation
principle and derivation of the modified asymmetrical duty cycle control (MADCC)
approach is described in the following section.

4.2.1 Operation Principle

The MADCC is similar to the ADCC approach as the duty cycle of the primary bridge is
different than that of the secondary bridge. In the ADCC, there are three control parameters
which are the primary and secondary bridges duty cycles, D, and D, as well as the load
angle ¢. However, the two duty cycles are dependent on each other, for example D,, = dD;
in TCM-Buck which indicates that the system has only two independent control
parameters. Also, this relation makes this approach unsuitable for very low voltage ratio
conditions.

The proposed MADCC method aims to overcome the drawbacks and limitations of all
discussed techniques for affective control of the three-phase DAB at fault conditions
including the case of zero-voltage faults.

In this modulation approach, the duty cycle of the primary and secondary bridges, D,, and
Dy, are different and independent of each other. This increases the number of control
parameters and, hence, the controllability of the three-phase DAB converter at fault
conditions. Figure 4.3 shows the switching states of the primary and secondary bridges, the
AC voltage of both sides of the transformer, and the resulting AC current of the primary
side of the transformer. The duty cycle of both the primary and secondary brides as well as
the load angle are represented in terms of the phase position 8 as:

D, =6, (4.17)

DS = 93 - 61 (418)
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1 4.19
(P=§(93+91—92) (4.19)

This current is a piecewise-linear phase current which can be derived for 0 < 8 < 65 by
computing the voltage difference between the primary and secondary phase voltages as
follows:

for0 <6 <6,
U
i0p(0) = ﬁ 2+ d)8 +i(0) (4.20)

for61S9S93—2?”

Uy .
lap(6) = 322 (2 = (O = 01) +(61) (421)

for93—2§sesez

2U 21 2n
lap(0) = ﬁ(l —d) (9 — 05+ ?) +i (93 - ?) (4.22)
forg, <6 < 2?"
2dU
iqp(0) = — 3wL” 6 —6,) +i(6,) (4.23)
for=r <6 <= +6,
3 3
U 2n 2n
iap(6) = =3 2 (1+24)(6 =) +1 (?) (4.24)
for 2+ 6, < 0 < 05
U. 21 21
iqp(0) = —ﬁ(ud)(e—?—el) +i<?+91> (4.25)
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Figure 4.3 three-phase DAB converter switching states, AC voltages and primary AC current operating with the
MADCC

By equating i(0) = -i(z?") we get:

U 1

and after substituting i,, (0) in (4.20)-(4.25) we obtain:

for0<6 <6,

U 1
igp(6) = ﬁ [(z +d)0 — 0, —df, —5d; + dn] (4.27)

33



forg, <0 <0;—=

iap(8) = 2 (2 — d)0 + b, -6, — 36y + drr (4.28)

. Up 1 T
iap(8) =2 L [2(1 —d)6 — 6, + 6, +d6; + d§] (4.29)
for6, <6 < 2?”
. Up 1 T
iap(0) = 3ol [—Zde + 0z +d6; +-dbs + d§] (4.30)
forZ<o<Z+0,
3 3
iy (8) = [ (1+2d)0 + 6, + d; += d03 L 3] (4.31)
for 2+ 6, < 0 < 05
Up 1 21 T
] =—|- - ——d- 4.32
iqp(6) 3wL[ (1+d)9+92+2d03+3 d3] (4.32)

For Maximum output current and to realize ZCS in the secondary bridge:

i(68,) = i(65) = 0, hence and after solving, we get:
26, — 6, —2dfs + dm = 0 (4.33)

and

1 s

s
3 3

The peak phase current can be represented by:

. . Up 1
lspc, peak(e) = lap(ez) 3wl 0, +db, —2d0, + = d93 +d ] (4.35)

This shows that 6, or the duty cycle of the primary bridge 6, = D, is the effective
parameter for regulating the peak value of the transformer phase currents at fault
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conditions. Using the state-space averaging technique, the average output DC current is
obtained:

() =~ (02 — 07 — 202 1 0,0, + 6,68, + 6, _
1 ) T T 1 '
—5d0} —d 50, +d 505 +5d6,65)

And the input-output voltage ratio is given by:

U, R, 1 2r 2m? 1

U, Z2nwL 2 3 5 > s
s T 1
— d§91 + d§63 +§d9193)
Finally, the average output power is derived to be:
dug =, ., 1, o w1
- 2mwlL (_91 - 92 - 593 + 9192 + 9293 +?93 —T - zd93
T U 1 (4.38)
— d§91 + d§93 +§d9193)

