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Abstract: The working mode classification of a triple-active-bridge converter (TAB) is the
prerequisite and foundation of modulation optimization research based on time-domain
analysis. Currently, systematic research on mode classification is lacking. Inadequate
screening of mode types can lead to local optima, preventing the achievement of global
optimal control. To address this issue, this paper proposes a mode classification method
for the TAB converter based on waveform structural characteristics, enabling effective
mode classification and specific mode screening. Firstly, time-domain modeling is carried
out for the three square waves output from the three ports. Then, the entire waveform
within one period is decomposed into various sub-mode combinations. Subsequently, by
analyzing the permutation and combination rules of sub-modes corresponding to different
waveforms, the construction method of the TAB working mode is derived, and then all
working modes of TAB can be screened using an iterative optimization algorithm. Finally,
on this basis, through the specific combination of sub-modes, not only the local optimal
working mode with relatively low current stress or RMS value can be selected according to
the waveform and energy transmission law, but also the working mode with port power
decoupling function can be selected. This method has the advantages of clear classification,
multidimensional characteristics and expansibility. It not only effectively classifies the
modes of the TAB converter, but also selects the locally optimal working mode, particularly
those with power decoupling modulation characteristics. Simulation and experimental
results validate the correctness and effectiveness of the theoretical analysis.

Keywords: triple-active-bridge DC/DC converter; classification and optimization of modes;
waveform structure characteristics; sub-mode; power decoupling modulation

1. Introduction

The DC converter is a core device in DC power distribution networks, responsible
for connecting grids of different voltage levels, controlling power flow, and regulating
voltage. It plays a crucial role in ensuring the efficient and stable operation of the entire
DC power distribution network [1,2]. Among the many topologies of DC converters,
the triple active bridge converter has received significant attention and research owing
to its numerous advantages, including multi-port capability, high power density, high
conversion efficiency, flexible and controllable power direction, and electrical isolation [3,4].
The performance of the TAB converter directly influences the overall efficiency and stability
of the connected system, thereby attracting considerable attention and in-depth research
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from experts worldwide [5,6]. To enhance the efficiency, optimal control of TAB converter,
particularly the optimal control of multiple phase shift modulation, has emerged as a focal
research area in recent years [6,7].

Modeling of TAB multi-phase-shift modulation can be categorized into two ap-
proaches: frequency-domain analysis and time-domain analysis, each possessing unique
characteristics. The frequency domain modeling of the TAB converter does not require
mode classification, and the frequency domain function expressions of the unified opti-
mization objectives and related parameters can be clearly established to facilitate direct
optimization. However, in practical optimization, the frequency-domain functional expres-
sions for relevant parameters such as voltage, current and power can only be composed
of fundamental and limited harmonics, leading to inadequate parameter accuracy and
impeding the formulation of the optimization program itself. Consequently, the accuracy
of the optimization results is unsatisfactory [4,6,8]. Time-domain analysis can effectively
address the issue of insufficient accuracy. It establishes accurate mathematical models and
time domain function expressions for relevant parameters, facilitating the construction of
optimization procedures and ensuring the precision of optimization results [9]. However,
time-domain analysis requires classification of working modes and optimization of each
mode, leading to substantial optimization efforts.

Mode classification is essential for modulation optimization research based on time-
domain analysis. By optimizing all modes and thoroughly comparing the optimization
results of each mode, the globally optimal control can be achieved. Incomplete mode
classification can hinder a comprehensive comparison of optimization results, often leading
to local optima and preventing the achievement of global optimal control. Therefore,
accurately and comprehensively identifying all converter modes is a prerequisite and key
to modulation optimization research based on time domain analysis.

Currently, there exists only a classification method for the working modes of the
double active bridge (DAB), but this method is not extensible to TAB and other multi-port
converters [9,10]. The classification of working modes in the triple-phase-shift modulation
control of DAB, as discussed in [11-13], primarily depends on empirical or traversal
methods. These methods can effectively address mode classification issues when dealing
with fewer optimization variables and a limited number of working modes. The specific
implementation involves separating the voltage square waves on both sides, fixing the
square wave waveform on one side, and inserting the other square wave into the previous
one in various combinations to identify 12 working modes through empirical or traversal
methods. Nonetheless, this approach is only applicable to mode classification in extended
phase-shift (EPS), dual phase-shift (DPS), and triple phase-shift (TPS) modulation of DAB,
demonstrating limited generality [13-15].

A large number of different types of working modes are derived from mode classifi-
cation methods. It will be a huge workload to optimize each mode one by one. Typically,
all modes require targeted and efficient screening. In the research area of mode selec-
tion, [12,16] utilize graphical analysis to perform equivalent simplification of modes based
on the waveform structural characteristics of DAB. This approach can equivalently simplify
some modes into a locally optimal mode, thereby reducing the workload of optimization.
The concept of the locally optimal mode encompasses two aspects:

(1) From the perspective of many different types of working modes, several exhibit lower
current stress or RMS values compared to others within the power transmission range;

(2) From the perspective of the entire power transmission range, several working
modes exhibit smaller current stress or RMS value than other working modes only in
certain segments of the power transmission range, but not across the entire power range.
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Based on the waveform structure and the real-time energy transmission relation-
ship, [16,17] the mode in which both DAB square waveforms are simultaneously at high or
low levels within a certain time period is selected as the local optimal mode. The selection
mechanism and principles of these DAB local optimal modes are also applicable to the
selection of local optimal modes for TAB and other multi-port converters. Nonetheless, this
area remains unexplored in current research.

