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Abstract

Background/objectives: This research study compares the
performance of a three-phase single active bridge DC-DC converter
with several operating modes along with vector groups in order
to present the importance and applications of transformer vector
groups in the electrical network system. Methods/statistical
analysis: In order to analyze and compare the operating
characteristics of three-phase single active bridge converter with
vector groups of transformer. Initially, we made a detailed study
of vector groups of transformers through literature review. Then
the development of simulation model of three-phase single active
bridge DC-DC converter with transformer vector groups while
operating with different operating modes of three-phase inverter
by using MATLAB/SIMULINK software was made. Findings: We
investigated Total Harmonic Distortion (THD) in terms of voltage
and current waveforms with both resistive and inductive load of
SAB3 converter with the different transformer vector group while
operating with different modes of conduction, i.e., 120, 150, and
180. Improvements: Undoubtedly, today’s world is moving towards
replacing fossil fuels with renewable energy resources. Three-phase
single active bridge DC-DC converters are widely advantageous.
From the simulated results, it is clear that at 150-operating mode,
the SAB3 generated fewer harmonics in terms of voltage and current
for both resistive and inductive load as compared to other operating
modes.

Keywords: DC-DC Converter, Harmonics, Total Harmonic
Distortion (THD), Three-Phase Single Active Bridge DC-DC
Converter (SAB3).
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1. Introduction

In recent decades, high frequency and high-power DC-DC converters have been used
because of their outrageous results and significance in a few regions of the energy sector
such as distribution grids, renewable energy sector, energy storage system electric
vehicles, and data centers. DC-DC converters have very wide industrial applications and
in particular, the single active bridge (SAB3) converter is an advanced type of DC-DC
converter [1]. SAB3 converter due to its compact size and attractive features, is used in high
power applications such as high voltage direct current (HVDC), photovoltaic systems, and
wind turbines. The SAB3 shown in Figure 1 is the unidirectional version of the well-known
high-power density bidirectional Dual Active Bridge (DAB) for high power applications.
Presently, various system-level topologies exist for offshore wind parks [2]. These topologies
generally incorporate an AC collection grid and an AC- or a DC (HVDC) transmission
line from the wind park to the shore, depending on the distance. The single active bridge is
a buck derived topology that delivered power from the source to the load [3]. Harmonics
generated due to the switching of solid-state switches in the SAB3 when it operates over
a large voltage and load range at a constant frequency, thus for a specific application, a
specific vector group gives optimum results [4]. Harmonics analysis and its mitigation
reliably and cost-effectively are one of the major concerns of researchers. Commonly used
mitigation techniques include linear chocks, isolating transformers, passive filters phase-
shifting transformers [5], and active filters [6]. There are various studies on harmonics
mitigation that are found in literature which analyzed the performance and the impact on
power quality when linked with SAB3 through three-phase power transformer [7]. In spite
of many harmonics controlling schemes, a transformer is always utilized to bring down the
supply voltage at a handling capability of power electronic devices. There are fourteen (14)
vectors groups of transformers that will be discussed in the coming sections. Literature
shows the harmonics compressibility limit of some of the vector groups of transformers
[8]. Harmonics generated by different nonlinear utilities are different, thus for a specific
application, a specific vector group would give optimum results. Due to the switching
of power devices in three-phase inverters, the harmonics are generated and when these
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FIGURE 1. Circuit diagram of three-phase single active bridge DC-DC converter.
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converters are integrated with system networks, the power quality of the system is affected.
In order to reduce these harmonics, a comparative analysis is made between conventional
150, 180, 120 modes for SAB3 [9-10] with 14 vector groups of transformer as shown in
Table 1.

2. Review of Three-Phase Single Active Bridge
DC-DC Converter

Figure 1 shows the SAB3 topology. The SAB3 comprises an input inverter, a transformer,
and an output diode rectifier. They are normally used for high power applications. In order
to get three-phase output, three single-phase inverters can be connected in parallel. The
gating signal of the three single-phase inverter should be advanced voltage [11-12]. Three-
phase inverter contains six switches. Switch may be IGBT, MOSFET, GTO, etc. depending
upon the application; the diodes are connected across the sl to s6 switches. The three-
phase inverter is operated at several modes. In this article, all modes of conduction are
investigated [13-14].