Therefore, as described in Figure 4.4, the three-phase DAB will work using the SPS
modulation at normal condition. However, once a fault is detected, the three-phase DAB
will switch to be controlled using the MADCC approach. The MADCC control technique
will constrain the peak AC current passing through the transformer by finding the
appropriate primary and secondary duty cycles. Also, the output DC current will be
controlled using the load angle ¢.
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Figure 4.4 MADCC control flow chart
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CHAPTER S

RESULTS AND DISCUSSION

5.1 Simulative Verification

Using MATLAB Simulink, the conventional and proposed modulation schemes are
verified and evaluated. With the simulation parameters listed in Table 5.1, the three-phase
DAB circuit was built and simulated at both normal and fault conditions. The input DC
voltage U, is constant throughout the simulated research, whereas the output DC voltage

U controlled in normal conditions to be equal to U, and changeable in fault conditions
depending on the fault resistance.

Table 5.1: Simulation Parameters of the three-phase DAB Converter

Parameter Value
Primary DC voltage U, 30V
Secondary DC voltage U 30V
Output dc-link capacitance C 470 uF
Switching frequency f 20 kHz
Transformer turns ration N 1:1
Primary leakage inductance L, 125 uH
Secondary leakage inductance L 125 pH

5.1.1 Single Phase shift

In this thesis, the three-phase DAB will run with SPS at normal conditions due to its many
advantages including the high-power transferring capability. Also, the three-phase DAB
will be simulated with SPS at fault conditions for comparison purposes with the proposed
control methods. Therefore, the behavior of the three-phase DAB controlled using the
conventional SPS method is firstly validated in this section,.
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a. At normal conditions

Once the simulation started, the SPS control will track the reference voltage, which is set
to be 30 V is this case, and the DC-link capacitor will be gradually charged. Figure 5.1
shows control scheme performance by displaying the output DC voltage and current after
starting the simulation. Furthermore, the steady state operation of the three-phase DAB is
illustrated in Figure 5.2 with the primary and secondary transformer AC voltages u,, &
Usq, Primary side AC phase currents iy, iy, & iy, and the secondary DC current I .

Finally, the load angle ¢ behaviour for voltage tracking is described in Figure 5.3.

Output DC voltage

QOutput DC current

0 0.1 0.2 03 04 0.5 0.6
Time (s)

Figure 5.1 SPS DC output voltage and current Ug & I,,,, at normal condition
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T T T

Primary side AC phase currents
T 1

1 1 1 | L 1 1 | |
0.46974 0.46976 0.46978 0.4698 0.46082 0.46984 0.46986 0.46988 0.4699
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Figure 5.2 SPS primary and secondary transformer AC voltages u,, & u,,, primary side AC phase currents
ipa, ipp & iy, and the secondary DC current Iy at normal conditions

Load angle
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Figure 5.3 SPS load angle ¢ at normal conditions

b. At fault condition

The performance of SPS control was also simulated under fault conditions. A short circuit
fault was applied across the terminals of the DC-link capacitor at 0.61s time instant. In this
case, SPS control scheme is controlling the DC output current to a reference value of 0.4
A as in the normal situation. Figure 5.4 shows the fault instance and its impact on the output
DC voltage and current.

Figure 5.5 shows the transformer AC primary and secondary voltages in that the secondary
AC voltage collapsed to zero volt. Also, the AC three phase currents of the primary side
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are presented in the same figure. We can see the increase in the peak value of the current
from i, peax = 0.5 A 10 ipgpear,r = 0.67 A Which is one of the drawbacks of the SPS
method when dealing with faults. Finally, the waveform of the secondary DC current I5pis
also illustrated in F.g. 18. The fault incident also affected the load angle value as described
in Figure 5.6.