To address the limitations in existing research, this paper proposes a mode classifica-
tion method for the TAB converter based on waveform structure feature analysis. Initially,
this method models the three square waves of the TAB converter’s ports in the time domain
and then decomposes these waves into various sub-mode combinations in one period.
Subsequently, by analyzing the arrangement and combination rules of sub-modes corre-
sponding to different waveforms, we derive the construction method for the TAB working
mode. Based on this construction method, different types of working modes are obtained
by using repeated optimization algorithm. Finally, according to the laws of energy trans-
mission and waveform structure, the locally optimal working modes of TAB are selected;
on this basis, the decoupling modes are selected according to the decoupling waveform
structure characteristics. The specific innovations are as follows:

(1) A method for classifying and selecting working modes based on the analysis of
waveform structure features is proposed. By employing a repeated optimization algorithm
to find all working mode types, the accurate classification of the working modes of TAB con-
verter is realized. This method has the advantages of clear classification, multi-dimensional
characteristics and scalability.

(2) Based on the intrinsic characteristics of sub-modes and their arrangement and
combination rules, the locally optimal working modes of the TAB are first selected according
to the laws of energy transmission and waveform structure. Subsequently, decoupled
modes are screened out based on the waveform characteristics that meet the criteria for
decoupled modulation.

2. Analysis of TAB Waveform Structure Characteristics

The TAB topology is shown in Figure 1a, which consists of three H-bridges, a three-
winding high-frequency transformer and three auxiliary inductors containing the leakage
inductance of the high-frequency transformer. As shown in the waveform diagram in
Figure 1b, Dy, Dy, and Dyj3 denote the inner phase shift ratios, which represent the duty
cycles of the high-level voltage in each H-bridge in half switching period. D, and Dj3
represent the external phase shift ratios between two H-bridges, which correspond to the
duty cycles of the phase shift angles between the rising edges of two square waves in
half switching period. The magnitude and direction of power of the TAB are controlled
by adjusting Dy1, Dy2, Dy3, D12 and D13. Based on the TAB waveform structure, power
transmission of TAB is achieved through the superposition of three square waves that share
the same period, point symmetry, and different duty cycles.

As can be seen from Figure 2, the whole waveform of the TAB is composed of three
square waves. In Figure 2, the sub-mode is defined as the operating mode in which the level
of three square waves remains unchanged for a period of time in a cycle, and the operation
mode in which the level of three square waves remain unchanged at single time point is
defined as the point sub-mode. Due to central point symmetry, the sub-mode combinations
in the first half of the cycle and the second half of the cycle are opposite to each other.
The entire waveform in one cycle can be divided into a maximum of 12 sub-modes. In
actual waveform, one period can also be decomposed into 10,8,6,4 or 2 sub-modes. It can
be understood as the existence of several groups of adjacent identical sub-modes within
the maximum number of sub-modes (12 sub-modes). When these adjacent sub-modes are
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merged into one, it results in a reduction in the total number of sub-modes in one cycle.

The working mode consisting of a maximum of 12 sub-modes is defined as the full working

mode, while other working modes with fewer than 12 sub-modes are defined as non-full

working modes. Since non-full working modes can be regarded as special cases of the full

working mode, this paper concentrates on the full working mode as the research object.

Port 1

T
)|

(a) Topological diagram

Figure 1. Topological and waveform diagram of TAB.
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Figure 2. Waveform structure diagram of TAB working mode.

\

The type and number of sub-modes can be determined based on the level types of

each square wave and the number of square waves. Since each square wave in the TAB has

three level types (namely 0, —1, and +1) and there are three square waves, we obtain 3°

(equivalently, 27) types of sub-modes, as shown in Table 1.

Table 1. Twenty-seven sub-modal types of TAB.

5;‘:1'11:1’{:2"- 0 1 2 3 4 5 6 7 8 9 10 1 12 13
Ur 0 0 0 0 1 1 1 0o 1 1 1 -1 -1
Urp 0 0 1 1 o o0 1 1 0 -1 -1 1 -1
Uns 0 1 0 1 o 1 0 1 -1 0 -1 -1 1
5;11’1;11‘1’{)‘:‘19 1 -2 -3 -4 -5 —6 -7 -8 -9 —10 —-11 -12 —13

Ur 0 0 o -1 -1 1 -1 o0 -1 -1 -1 1 1
Urp o -1 -1 o 0 -1 -1 -1 0 1 1 -1 1
Uss 1 0 -1 0 -1 o0 -1 1 1 1 1

From the perspective of TAB’s sub-modes, the working mode is composed of three

square waves, Uy, Upp, and Uys. Simultaneously, three ports generate three distinct

levels. From the horizontal perspective (that is, from the time sequence), several sub-modes

are selected from its 27 sub-mode types to arrange and combine regularly in a cycle, thus

forming different types of working modes. The full working mode involves selecting
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12 sub-modes from 27 sub-mode types for regular arrangement and combination. As
illustrated in Figure 2, the three-dimensional working mode can be converted into a one-
dimensional sub-mode number group by sub-mode numbering. This mode is represented
by the sub-mode number group ‘11~9~4~5~3~—11~—9~—4~—-5~—-3", where the first half
number and the second half number are opposite to each other.