2.1. Design of an Inverter Switching Topology in MATLAB

In all industrial application, variable frequency & voltage require different applications.
Three-phase full-bridge inverter is more popular than any other inverter topology. There
are three modes of operation of three-phase inverter i.e. 120,150, and 180. Each mode
is discussed in detail below [8]. In 120 Degree conduction mode of the inverter, each
switch conducts for 120 Degree as shown in Figure 2. It is preferable for a delta connected
load because it provides a six-step waveform across any phase. Only two switches are in
conduction state at any instant. The conduction of different switches is listed in Figure 3.
In 180-conduction mode of the inverter, each switch conducts for 180 Degree as shown
in Figure 4. They are turned on at a regular interval of 60 degrees in the sequence of S1,
S2, S3, §4, S5, and S6. Only three switches are in conduction state at any instant. The
conduction of different switches is listed in Figure 5. In 150 Degree conduction mode of

TABLE 1. Vector group of transformer with phase shift

H.T side delta connected H.T side star connected

Sr. no V.G Phase shift Sr. no V.G Phase
shift

01 DdO 0 09 Yy0 0

02 Dyl =30 10 Ydl =30

03 Dyl1 +30 11 Ydi1 +30

04 Dy5 -150 12 Yd5 -150

05 Dy7 +150 13 Yd7 +150

06 Ddé6 +180 14 Yy6 +180

07 Dd2 -60

08 Dd4 -120
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FIGURE 2. Phase voltages of three-phase inverter at primary side on 120 mode of
conduction.

S.no Conduction of Conduction of switches
states
1 0to 60 S1 S6
2 60 t0120 S1 S2
3 120t0180 S2 S3
4 180t0240 S3 S4
5 240t0300 S4 S5
6 300 t0360 S5 S6

FIGURE 3. Switching table of conduction of different states & switches in 120 degree
conduction mode of inverter.

the inverter, each switch conducts for 150 Degree. It has twelve steps, each of 30-Degree
duration for completing one cycle of the output ac voltage as shown in Figure 6. In the
150-degree conduction mode of the inverter, a 30-degree dead period is provided between
two switches, which are large enough to avoid short circuit on dc supply. It eliminates
lower order harmonics largely. The conduction of different switches is listed in Figure 7.

2.1.1. Total Harmonic Distortion

Total harmonic distortion (THD) of a waveform is a quantity of the distortion present due
to harmonics. Mathematically, it can be written as:

N 12
K=2 Nrms

THD =\ 4L +......... I = —
1rms
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FIGURE 4. Phase voltages of three-phase inverter at primary side on 180 mode of
conduction.

SR Conduction Conduction of switches

NO of states
1 0to 60 S5 S6 S1
2 60to 120 S6 S1 S2
3 120 to 180 S1 S2 S3
4 180 to 240 S2 S3 S4
5 240 to 300 S3 S4 S5
6 300 to 360 S4 S5 S6

FIGURE 5. Switching table of conduction of different states & switches in 180 degree
conduction mode of inverter.

Irms is the RMS current of the Nth harmonics, and [rms—f is the RMS current of the
fundamental frequency.

2.1.2. Review of Vector Groups of Transformer

Three-phase power transformers and its windings with primary and secondary terminals
are shown in Figure 8. It can be configured in many fashions to meet the application
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FIGURE 6. Phase voltages of three-phase inverter at primary side on 150 mode of
conduction.

SR Conduction of Conduction of switches
states
No
1 0 to60 S5 S6 S1
2 60 t0120 S6 s1 S2
3 120 to 180 s1 S2 3
4 180 t0240 S2 S3 S4
5 240 t0300 S3 S4 S5
6 300 to 360 54 S5 S6

FIGURE 7. Switching table of conduction of different states & switches in 150 degree
conduction mode of inverter.

requirements. International Electro technical Commission (IEC), uses standard coding
for each winding connection of a three-phase transformer called the transformer vector
group, usually attached to the transformer body [12]. A phase shift can exist between two
sidelines voltages vary in the step of 30° for various connections. The phase shift between
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FIGURE 10. Transformer connections from generation to distribution levels.

the HT and LT line voltage is very similar to the clock system [15]. The minute needle is
for (H.T) voltage and it as shown in Figure 9. Clock, and hour needle for (L.T) line voltage
which moves clockwise (HT voltage leading) or anti-clockwise (LT voltage leading)
concerning minute needle, that can be easily understood from Figure 9 [16]. For example,
the vector group Yd11 shows the HT side is star connected, LT side is delta connected and
11 means phase shifts between the two-line voltages is 30°, LT line voltage leading HT line
voltage.

2.1.3. Importance of Transformer Vectors Groups

The electrical distribution network’s performance is very well concerned with the winding
configuration of transformers. These have the harmonics canceling capability at PCC [17].
Either it is stability problem, parallel operation of these transformers or it is the control of
real power flow in transmission network selection of a proper vector group at a strategic
point for a specific mean has the significance responsibilities. Applications of various
vector groups of transformers are depicted in Figure 10 which shows a single line diagram
of the power system network. The generation side uses Yd or Dy standard vector group.
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Since transmission system voltage is very high and it is encountered to large unbalance
loading, Dd0 or Dd6 usually selected to suppress unbalance loading ripples. Yd1 or Yd11
are suitable to step up voltage level and Dyl or Dyl1 are designed to step down voltage
level.