Qutput DC voltage

Output DC current

0 0.1 0.2 03 0.4 0.5 0.6 07 0.8 0.9 1
Time (s)

Figure 5.4 SPS DC output voltage and current Ug & 1,,,; at fault condition

Primary and secondary transformer AC voltages
T T T T
20 I e

@ —VYsa
3
% 0
= [ \_u_l \_L,_l \_‘J_l \_u_l \_L

-20—

| I | I

Primary side AC phase currents
T

'b&‘pc

pa’ pl

Secondary DC current
fis T T T T T |

- | l l | |
0.89995 0.9 0.90005 0.9001 0.90015

Time (s)

Figure 5.5 SPS primary and secondary transformer AC voltages u,, & u,,, primary side AC phase currents
ipar Ipp & Iy, and the secondary DC current Ip at fault conditions

40



Load angle
T T T T T

¢ (rad)

0.5 —

0.5 -
| | 1 | 1 | 1 1 1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (s)

Figure 5.6 SPS load angle ¢ at fault conditions

5.1.2 Variable Duty Cycle Single Phase Shift Modulation

For the proposed control method to be verified and examined, VDCSPS control method
was applied to the three-phase DAB simulated circuit after the occurrence of fault. The
system will run with SPS at normal conditions and switch to VDCSPS at the instant of fault
incident.

a. Case 1: zero voltage ratio fault

VDCSPS starts by setting the required peak value of the transformer AC current i, pear
Which is determined from its value at normal condition, i.e. ipg peqx = 0.5 A4 in this

simulation case. Using (4.13), the calculated duty cycle is almost 25% and by controlling
the load angle ¢ the maximum output DC current is almost 0.3 A.

Figure 5.7 shows the behaviour of the three-phase DAB converter after having a short
circuit fault at t = 0.61s by displaying the output DC voltage and current. Figure 5.8 shows
the transformer AC primary and secondary voltages in that the secondary AC voltage
collapsed to zero volt. Also, the AC three phase currents of the primary side are presented
in the same figure. We can see the peak value of the current is regulated to the predefined
value, i.e. i,qpear,r = 0.5 A. Finally, the waveform of the secondary DC current I;pcis
also illustrated in Figure 5.8. The fault incident also affected the load angle value as
described in Figure 5.9.
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Figure 5.7 VDCSPS DC output voltage and current Ug & I,,,; at zero-voltage fault
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Figure 5.8 VDCSPS primary and secondary transformer AC voltages u,, & ug,, primary side AC phase
currents iyq, ipp & ipc, and the secondary DC current Iy at zero-voltage fault
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Figure 5.9 VDCSPS load angle ¢ at zero-voltage fault

b. Case 2: 0.1 voltage ratio fault

To validate the reliability of the VDCSPS, an additional case with a non- bolted fault was
also simulated. The same above simulation case was repeated but with a fault causing a
voltage ratio of 0.1. This small voltage ratio did not cause a significant impact on the
control parameters as shown in the following results. The calculated duty cycle of this
case is 25.5%. and the output DC current could reach to 0.32 A by controlling the load
angle ¢.

The response of the three-phase DAB converter after having this fault at t = 0.61s is shown
in Figure 5.10 by displaying the output DC voltage and current. Figure 5.11 shows the
transformer AC primary and secondary voltages in that the secondary AC voltage collapsed
to 3 V. Also, the AC three phase currents of the primary side are presented in the same
figure. We can see the peak value of the current is regulated to the predefined value, i.e.
Ipapeak,r = 0.5 A. Finally, the waveform of the secondary DC current I;pc is also

illustrated in the same figure. The fault incident also affected the load angle value as
described in Figure 5.12.
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Figure 5.10 VDCSPS DC output voltage and current Ug & I,,,,; at 0.1 voltage ratio fault
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Figure 5.11 VDCSPS primary and secondary transformer AC voltages u,, & ug,, primary side AC phase
currents iygq, ipy & ipc, and the secondary DC current Iy at 0.1 voltage ratio fault
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Figure 5.12 VDCSPS load angle ¢ at 0.1 voltage ratio fault

5.1.3 Modified Asymmetrical Duty Cycle Modulation for Fault Control

In this thesis, the proposed MADCC is also verified and examined via MATLAB Simulink
circuit simulator. In this simulation test, the three-phase DAB circuit is originally
controlled using the conventional SPS modulation at normal situations. Then, at the
moment of voltage collapse caused by the fault incident, the MADCC control will take
charge to regulate the three-phase DAB currents.

In normal conditions, the value of AC transformer peak current ispc peqr Will be stored
and used as a reference value for the MADCC to find the suitable control parameters. D,,,

Dy, ¢ are obtained using (4.33), (4.34), and (4.35) to insure proper control of the peak
current value, maximum output current, and soft-switching operation.

a. Case 1: zero voltage ratio fault

In this simulation case, the control parameters are calculated using the system parameters
and the MADCC equations. the used duty cycles of the primary and secondary bridges are
D, = 25% & D; = 45.8%, while the load angle ¢ is determined to be equal to 1.42 rad
in this case study.