According to the analysis of the waveform structure characteristics of the full working
mode of TAB, the following rules are obtained:

(1) The high or low level (non-zero level) of a point-symmetric square wave can only
appear once in one cycle. Similarly, the three levels corresponding to the three square
waves in the TAB can only simultaneously be non-zero at most once in one cycle. Therefore,
in the working mode, the sub-modes +/—7, +/—11, +/—12, and +/—13 can only appear at
most once in one cycle, as indicated in the shaded part of Table 1.

(2) The three square waves share the same period and are point-symmetric. The
sub-mode combination of the first half period and the sub-mode combination of the second
half period are opposite to each other.

(3) In one cycle, only one of the three levels of the adjacent sub-modes changes, as
shown in Figure 2.

(4) Multi-dimensional characteristics of sub-modes and their combinations: Both the sub-
modes themselves and various combinations of sub-modes in the waveform structure have
their own intrinsic meanings. For instance, Figure 2 shows a sub-mode combination labeled
4~5~7~3~—11~—9~—4’ that represents a decoupling functional waveform characteristic.

3. Classification of TAB Working Modes
3.1. Time-Domain Modeling of Square Waves Based on Internal and External Phase Shift

The three square-wave time-domain modes of TAB are the prerequisite and basis
for the study of its working mode classification. As shown in Figures 3 and 4, the whole
waveform of TAB can be decomposed into three square waves.

4
U >

Dy,
UH| - UHZ

Dy, Uns
Dy

L — 4

= L+}J |_L —

Figure 4. The waveform of TAB is decomposed into three square waves.

Figure 3 shows that Uy of the TAB represents the square wave of port 1, which
corresponds to the H-bridge AC side voltage. It comprises three different level types, namely
0, —1, and +1. The Uy period T is defined as 2 and is centrosymmetric at point 1. Based
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on the internal and external phase-shift angle duty cycles, the square wave time domain
function expression is:

1 0<t<Dy
Dy1§t<1
~1 1<t<Dy+1
0 Dpy+1<t<2

Ugr =

Uy is the square wave of TAB port 2, which can be divided into four cases based on
the value ranges of the internal and external phase-shift angle duty cycles, (Dy, and D1;).
The types of Upp square waves and their corresponding time-domain function expressions
are presented in Table 2, where the period T of Uyy, is defined as 2 and the Uy, square
wave is centro-symmetric at point 1. The square wave Uys of port 3 is similar to the square
wave Upp of port 2, with D3 and Dyj replacing D1p and Dy, respectively. In practical
applications, the type of square wave Uy of port 1 in the TAB remains unchanged, while
the types of square waves Uy, and Upys of ports 2 and 3 are selected from the four types
listed in Table 2 based on the set parameter ranges.

Table 2. Classification and time domain model of Uy

Type

2 3 4

range

O<D12<1,D12+Dy2<1

O<D12<1,D12+Dy2>1 —1<D12<0,D12+Dy2>0 —1<D12<0,D12+Dy2<0

Dy, 0 H
o U S— i 4 ) iy
U | b, e N
DlZ D
--------- & t 2
0 | DutDyl Dyt t t
graph . 14D 14Dy#Dy, R i N 1y 14Dy DptDy+l ) 140y 140440,

i D 1 DpD, 2 > L 1
+D., i) Dy »

0 Dy DytDy 1 2 0| DutDy 1 Dpt2 2 ] 1 D2 Dy#Dy#22

m— N I p—
Dy, 2 Dy, 4D+
e
0 0<t<D -1 0<t<Dyp+Dyp—-1 1 0<t<Dqp+D, 0 0<t<Dpp+1
12 12+ Dy2 12+ Dy2 12

1 Dyp<t<Dyp+Dy 0 Dyp+Dp-1<t<Dyp 0 Dyp+Dyp <t<Dpp+1 -1 Dyp+1<E<1+Dyp+Dyp
function expressions Upp =40 Dip+Dyp=t<Dp+l Uy =1 Dpp<t<Dp+Dyp Upp ={ -1 Dip+1<t<Dpp+Dyy+1 Uppp = 1+Dpp+Dyp <t<Dpp+2

~1 Djp+1<t<Dp+Dyp+1

0

Dip+Dyp+1<t<2

0
-1

Dip+Dyp <t<Dip+1
Dpp+1<t<2

Dip+Dyp+1<t<Dip+2
Dy +2<t<2

Dip+2<t<Dpy+Dyp+2
Dip+Dyp+2<t<2

3.2. Classification Methods for Working Modes

In this paper, TAB is taken as the research object, and other multi-port DC converters
can also be classified by similar methods. Firstly, the time-domain functions of the three
square waves of the TAB are established. Then, by repeatedly changing the variable
values (Dy1, Dy, Dy3, D12, and D13) of the square wave functions, different types of three-
square-wave combinations (that is, working modes) are generated in one cycle. From the
perspective of sub-mode combinations: the essence of the three square waves of TAB is
to select a number of sub-modes from the 27 sub-modal types in a cycle, and to arrange
and combine them regularly to form a working mode. By constantly changing the value of
the function variable, different types of working modes are obtained, and then all types of
working modes can be obtained by repeated search and accumulation. A total of 480 types
of the full working modes of TAB are identified by repeated optimization.