3. Simulation Model

To investigate the performance of the SAB3 with various transformer vector groups,
comprehensive simulations are performed on MATLAB/SIMULINK environment. The
simulation model is shown in Figure 11.

3.1. Assumptions

SAB3 DC-DC converter is supplied 600 DC voltage, and load R 100Q), L 400 mH. The
simulation of the SAB3 is confined in range of the core saturation limit.

4. Results and Discussion

The performance of SAB3 is analyzed utilizing FFT algorithm of MATLAB. Simulations
are carried on both resistive and inductive loads. In order to compare the performance of
SAB3 when connected through various vector group of transformers, first it is simulated

FIGURE 11. Simulation model of three-phase single active bridge DC-DC converter
(SAB3).
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Harmonic spectrum of SAB converter without transformer
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FIGURE 12. Harmonic spectrum of SAB3 without transformer.

and analyzed alone to confirm the theoretical calculated THD of three-phase rectifier
without connecting any transformer vector group.

4.1. Direct Connected to Utility Supply

Simulated FFT results of three-phase inverter current input to the rectifier without
connecting transformer are shown in Figure 12 for both resistive and inductive load.
Harmonics up to the 20th have been considered. It is observed from the result that
inductive load causes approximately 5.10% greater harmonics than resistive load. In
addition, inductive load is also responsible for injection of DC component in the system

4.2. Connected Through Transformer

4.2.1. Current Comparison of Different Operating Modes with Vector
Groups

From Figure 13 and Table 2,4,6, it is concluded that in case of 150 mode of conduction of
SAB3 converter, average current THD of all vector group at resistive load is 23.74% which
is the reduced THD 8.37%, 10.5% in case of 120, 180 mode of conduction, respectively.
From Figure 14 and Tables 2,4,6, it is concluded that in case of inductive load average
current THD 150 mode of conduction of SAB3 converter of all vector group is 18.87%
which is the reduction THD 13.12%, 14.82% in case of 120, 180 mode of conduction,
respectively.
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FIGURE 14. Current comparison of inductive load all vector group with all modes.

4.2.2. Voltage Comparison of Different Operating Modes with Vector
Groups

From Figure 15, it is concluded that in case of voltage average THD of resistive load in 150
mode of conduction of SAB3 converter of all vector group is 16.93% which is the reduction
THD 14.48%, 12.47% in case of 120, 180 mode of conduction, respectively. From Figure
16, it is concluded that in case of inductive load average voltage THD of 150 mode of
conduction of SAB3 converter of all vector group is 17.93% which is the reduction THD
14.12%, 12.11% in case of 120, 180 mode of conduction, respectively.
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conduction.
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conduction.

TABLE 2. Current THD results of SAB3 with 150 mode with transformer vector group

B VOLTAGE THD 150 R LOAD

Dd0 Dyl Dyll DyS Dy? Ddé D2 Ddd Yyl

B VOLTAGE THO 150 L. LOAD:

VECTOR GROUPS

Ydl Ydil ¥d5 YdT ¥yé

Sr.no Vector group Phase shift Current THD%

R R-L
1 Yy0 0 17.93 18.25
2 Yd1 -30 27.70 18.29
3 Ydi1 +30 27.60 18.01
4 Yd5 -150 27.70 18.14
5 Yd7 +150 27.56 18.39
6 Yy6 +180 18.13 17.91
7 DdO 0 17.88 18.04
8 Dyl -30 27.41 18.60
9 Dyll +30 27.80 18.42
10 Dy5 -150 27.73 18.29
11 Dy7 +150 27.87 18.23
12 Ddé6 +180 18.21 17.87
13 Dd2 -60 20.68 27.81
14 Dd4 -120 18.19 17.95

TABLE 3. \Voltage THD results of SAB3 with 150 mode with transformer vector groups

Sr.no Vector groups Phase shift Voltage THD%
R R-L

1 Yy0 0 16.86 16.83
2 Yd1 -30 16.91 16.85
3 Ydi1 +30 16.85 16.84
4 Yd5 -150 16.93 16.81
5 Yd7 +150 16.88 16.92
6 Yy6 +180 16.82 16.87
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7 Ddo 0 16.8 16.9

8 Dyl =30 16.84 16.82
9 Dyl1 +30 16.86 16.84
10 Dy5 =150 16.80 16.87
11 Dy7 +150 16.88 16.85
12 Dd6 +180 16.87 16.91
13 Dd2 -60 17.87 17.81
14 Dd4 -120 16.81 16.87