The behaviour of the three-phase DAB converters controlled using MADCC in fault
conditions is illustrated in Figure 5.13 by displaying the output DC voltage and current
following a short circuit fault occurs at t = 0.61s. It can be seen that the output DC current
Ispc 1s almost 0.4 A which is the same current value as in the normal condition.The
transformer AC primary and secondary voltages are shown in Figure 5.14, where the
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secondary AC voltage has fallen to zero volt. The primary side AC three phase currents are
also shown in the same figure. We can observe that the current's peak value is restricted to
a predetermined value, i, peqr,r = 0.5 A. Finally, and in the same figure, the waveform

of the secondary DC current I is also presented.

Soft switching operation of the three-phase DAB converter modulated using MADCC
technique is also verified in this study. In the secondary bridge, all switches turn on with
zero-voltage switching (ZVS) and zero-current switching (ZCS) and they also realize ZCS
turn off. Figure 5.15, verifies the soft switching operation of the secondary bridge by
showing the waveform of the AC phase voltage and current of the secondary side of the
transformer. Although, all switches in the primary bridge also turn on with ZVS, they suffer
from hard turn off operation.
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Figure 5.13 MADCC DC output voltage and current Ug & I ¢
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Figure 5.14 MADCC primary and secondary transformer AC voltages u,, & w4, primary side AC phase
currents iyg, ipp & iy, and the secondary DC current Iy
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Figure 5.15 regular and zoomed view of the primary and secondary transformer AC voltages u,, & s,
primary side AC phase current iy, for soft switching verification
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b. Case 2: 0.1 voltage ratio fault

Just like VDCSPS varication approach, another case is conducted to test the MADCC
performance when having non-bolted faults. The same above simulation case was
repeated but with a fault causing a voltage ratio of 0.1. This small voltage ratio did not
cause a significant change on the control parameters as shown in the following results.
The used duty cycles of the primary and secondary bridges are D, = 24.5% & Ds =
45.4%, while the load angle ¢ is determined to be equal to 1.3 rad in this case study..
The behaviour of the three-phase DAB converters controlled using MADCC in fault
conditions is illustrated in Figure 5.16 by displaying the output DC voltage and current
following a short circuit fault occurs at t = 0.61s. It can be seen that the output DC
current Iy is almost 0.4 A which is the same current value as in the normal condition.
The transformer AC primary and secondary voltages are shown in Figure 5.17, where
the secondary AC voltage has fallen to 3 V which is 10% of the primary voltage. The
primary side AC three phase currents are also shown in the same diagram. We can
observe that the current's peak value is restricted to a predetermined value, i,q pear,r =
0.5 A. Finally, and in the same figure, the waveform of the secondary DC current I
is also presented.

Soft switching operation of the three-phase DAB converter modulated using MADCC
technique is also verified in this case study. In the secondary bridge, all switches turn
on with zero-voltage switching (ZVS) and zero-current switching (ZCS) and they also
realize ZCS turn off. Figure 5.18 verifies the soft switching operation of the secondary
bridge by showing the waveform of the AC phase voltage and current of the secondary
side of the transformer. Although, all switches in the primary bride also turn on with
ZVS, they suffer from hard turn off operation.
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Figure 5.16 MADCC DC output voltage and current Uy & I, at 0.1 voltage ratio fault
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currents i, g, ipp & ipc, and the secondary DC current I at 0.1 voltage ratio fault
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Figure 5.18 regular and zoomed view of the primary and secondary transformer AC voltages u,, & u,,, and
primary side AC phase current iy, for soft switching verification at 0.1 voltage ratio fault
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5.2

Experimental Verification

The conventional SPS as well as the suggested VDCSPS and MADCC approaches has
been developed and validated on a down-scaled laboratory prototype of the three-phase
DAB converter. The experimental setup consists of the following devices:

DC source

Figure 5.19 shows the used DC power supply. It provides constant voltage in the
power class of up to 1,0 kW. The output voltage range is 40- 250 V while the current
is from O to 10 A [101].

Two three-phase power converters

The used three-phase power converters are provided by Taraz technologies inside
a power electronics Rapid Development system (PELAB) as shown in Figure 5.20.
This PELAB has two three-phase converters, used for the primary and secondary
sides of the three-phase DAB, with Silicon carbide (SiC) MOSFETS as switching
devices. The PELAB comes also with voltage and current measurement options
fixed to some nodes and paths in the system [102].