The flowchart of the repeated optimization method is shown in Figure 5. The main
steps of its specific program implementation are as follows:

(1) Determination of point sub-mode type: The cycle is divided into 1000 time points.
Based on a randomly generated set of three square waves (that is, the TAB variables Dy,
Dy, Dy3, D1z, and D13 have fixed values), the three square wave level values at these
1000 time points are determined, that is, which of 0, —1 and +1 is determined. Further, the
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sub-mode type (namely, point sub-mode type) that each time point belongs to is determined,
as shown in Figure 6.

m=1

[
-

Randomly generated variables
Dy, Dy2,Dy3,D12 and Dy;

!

Determination of point sub-mode type
in one cycle

!

Merging of identical
point sub-mode types

Filter and correct types with repeated initial
and final sub-modes

N —

Screen and correct the types with periodiccydes

occurring in the sub-mode combinations

Generation, storage, and accumulation
of the full working modes

NO

the number and types of the full 9

working modes remain unchanged__

Figure 5. Flow chart of iterative optimization method for TAB working mode.

A Sub-mode Sub-mode
Un| 1 1
Un| -1 1
UH3 -1 Point sub-mode 1
t/f: | te tg I t
folg, + £/t ty | o
Point sub-mode
Sub-
modd 11 19 4 5 7 3 =11 =9 —4-5-7 =3

number Identical point sub-modes are merged
into a single sub-mode

Figure 6. Point sub-mode and sub-mode in TAB.

(2) Merging identical point sub-mode types: When the sub-modal types of adjacent
time points are the same, the adjacent time points are merged into a single time segment,
resulting in different time segments with different sub-mode types, as shown in Figure 6.
Thus, within one cycle, a set of three square waves can be represented by a regular arrange-
ment and combination of a finite number of different types of sub-modes. This specific set
of three square waves is a working mode. This mode can then be represented by a set of
sub-mode numbers, as depicted in Figure 6.
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(3) Filter and correct types with repeated initial and final sub-modes: Due to waveform
periodicity, if the initial and final sub-mode types in a sub-mode combination are the same,
delete the final sub-mode block to avoid repetition.

(4) Screen and rectify types with periodic cycles in the sub-mode combinations: When
constructing working modes, to prevent periodic cycles within sub-modal combinations,
based on the uniqueness of specific sub-modes from the three square waveform in the
sub-modal combinations, sub-modes 7, 11-13, 8-10, 6, and 5 are sequentially set as the first
sub-modes of the working mode. When the preferred sub-modal type 7 is unavailable,
11 is chosen as the new preferred sub-modal. When the sub-mode type 11 is unavailable,
12 is selected as the initial sub-mode, and this pattern of recursion continues.

(5) Generation, storage, and accumulation of the full working modes: By continuously
changing the values of the TAB variables Dy, Dy, Dys, D12, and Dy3, different types of
three square waves are generated for the TAB, each corresponding to a unique sub-mode
combination. Continuously search for the sub-mode combination with the maximum
number of sub-modes in one cycle (namely, the full working mode), and continuously
accumulate modes and eliminate duplicates to form a comprehensive set. This process con-
tinues until the number and types of elements in the comprehensive set remain unchanged
and the iteration is updated 200,000 times. At this point, the comprehensive set represents
the different types of the full working modes.

In this paper, we employed the repeated optimization method to identify 480 full
working modes for the TAB. This approach can also be applied to determine the total
number of full working modes for any multi-port DC-DC converter.

4. Principles and Methods for Optimizing Working Modes

In the face of the numerous working modes of the TAB converter, it would be a huge
and tedious task to analyze and optimize each working mode one by one. To reduce the
workload, this section introduces a criterion for judging the local optimal working mode,
and then selects the working mode based on two different optimization principles, and
validates the rationality of the optimization principle through the experimental program,
and finally obtains the locally optimal working mode.

4.1. Evaluation Criteria for Local Optimal Working Modes

The primary criterion for comparing locally optimal modes with other modes is
efficiency, a comprehensive metric defined as transmission power divided by the sum of
transmission power and loss power. Its value largely hinges on the magnitude of loss power.
The converter losses mainly include: (1) conduction losses, turn-on losses, and turn-off
losses of the switching devices; (2) copper losses and iron losses in the high-frequency
transformer and inductances [18,19]. These losses are closely related to the parameters
such as the current RMS and current stress. The conduction losses of switching devices and
copper losses in inductors and high-frequency transformers are positively correlated with
the square of the current RMS. The turn-on and turn-off losses are positively correlated
with current stress and switching frequency. Based on the above analysis, the evaluation
criteria for the locally optimal working mode are current stress and current RMS.