TABLE 4. Current THD results of SAB3 with 120 mode with transformer vector groups

Sr.no Vector groups Phase shift Current THD%
R R-L

1 Yy0 0 32.39 32.59
2 Yd1 -30 31.42 31.36
3 Ydi1 +30 31.43 31.44
4 Yd5 -150 31.47 31.05
5 Yd7 +150 33.96 31.44
6 Yy6 +180 32.27 32.59
7 Ddo 0 32.93 32.92
8 Dyl -30 31.51 31.31
9 Dyl1 +30 31.54 31.39
10 Dy5 -150 31.48 31.39
11 Dy7 +150 31.44 31.34
12 Ddé6 +180 32.30 32.67
13 Dd2 -60 33.36 33.45
14 Dd4 -120 32.20 32.71

TABLE 5. Voltage THD results of SAB3 with 120 mode with transformer vector groups

Srno Vector group Phase shift Voltage THD%
R R-L

1 Yy0 0 30.93 31.13
2 Yd1 -30 31.08 31.08
3 Ydi1 +30 31.07 31.08
4 Yd5 -150 31.08 31.26
5 Yd7 +150 33.68 31.08
6 Yy6 +180 31.14 31.13
7 Ddo 0 33.13 33.14
8 Dyl -30 31.01 31.09
9 Dyl1 +30 31.00 31.08
10 Dy5 -150 31.01 31.09
11 Dy7 +150 31.22 31.08
12 Dd6 +180 31.07 31.07
13 Dd2 -60 31.08 31.22
14 Dd4 -120 31.07 30.95
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TABLE 6. Current THD results of SAB3 with 180 mode with transformer vector groups

Srno Vector groups Phase shift Current THD%
R R-L

1 Yy0 0 31.70 31.69
2 Yd1 -30 32.62 32.60
3 Ydi1 +30 32.23 32.20
4 Yd5 -150 32.78 32.60
5 Yd7 +150 32.73 32.20
6 Yy6 +180 31.77 31.62
7 DdO 0 31.97 31.89
8 Dyl -30 32.28 32.05
9 Dyl1 +30 31.99 32.20
10 Dy5 -150 31.99 31.32
11 Dy7 +150 32.52 32.75
12 Ddé6 +180 31.91 32.04
13 Dd2 -60 34.19 40.74
14 Dd4 -120 31.78 31.88

TABLE7. Voltage THD results of SAB3 with 180 mode with transformer vector groups

Srno Vector groups Phase shift Voltage THD%
R R-L

1 YyO 0 31.15 31.51
2 Yd1 -30 31.00 31.01
3 Yd11 +30 31..00 31.00
4 Yd5 -150 31.22 31.00
5 Yd7 +150 31.23 31.00
6 Yy6 +180 31.08 31.08
7 Ddo 0 31.15 31.30
8 Dyl -30 31.34 31.23
9 Dyl11 +30 31.25 31.00
10 Dy5 -150 31.25 30.78
11 Dy7 +150 31.08 31.22
12 Ddé6 +180 31.28 30.80
13 Dd2 -60 31.34 31.08
14 Dd4 -120 31.22 31.01

From the results, it is concluded that 150 mode of conduction of SAB3 converter gives
lesser value of THD in terms of current and voltage for both resistive and inductive load
as shown in Tables 3,5,7.

4.2.3. Voltage and Current Comparison of 150 Mode of Operation with
Vector Groups

In Figures 17 and 18, it is concluded that in case of 150 mode of operation, at resistive load
vector group Dd0 and YyO have best harmonics compressing capability of 14.26% and
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14.2%, respectively. In case of inductive load preference must be given to Dy6, Dd4, and
Yd6 which resourced current THD 19.37%, 19.29%, and 19.33%, respectively Table 2-3.

5. Conclusion

Harmonics produced due to three-phase single active bridge SAB3 have their own natural
spectrum, consequently mitigation of harmonics in the system from SAB3 and selecting
a suitable and reliable method will be cost effective. This study shows the comparative
analysis of SAB3 with various vector groups of transformers with different operating modes
of three-phase inverter in terms of total harmonics distortion of voltage and current. From
the above results, it is concluded that in 150 mode of conduction of SAB3 converter gives
lesser value of THD in terms of current and voltage for both resistive and inductive load.

A compromise is need to be made between current THD and voltage THD that is to
be minimized, since from the results it is clear that for resistive load vector groups Dd0 or
YyO0 efficiently reduced harmonics than other vector groups but at the same time Dd2 has
raised voltage THD beyond the standard limit. Thus it is recommended that when such a
load which is very sensitive to voltage change connected at PCC, then vector group Dd2
should not be used between three-phase inverter and rectifier.
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