Three-phase transformer

The required medium-frequency transformer was designed, contracted, and wired
manually in the lab as shown in Figure 5.21. It consists of three single-phase
transformers constructed using E65/32/27 N27 ferrite cores and wired using 0.65
mm , 22 AWG, enameled wire with maximum current capacity of 0.92 A [103].
The transformer number of turns was determined using the following equation:

|4

N=——
kffAeBm

(5.1)

Where V is the transformer input voltage, k, is the waveform factor, which is 4 for
square waves, A, is the transformer effective cross-sectional area which is 535
mm?, and B,, is the flux density which is 0.05 T. The resulting number of turns is
14 turns in each side of the transformer.

Resistive load

Figure 5.22 shows the used DC load which is a Three synchronously adjustable
circular rheostats (step winding) with scale of (100 - 0%), each with a series resistor
and fuse in the sliding-contact connection. The resistors are suitable for parallel,
series, star and delta connections [104]. The used resistance in this experimental
testing at normal conditions is 75 2

Current sensor

Since the PELAB cannot measure the output DC current, an external current sensor
is implemented. As shown in Figure 5.23, the used current sensor is an SCK3 Series
Hall-Effect Open Loop Current Sensor which can measure up to 50 A currents
[105].
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e dSPACE controller
The converter is controlled by dSPACE DS1103 PPC Controller Board which is
designed to meet the requirements of modern rapid control prototyping as shown
in Figure 5.24. This dSPACE reads measurements, process the control algorithm,
and issue the modulation signals. Also, dSPACE was implemented for monitoring
and measurements recording purposes.

The whole and connected experimental setup of the three-phase DAB circuit is sown in
Figure 5.25.

The primary voltage of the three-phase DAB is chosen to be 30 V for safety purposes when
dealing with faults as well as following some of the experimental testing circuits in the
literature. Since we are testing the isolation ability of the three-phase DAB and its fault
behavior, the transformer turns ratio was selected to be 1:1. However, the conventional and
the proposed schemes are feasible for any transformer turns ratio. Also, and for simplicity,
the voltage ratio d is controlled to be one, by controlling the secondary voltage to be 30 V.
Based on the available capacitors in the lab, the used output capacitance is 470 uF. The
prototype’s specifications and experimental parameters are summarized in Table 5.2.

Different experimental tests were carried out for verification and examination of the
proposed control methods of the three-phase converter. The performance of the SPS control
approach was validated at both normal and fault conditions. At faulty situations, the
proposed VDCSPS and MADCC approaches were also validated and compared to the SPS
results.
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Figure 5.19 DC Power supply
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Figure 5.20 PE lab power converters
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Figure 5.21 Three phase transformer

Figure 5.22 Resistive load
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Figure 5.23 Current sensor

Figure 5.24 dSPACE DS1103 PPC Controller Board
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Figure 5.25 Three-phase DAB circuit experimental setup

Table 5.2: Experimental Parameters of the three-phase DAB Converter

Parameter Value
Primary DC voltage U, 30V
Secondary DC voltage U 30V
Output dc-link capacitance C 470 uF
Switching frequency f 20 kHz
Transformer turns ration N 1:1
Transformer leakage inductance L 250 uH
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5.2.1 Single Phase shift

The first conducted experimental test was to run the three-phase DAB using the SPS
control method and validate its theoretical and simulation performance. Similar to the
simulative test, the three-phase DAB with SPS modulation will be firstly tested at normal
conditions then a fault will be applied for validation and comparison purposes.

a. At normal condition

Normal operation of the three-phase DAB was conducted using the SPS modulation. The
reference voltage was set to be 30 V. the first measurement is taken for the primary and
secondary transformer AC voltages u,, & us, as illustrated in Figure 5.26 which shows
the phase shift between the two sides of the three-phase DAB. Also, primary side AC phase
current i,,, was measured and presented in Figure 5.27. It can be seen that the obtained
results of both the AC primary voltages and current are similar to the simulation results
with some range of inaccuracy caused by the used measurement devices.