4.2. Optimal Selection of Working Modes

By applying the mode classification method, numerous different types of working
modes are obtained. Optimizing each mode one by one would entail a huge workload.
Consequently, it is essential to effectively screen the modes based on the waveform charac-
teristics of the TAB and specific requirements. This step significantly reduces the number
of modes needing optimization, consequently decreasing the overall optimization burden.
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@. Select the working modes containing sub -modes +/—7 preferentially.

The sub-mode +/—7 denotes the sub-mode where the voltage levels of the three
terminals Uyyy, Upp, and Upys are all +/—1. The working modes containing this sub-mode
demonstrate unique performance attributes owing to their unique structure, as shown in

Figure 7.
A 'l“ ’\‘
Gl L L L0 el e
¢ '
' ' ' '
. ! Vo
Ul -1 100 0 tofelsf1 1 j0:0 o:-15
2 [l .
v 0 ' :
Us| -1 10 0 PN L 1) 0l t»

Sub-
mad 11090 4 150 7 0 3 =11 =9 —4 =5 =7 =3

number

Figure 7. Triangular wave has high or low level at the same time.

Due to the similar topological structures of TAB and DAB, the mechanisms between
their waveform structures and real-time energy transmission are identical. Based on the
mechanism between DAB waveform structure and real-time energy transmission in [13,20],
it can be obtained that in one switching cycle, when the voltage levels at both ends of the
DAB are the same, that is, when they are both positive or negative levels simultaneously,
the energy is directly transmitted from the input port to the output port, and will not
stay and store in the converter; when the voltage levels at both ends are different, it
means that energy cannot be directly transmitted at that moment and will be temporarily
stored in the inductance of the converter. The stored energy is subsequently released
from the inductance again and transmitted to the output port once the port voltage levels
change. The period in which the energy temporarily stored in the inductor can significantly
increase in the inductor current stress and RMS value, leading to higher losses. When a
working mode contains sub-modes with voltage levels that are simultaneously positive
or negative, its corresponding losses are relatively smaller compared to other working
modes. Consequently, during the screening of working modes, preference is given to
those exhibiting this characteristic [16]. Based on the above mechanism, as shown in
Appendix A Table A2, the locally optimal modes 1.1, 1.2, 1.4, 2.1, 2.4, and 2.3 were selected
from the 12 modes in DAB [16,20].

The mechanism and principles for optimizing working modes in DAB are also appli-
cable to other multi-port DC converters, and thus can be applied to the optimization of
TAB working modes as well. Figure 7 shows a working mode in TAB that contains the
sub-mode +/—7. For the TAB converter, the local optimal working modes are preferentially
selected as those where the voltage levels of the three terminals are simultaneously 1 or
—1 (namely, containing the sub-mode +/—7). Consequently, this criterion results in the
selection of 90 working modes out of the 480 available.

This section selects mode A-1.5/1.5/1.5 and mode B-1.1/1.5/1.2 that do not contain
the sub-mode +/—7, mode 16-1.1/1.1/1.2 and mode 8-1.1/1.1/2.4 that contain the sub-
mode +/—7, as shown in Appendix A Table A2. Using these four working modes as
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examples, we validate the optimization principles through actual optimization results. In
the TAB mode A-1.5/1.5/1.5, A’ denotes the mode number, the first ‘1.5” represents the
working mode of the equivalent DAB from port 1 to port 2, and similarly, the second and
third ‘1.5’s represent the working modes of the equivalent DABs from port 1 to port 3 and
from port 2 to port 3, respectively. Firstly, experimental procedures are employed to
optimize with the objectives of minimizing the current stress of the maximum power port
(input port) and minimizing the sum of the squares of RMS values of the three ports,
respectively. Then, the input port current stress and the sum of the squares of the RMS
values of the three ports for these four working modes are compared under the same output
powers P, and P3, and with kj; and kq3 set to 0.85 and 0.75, respectively.

In order to facilitate the analysis, the transmission power, current stress and the
square sum of the RMS values of the three ports are normalized. The reference values for
normalization are the reference power value P 5 = Vi2/ (4f sL), the reference current value
I'base = V1/(4f5s L), and the reference square sum of the RMS values Izrms_base = (V1/(4fsL))?,
where V1 represents the voltage at input port 1, fs denotes the switching frequency, and L
is three times the inductance L; of the port. Unless otherwise stated, all figures and tables
below refer to these three parameters in their normalized forms.

From Figure 8, it can be observed that under the optimization of the current stress
of the maximum power port (input port), the stress and the RMS square sum of the three
ports for modes 16 and 8, which contain the sub-mode +/—7, are both lower than those
of the other two modes that do not contain the sub-mode +/—7 at the corresponding
transmitted powers.

S © OModeALSLSNS —
o Mode A-1.5/1.5/1.5 7 © Mode 8-1.1/1.1/2.4 .