The SPS control method was also tested by changing the reference voltage and check its
voltage tracking ability. The reference voltage has been changed to various values which
are 20V, 15V, 20 V, 40 V and 70 V and the measured output voltage was tracking these
applied changes as shown in Figure 5.28.
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Figure 5.26 SPS primary and secondary transformer AC voltages u,, & uy, at normal condition
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Figure 5.27 primary side AC phase current i,, at normal condition
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Figure 5.28 SPS voltage tracking perdormance

b. At fault condition

Under fault conditions, the performance of SPS control was also experimentally tested. A
short circuit fault was introduced across the terminals of the DC-link capacitor. The SPS
control switched from output DC voltage control to output DC current control as the
voltage collapsed to zero volts. In this case study, the SPS control method is limiting the
DC output current to 0.4 A, as it would was during the normal situation.
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Figure 5.29 shows the primary side AC phase current of the transformer during the fault
incident. Compared to Figure 5.27, we can see the increase in the peak value of the current
from ipq peak = 0.5 A 10 ipgpear,r = 0.63 A which conforms the discussed drawback of

the SPS method when dealing with faults.
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Figure 5.29 SPS phase a current i, at fault condition

5.2.2 Variable Duty Cycle Single Phase Shift Modulation

With the same procedure of the simulative validation, VDCSPS control method was
experimentally examined and verified by applying it to the three-phase DAB prototype
circuit after the occurrence of fault. The system will firstly run with SPS at normal
conditions and then switched to VDCSPS at the instant of fault incident.
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a. Case 1: zero voltage ratio fault

In this experiment for the VDCSPS method, the required peak value of the transformer AC
current i, pear Was set to be 0.5 A Which the peak current value at normal condition, i.e.
Ipa, peak = 0.5 A. the duty cycle was calculated to be 25% and by controlling the load
angle ¢ the maximum output DC current is almost 0.3 A.

Figure 5.30 shows the behaviour of the three-phase DAB converter after having a short
circuit fault by displaying the transformer AC primary current. We can see the peak value
of the current is regulated to the predefined value, i.e. ipgpeqar,r = 0.5 A. It can be seen
that the measured waveform of the AC current has almost the same shape and values to
that obtained in the simulation results with a small range of inaccuracy caused by the used
measurements devices.
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Figure 5.30 Measured primary side AC phase current i, of VDCSPS control at zero-voltage fault condition

b. Case 2: 0.1 voltage ratio fault

Additionally, the reliability of the VDCSPS was also ensured by experimentally
testing the performance of the proposed control approach in case of a non- bolted
fault. The same above experimental case was repeated but with a fault causing a
voltage ratio of 0.1. This small voltage ratio did not cause a significant impact on the
control parameters. The calculated duty cycle of this case is 25.5%. and the output
DC current could reach to 0.32 A by controlling the load angle ¢.

The behaviour of the three-phase DAB converter after having this 0.1 voltage-ratio
fault is illustrated by displaying the transformer AC primary current as shown in Figure
5.31. We can see the peak value of the current is regulated to the predefined value, i.e.
Ipapeak,r = 0.5 A. The waveform of the measured current is not perfect as in
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simulation which is mainly due to the inaccuracy of the measuring devices available in
the lab.
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Figure 5.31 Measured primary side AC phase current i,, of VDCSPS control at 0.1 voltage-ratio fault condition

5.2.3 Modified Asymmetrical Duty Cycle Modulation for Fault Control

The proposed MADCC is also verified and examined experimentally using the built
experimental setup. Similar to the VDCSPS test, the three-phase DAB circuit is originally
controlled using the conventional SPS modulation at normal situations. Then, at the
moment of voltage collapse caused by the fault incident, the MADCC control takes charge
to regulate the three-phase DAB currents.

In normal conditions, the value of AC transformer peak current ispc peqr Will be stored
and used as a reference value for the MADCC to find the suitable control parameters. D,,,
D, ¢ are obtained using (4.33), (4.34), and (4.35) to insure proper control of the peak
current value, maximum output current, and soft-switching operation.

a. Case 1: zero voltage ratio fault

Since the experimental setup have the same parameters as the simulation system, the same
control parameters are used in both simulation and experimental cases. the used duty cycles
of the primary and secondary bridges are D, = 25% & D; = 45.8%, while the load angle
¢ is determined to be equal to 1.42 rad in this case study.