1.8 "
Mode B-1. 1/1.5/1. 2 25 * Mode 16-1.1/1.1/1.2 u o
o
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*********
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Mode 8-1.1/1.1/2.4
*Mode 16-1.1/1.1/1.2
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P>/ (pu) 02 23 030 P53/ (pu)

Figure 8. (a) Stress comparison at the maximum-power port in different modes under the optimization
of the current stress of the maximum power port. (b) Comparison of the RMS square sum of the three
ports in different modes under the optimization of the current stress of the maximum power port.

From Figure 9, which presents the optimization results for the sum of the squares of
the RMS values at the three ports, it can be seen that the stress and the sum of the RMS
square sum of the three ports for modes 16 and 8, which contain the sub-mode +/—7, are
both lower than those of the modes that do not contain the sub-mode +/—7. From the
above optimization results, it can be proved that the stress and the sum of the squares of
RMS values of the working mode with sub-mode +/—7 in the same P, and P3 and kj5 and
k13 is smaller than that of other working modes without sub-mode +/—7. This verifies the
rationality of the proposed optimization mechanism and principles.

@. Select the working modes that meet the requirements of power decoupling modu-
lation preferentially

By simplifying the TAB circuit structure and converting it to the primary side, its
Y-type equivalent circuit can be obtained, as shown in Figure 10a. Further, through Y-A
transformation, the A-type equivalent circuit shown in Figure 10b can be derived. At
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this point, the TAB converter can be equivalent to three DAB converters, reducing the
complexity of directly analyzing the TAB converter. Therefore, the optimization of the TAB
converter can be equivalent to the optimization of three DAB converters.

© Mode 8-1.1/1.1/2.4
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©Mode A-1.5/1.57T5 ~
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Figure 9. Flow chart of iterative optimization method for TAB working mode.
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Figure 10. Y-type and delta-type equivalent circuit.

Figure 11 shows two operating conditions for the TAB: single-input dual-output and
dual-input single-output. From Figure 11, it can be observed that there is power coupling
between the dual output ports or the dual input ports. To reduce the coupling effect
between its ports, this paper adopts a novel decoupling method called power decoupling
modulation strategy. Distinct from other hardware and software decoupling, according to
the rules of waveform structure, power decoupling of two input or output ports is achieved
by modulation to make the center lines of the square waves of the two ports coincide (that
is, to satisfy D1 + 0.5Dyp = D13 + 0.5Dy3), as shown in Figure 12. Compared with other
decoupling methods, this method has the advantage of simple implementation.

(a) Single-input dual-output  (b) Dual-input single-output

Figure 11. Single-input dual-output and dual-input single-output modes.
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Figure 12. Voltage waveform under power decoupling phase shift control.

Power decoupling modulation mechanism: the two input or output ports of TAB
can be considered equivalent to a DAB. Based on the mode classification and waveform
characteristics of the DAB converter in Appendix A Table A2, the equivalent DAB in TAB
is actually a special mode combination type in DAB converter working mode 2.4 or 1.2,
as shown in Figure 13. Figure 13a presents a special modal combination in DAB mode
2.4 characterized by zero power transmission; Figure 13b shows a special modal combina-
tion in DAB mode 1.2, also featuring zero power transmission. In this state, during half of
the cycle, the midlines of the two square waves align, with the current is symmetrically
centered around the intersection of the midline and the horizontal axis. As illustrated in
Figure 13, due to the symmetry of the current within the voltage square wave, the forward
power and the reverse power are equal in magnitude but opposite in direction over one
control cycle, resulting in a total sum of zero. Similarly, it can be deduced that the transmis-
sion power between two input or output ports of TAB under power decoupling modulation
is 0, as shown in Figure 14. From the perspective of transmitted power, the TAB converter
under decoupling modulation can be simplified and represented equivalently as two DABs.
Optimized control of these two DABs is equivalent to optimizing the TAB, simplifying
mode analysis and reducing optimization control difficulty. To meet the requirements of
TAB power decoupling modulation, the combination of several sub-modes in the waveform
structure must satisfy the equation D1z + 0.5Dy, = D13 + 0.5Dy3. This selection criterion
enables the identification of 30 working modes with power decoupling modulation char-
acteristics from the 90 selected modes, as presented in Table 3 and Appendix A Table A3.

e DYL )
< ‘)D}’
- D1 % N
. ot | ~ t
Lt a2 L 4 S >
Mode 2.4 Mode 1.2
(a) (b)

Figure 13. Waveforms under special mode combinations of DAB (a) mode 2.4 and (b) mode 1.2.

P, J
Py
P
3 oo
(a) Single-input dual-output (b) dual-input single-output

Figure 14. TAB power decoupling is equivalent to 2 DABs.
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Table 3. DAB equivalence and waveform diagram of TAB working mode (1).