By taking the measurement of the primary side AC phase current, the performance of the
proposed MADCC control approach can be experimentally examined and validated. Figure
5.32 shows the primary side AC phase current which is similar to that of the VDCSPS
method because they both have the same primary voltage while the secondary side voltage
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is zero. We can observe that the current's peak value is restricted to the predetermined
value, ipq pear,r = 0.5 A. Also, the output DC current I, was measured to be 0.4 A which
is the same current value as in the normal condition. It can be seen that the measured
waveform of the AC current has almost the same shape and values to that obtained in the
simulation results a with small range of inaccuracy caused by the used measurements
devices.
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Figure 5.32 Measured primary side AC phase current i,,, of MADCC control at zero-voltage fault condition

b. Case 2: 0.1 voltage ratio fault

Just like VDCSPS testing approach, another case is conducted to test the MADCC
performance when having non-bolted faults. The same above experimental case was
repeated but with a fault causing a voltage ratio of 0.1. This small voltage ratio did not
cause a significant change on the control parameters. The used duty cycles of the
primary and secondary bridges are D,, = 24.5% & D; = 45.4%, while the load angle
¢ is determined to be equal to 1.3 rad in this case study.

By taking the measurement of the primary side AC phase current, the performance of
the proposed MADCC control approach at 0.1 voltage-ratio can be experimentally
examined and validated. Figure 5.33 shows the primary side AC phase current which
is similar to that of the zero-voltage case as the small increase in the output voltage is
still not enough to make a significant impact on the behavior of the AC currents. We
can observe that the current's peak value is restricted to the predetermined value,
lpapeak,r = 0.5 A. Also, the output DC current I, was measured to be 0.4 A which
is the same current value as in the normal condition. It also worth mentioning that the
inaccuracy in the experimental results compared to that of the simulation is mainly due
to the measuring errors caused by the used measurements devices.
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Figure 5.33 Measured primary side AC phase current i,, of MADCC control at 0.1 voltage-ratio fault condition

5.3 Comparison of simulation and experimental results

For a better discrimination of the effects of each control scheme, the main simulation
and experimental results obtained are compared in this section. In each validation case,
both the simulation and measured waveforms of the primary AC current i,,, are shown
in the same figure.

Starting with the conventional SPS control technique, Figure 5.34 show the simulation
and experimental graphs of the primary AC current i,,,. The two waveforms are very
similar with small difference which is due to the deviation in the system measurement
devices. After the occurrence of the short circuit, the simulation and experimental
signals of the primary AC current i,,, are shown in Figure 5.35. The two graphs are
also very similar with small increase in the peak current value in the ideal simulation
system.

The simulation and experimental results are also compared when the three-phase DAB
is controlled using the proposed VDCSPS method. The results of this validation case
are presented in Figure 5.36 and Figure 5.37 for the zero and 0.1 voltage-ratio faults,
respectively. As illustrated in these two figures, the simulation and measured
waveforms of the primary AC current i, are also similar with small mismatches
caused by the inaccuracy of the system measurements.

Similarly, the simulation and experimental behaviours of the three-phase DAB
controlled by the proposed MADCC approach are compared. The primary AC currents
i, When having zero and 0.1 voltage-ratio faults are presented in Figure 5.38 and
Figure 5.39. Despite the effect of the system measurements inaccuracy, the waveforms
of the simulative and experimental AC current are still very similar.
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This comparison strengthens the simulation and experimental verification of the
performance of the conventional and proposed control schemes of the three-phase
DAB converter.
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Figure 5.34 Comparison between simulation and measured primary side AC phase current i,, of SPS control at
normal condition
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Figure 5.35 Comparison between simulation and measured primary side AC phase current i, of SPS control at
fault condition
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Figure 5.36 Comparison between simulation and measured primary side AC phase current i, of VDCSPS
control at zero-voltage fault condition
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Figure 5.37 Comparison between simulation and measured primary side AC phase current i,,, of VDCSPS
control at 0.1 voltage-ratio fault condition
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Figure 5.38 Comparison between simulation and measured primary side AC phase current ip,, of MADCC
control at zero-voltage fault condition
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Figure 5.39 Comparison between simulation and measured primary side AC phase current i,,, of MADCC
control at 0.1 voltage-ratio fault condition
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5.4 Results comparison and discussion

All existing control schemes have some advantages and disadvantages when controlling
the three-phase DAB at fault conditions and the proposed methods were suggested to
overcome the drawbacks and enhance the fault ride-through capability of the converter.
After obtaining the results of the proposed techniques, their advantages and limitations can
be discussed and compared to those of the conventional control schemes.

As has been shown in the simulation and experimental results of the SPS control method,
SPS is a very effective modulation strategy for output voltage regulation, high power
transfer, and soft switching operation. However, at fault situations, the peak value of the
AC current increases significantly which increases the amount of power loss and thermal
stress on the switches that can damage these switches. As a result, SPS modulation is not
suitable for fault ride through operation.