1552 1-3 23 Waveform 12 1-3 2—3 Waveform
Mode Equivalent Equivalent Equivalent Port 1: Black/High Mode Equivalent Equivalent Equivalent Port 1: Black/High
Number D(}\B Mode DAB DAB Port 2: Blue/Mid Number D‘}\B Mode DAB DAB Port 2: Blue/Mid
Mode Mode Port 3: Yellow/Low Mode Mode Port 3: Yellow/Low
1 2.1 23 24 J-D‘ﬂ-m-ﬁ 16 1.1 1.1 1.2 [ ‘ D
2 2.3 2.3 12 m 17 2.1 2.1 24 —m —llLI
3 12 21 24 J-]__Ll M 18 24 12 12 1
4 2.1 2.1 12 j [I 19 1.1 1.2 1.2 ‘ ‘
5 1.1 14 24 % 20 14 14 1.2 %

5. Experimental Verification and Analysis

To verify the effectiveness and feasibility of the proposed TAB mode optimization
principles, this paper conducts validation through an experimental platform. The relevant
main experimental parameters are shown in Table 4.

Table 4. Experiment parameters of TAB converter.

Parameter Value
Voltage of port 1 200V
Voltage of port 2 100-200 V
Voltage of port 3 40-200 V
Switching Frequency 5000 Hz
Transformer Turns Ratio 1:1:1
Additional Inductance of port 1, 2, 3 0.333 mH
Switching devices/MOSFET MSC015SMA070B
Controller TMS320F28335

5.1. Comparison of Working Modes With and Without Sub-Modes +/—7 Under Two
Optimization Objectives

In this section, we compare the current stress of the maximum power port and the sum
of the squares of the RMS values of the three ports under certain power conditions. This
comparison is conducted for working modes both with and without sub-modes +/— 7, using
the current stress of the input port and the sum of the squares of the RMS values of the three
ports as the optimization objectives, respectively.

(1) As shown in Figures 15 and 16 and Table 5, under the stress of maximum power
port (input port) optimization at different transmission powers, the current stresses and
the sum of the squares of the RMS values of working modes 16 and 8, which include
the sub-modes +/—7, are both lower than those of Mode A, which does not include the
sub-modes +/—7. As shown in Figures 17 and 18 and Table 6, the current stress and the
sum of the squares of the RMS values of working mode 16, which includes sub-mode
+/—7, are lower than those of mode B, which does not include sub-mode +/—7, at different
transmission powers. From the above, it can be concluded that working modes with the
sub-modes +/—7 exhibit characteristics of lower stress and sum of the squares of the RMS
values compared to other modes during the stress of input port optimization.
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Figure 15. Comparison of two modes under stress of input port optimization, when P, = 0.0425,

P5 = 0.0375.
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Figure 16. Comparison of two modes under stress of input port optimization, when P, = 0.10625,

P3 =0.09375.

Table 5. Comparison of stress and RMS of different modes under stress of input port optimization.

P,IPs Mode A Mode 16 Mode 8
(pu) Istress/ D%ms (A)
0.0425/0.0375 8/7 3.58/2.1
0.10625/0.09375 13.1/9.34 5.66/3.96
BVl YV ‘.-VHS s BVl Vi BV oty
—_ il 7 —_ — ﬁ
2 I 2 [ | ‘ [
= il g
" n
E I ‘ W ‘ ‘ E [ |
S L . 5 o= —
e Timed4Qps/div | - _ Time:40 ps/div_|
LR N B r.iu./wz.fn ‘
& ‘ W
ie e
| b 806A  TimedOus/div | G 476A Time:40 ps/div_|
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(b) Mode 16-1.1/1.1/2.4

Figure 17. Comparison of two modes under stress of input port optimization, when P, = 0.085,

P5 = 0.05625.
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Figure 18. Comparison of two modes under stress of input port optimization, when P, = 0.255,
P53 =0.1125.

Table 6. Comparison of stress and RMS of different modes under stress of input port optimization.

P,/P, Mode B Mode 16

(pw) Litress! \/ S s (A)
0.085/0.05625 8.06/9.14 4.76/3.14
0.255/0.1125 13.86/11.02 8.1/6.56

(2) As shown in Figures 19 and 20 and Table 7, under the optimization of minimizing
the sum of the squares of the RMS values at different transmission powers, the current
stresses and sum of the squares of the RMS values of working modes 16 and 8, which
include the sub-modes +/—7, are both lower than those of Mode A, which does not include
the sub-modes +/—7. As shown in Figures 21 and 22 and Table 8, the current stress and
the sum of the squares of the RMS values of the working mode containing sub-mode
+/—7 are lower than those of mode B, which does not contain sub-mode +/—7, at different
transmission powers. From the above, it can be concluded that working modes with
the sub-modes +/—7 exhibit characteristics of lower stress and the sum of the squares
of the RMS values during the optimization of minimizing the sum of the squares of the
RMS values.
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‘ﬁ Mg TR
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(a) Mode A-1.5+15+1.5 (b) Mode 16-1.1 +1.1+2.4

Figure 19. Comparison of the two models under the optimization of the square sum of RMS, when
P, =0.0425, P53 = 0.0375.
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Figure 20. Comparison of the two models under the optimization of the square sum of RMS, when

P> =0.10625, P3 = 0.09375.

Table 7. Comparison of stress and RMS of different modes under the optimization of the square sum

of RMS.
Py/P; Mode A Mode 16 Mode 8
(pu) Istress/ El%ms (A)
0.0425/0.0375 8.32/6.38 3.6/2.1
0.10625/0.09375 13.32/11.38 6.26/3.9
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Figure 21. Comparison of the two models under the optimization of the square sum of RMS, when

P, = 0.0825, P3 = 0.05675.
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Figure 22. Comparison of the two models under the optimization of the square sum of RMS, when

P, =0.225, P3 = 0.1125.