ADCC is also an effective modulation technique for voltage regulation while maintaining
soft switching operation. The issue with ADCC method is the lower power transfer and the
apparent inability on delivering output current at zero-voltage faults. The space vector
ADCC is aa adjusted version of the ADCC that can deliver high output current, close to
normal, at zero-voltage faults. However, this method has only one control parameter which
is the duty cycle of the primary bridge D,,.

It has been proven in the simulation and experimental results that the proposed VDCSPS
approach effectively solves the high peak value of the AC current issue and regulates the
output DC current. It also enables the three-phase DAB to deliver output current at zero-
voltage faults. However, this output current is not that high and might not be enough for
fault detection. Also, half of the converter periodic switching operation suffers from hard
switching operations.

The proposed MADCC modulation method overcomes the aforementioned drawbacks of
the space vector ADCC and the VDCSPS while maintaining the advantages. This method
has three independent control parameters, which are the load angle ¢ and the primary and
secondary duty cycles, D, and Ds which provides more freedom to adjust the transformer
current and transferred power. Besides the effective regulation of the transformer AC phase
current, this method enables high output current that is close to that in normal conditions.
Finally, all converter switches have soft switching turn ons and offs except for the turn offs
of the primary bridge switches. All these advantages make the proposed MADCC to be the
most suitable modulation technique for the three-phase DAB under fault conditions.

Table 5.3 summarizes the comparison between the modulation approaches for controlling
the fault current of the three-phase DAB.
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Table 5.3: Comparison of the control methods of the three-phase DAB

Control method Phase current Control Output DC Soft .
Parameters current switching

. 18/24

SPS High One (@) Same as normal 8l i
operations

Space vector Lower than 18/24

Regul One (D .
ADCC egulated (Dp) Normal operations

Much | h 12/24

VDCSPS Regulated Two (D & ¢) uch lower than / .
Normal operations

Three (D, , D 18/24

MADCC Regulated (Dp Ds Close tonormal ~ ~0/24
& @) operations
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CHAPTER 6

CONCLUSION & FUTURE WORK

Towards developing breaker-less protection systems for DC grids. The various control and
modulation schemes for the three-phase dual-active bridge (DAB) converter were
investigated in this thesis. Because short-circuit fault current develops significantly faster
in dc grids than in ac grids, putting power-electronics interfaced energy sources and loads
at risk, the three-phase DAB converter's dc fault ride-through (FRT) capability is essential
to limit fault current in dc grids. However, the existing single-phase shift (SPS) as well as
the asymmetrical duty cycle control schemes exhibit some major drawbacks and limitation
especially at zero-voltage fault incidents. Solving these drawbacks was the aim of this
thesis. The thesis work and contribution are summarized as follows:

The existing modulation techniques for the three-phase DAB were
comprehensively studied and their different features and limitation were
highlighted.

Two new modulation techniques were proposed to significantly improve the
performance of the three-phase DAB at fault conditions.

The proposed modulation methods were theoretically derived and validated using
both simulation and experimental testing.

Using these simulation and experimental results, the proposed and existing control
schemes were compared, and the drawbacks of the existing methods were verified
to be overcome. This will enable the three-phase DAB converter to ride through
faults and the entire DC microgrid to dispense with all kinds of circuit breakers.

The research can be furtherly enhanced by studying the following research topics:

Optimized design of the transformer of the three-phase DAB transformer
The performance of the three-phase DAB can be enhanced by optimally choosing
the transformer’s type, core, size, leakage and magnetizing inductances and
impedances.

Optimized design of the DC-link capacitor of the three-phase DAB
transformer

When a breaker-less dc grid has a dc short-circuit fault, the grid-connected
converters' dc-link filter capacitors are discharged very fast, resulting in a hazard
surge current. The dc-link capacitance of power converters must be decreased to
reduce the impact of the capacitor discharging current on other devices. Dc-link
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filter capacitors, on the other hand, are critical for maintaining dc grid voltage
regulation. As a result, a systematic method is needed to study and improve the
stability of breaker-less dc grids, as well as to optimize the design of dc-link filters
while taking into account the trade-off between system stability and dc fault current.
Complete implementation of a proper breaker-less protection scheme for DC
microgrids

A complete three-phase DAB-based DC microgrid needs to be built with several
sources and loads. After deep study of the existing integrated breaker-less
protection schemes that include detection, location and isolation of faults, more
sophisticated protection scheme can be develop taking advantage of the fault ride
through capability discussed in this thesis.
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