Electronics 2025, 14, 187

17 of 21

efficiency

95%

90%

85%

80%

5%

Table 8. Comparison of stress and RMS of different modes under the optimization of the square sum
of RMS.

P,IP, Mode B Mode 16
(pu) Lstress! | Elns (A)

0.085/0.05625 8.34/8.98 4.76/3.14

0.255/0.1125 12.14/11.78 8.1/6.56

In summary, the stress and the sum of the squares of the RMS values of the working
modes with sub-modes +/—7 under the two optimizations are lower than those of the
working modes without sub-modes +/—7, which is consistent with the optimization
principle in Section 4 of the paper.

5.2. Efficiency Comparison of Different Modes Under Two Optimization Methods

The efficiencies of various modes are compared under two conditions: the current
stress of maximum power port optimization and three-port RMS square sum optimization,
using an experimental platform. With transformation ratios k1, and ki3 set at 0.85 and 0.75,
respectively, we compared the efficiency of each mode at various power points under the
same output power of different modes. To obtain the efficiencies at corresponding power
points, we fixed the transmission power of one port and continuously varied the other.
In the maximum power port optimization scenario, P, of port 2 was fixed at 0.075 (pu),
while P of port 3 varied continuously. The efficiencies at different power points in various
modes were compared, as shown in Figure 23a. Likewise, with the P3 of port 3 fixed at
0.125 (pu) and the P; of port 2 changes continuously, the efficiencies at different power
points for different modes are compared, as illustrated in Figure 23b.

95%

.................................................. 0050 Fvveeen e AL

> z : - :

Q : : : :
: : : 8 90%_ ............. TSR ............. ..............
L e oMeeS LULIZA |0 ool Te T 4 S Mode8 LULLRA
—+— Mode 16_11/1.1/1.2 8.5 =7 ; { ——+—Mode 16_1.1/1.1/1.2
U e VMode B 1L1/1.57112 850 b F L = Mode B 1;1/1.5/1.2 . 1

: : : Mode A_1.5/1.5/1.5 : : :Mode A_1.5/1.5/1.5
i i i i i 825% i i i i
005 01 015 02 025 03 0 0.05 0.1 0.15 0.2 0.25
P; /[(pu)  P,=0.075 (pu) P, /(pu) P;=0.125 (pu)
(a) P2=0.075 and Ps varies (b) P3=0.125 and P> varies

Figure 23. Efficiency comparison of different modes at various power points under maximum power
port current stress optimization.

Similarly, under the three-port RMS square sum optimization, the P, of port 2 is fixed at
0.1 (pu), and the power P; of port 3 changes continuously. The efficiencies of different power
points in different modes are compared, as shown in Figure 24a. The P3 of port 3 is fixed at
0.15 (pu), and the P, of port 2 changes continuously. The efficiencies of different power points
in different modes are compared, as shown in Figure 24b. From Figures 1 and 2, it can be seen
that the efficiencies of modes 8 and 16 with sub-mode +/—7 are higher than that of modes A
and B without sub-mode +/—7 at different power points under the two optimization methods.
This indicates that modes with sub-mode +/—7 have an advantage over those that do not,
aligning with the theoretical analysis presented in Section 4. Therefore, during mode selection,
preference is given to modes with sub-mode +/—7.
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Figure 24. Efficiency comparison of different modes at various power points under the optimization
of the RMS sum of squares of the three ports.

6. Conclusions

This paper analyzes the waveform structure characteristics of TAB, summarizes its
inherent laws and mode formation mechanisms, and subsequently proposes a method for
mode classification and optimization. According to the inherent laws and mechanisms, the
working modes based on the time domain are classified, and 480 full working modes are
obtained by repeated search optimization. Based on the inherent rules of the TAB waveform
structure and energy transmission, 90 locally optimal modes with lower stress or the sum
of the squares of the RMS values are selected. According to the specific requirements of
decoupling modulation, 30 decoupling modes are further screened out. Through theoretical
research and experimental verification, we conclude that the following:

(1) Based on the characteristics of the waveform structure, the repetitive search opti-
mization method can effectively identify all working modes of the TAB and is applicable to
other multi-port DC converters.

(2) Based on the inherent rules of waveform structure and energy transmission, the
mode optimization principles can effectively screen out the locally optimal modes of TAB.
Additionally, by considering decoupling requirements, the decoupling modes can be selected,
which significantly reduces the number of optimization modes and the optimization workload.
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Appendix A

Table Al. Various working modes of DAB converter [16].
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Table A2. Various working modes of single-input dual-output forward transmission from high
voltage to medium and low voltage.
ForwardTransmission Mode 16-1.1/1.1/1.2 Mode 8-1.1/1.1/2.4 Mode A-1.5/1.5/1.5 Mode B-1.1/1.5/1.2
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Table A3. DAB Equivalence and waveform diagram of TAB working mode (2).
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