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Fanfan Lin, Student Member, IEEE, Xin Zhang, Senior Member, IEEE, Xinze Li, Student Member, IEEE,
Changjiang Sun, Member, IEEE, Wenjian Cai, Member, IEEE, Zhe Zhang, Senior Member, IEEE

Abstract—Currently, triple phase shift (TPS) modulation has
attracted more and more attention of researchers as an advanced
modulation strategy for dual active bridge converter (DAB). Since
it has three degrees of freedom, it can realize better performance
both in soft switching ranges and power efficiency. However, how
to choose these three degrees of freedom to realize optimal power
efficiency of DAB converter becomes a concern for researchers.
Generally, there exist two difficulties to apply efficiency-oriented
TPS modulation. The first difficulty lies in the analysis process in
which the main task is to figure out the relationships between
modulation parameters and power loss. The three modulation
parameters in TPS bring difficulties in analysis and deduction
process, which suffers from high computational burden and low
accuracy. Additionally, the second difficulty lies in the real-time
realization of TPS modulation. If a look-up table is applied to store
the optimized modulation parameters, it is highly likely that its
discrete nature will result in unsatisfactory modulation
performance. Therefore, this paper proposes an efficiency-
oriented automatic TPS (ATPS) modulation approach which
utilizes neural network, particle swarm optimization and fuzzy
inference system respectively in its three stages. The proposed
ATPS is able to mitigate labor in computational burden with a
highly automatic fashion. Finally, this proposed ATPS has been
validated with 1kW hardware experiments.

Index Terms—Dual active bridge, triple phase shift, power loss,
neural network, particle swarm optimization, fuzzy inference system.

I. INTRODUCTION

Dual active bridge (DAB) converter was proposed in 1992
which has two full bridges as connected by a high-frequency
transformer [1]. Since then, it has attracted more and more
attention because it enjoys many advantages including
bidirectional power transfer capability, high power density and
galvanic isolation [2], [3]. It has wide applications, such as solid
state transformer [4], uninterrupted power supply [5], energy
management system [6] and DC microgrid [7]. The typical

Manuscript received April 27, 2021; revised Jun 22, 2021; revised October 02,
2021; accepted December 01, 2021. This work was supported by Start-up grant
of Professor Zhang at Zhejiang University. (Corresponding author: Xin Zhang).

Fanfan Lin is with ERI@N, Interdisciplinary Graduate Program, Nanyang
Technological University, Singapore 639798, Singapore. (e-mail:
fanfan001@e.ntu.edu.sg).

Xin Zhang is with the College of Electrical Engineering, Zhejiang
University, Hangzhou 310027, China, and with Hangzhou Global Scientific
and Technological Innovation Center, Zhejiang University, Hangzhou
310058, China. (e-mail: zhangxin_ieee@163.com).

Xinze Li and Wenjian Cai are with the School of Electrical and Electronic
Engineering, Nanyang Technological University, Singapore 639798,
Singapore. (e-mail: xinze001(@e.ntu.edu.sg; ewjcai@ntu.edu.sg).

Changjiang Sun is with Rolls-Royce@NTU Corporate Lab, Nanyang
Technological University, Singapore 639798, Singapore. (e-mail:
changjiang.sun@ntu.edu.sg).

Zhe Zhang are with the Department of Electrical Engineering, Technical
University of Denmark, Kgs. Lyngby 2800, Denmark. (e-mail:

zz(@elektro.dtu.dk).

: < Bermission. See http:
Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on January 03,2

schematic of DAB converter is shown as the following Fig. 1.
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Fig. 1. Typical circuit structure of DAB converter: full bridges H;, H, and a
galvanic-isolated transformer with single L.

To achieve better operating performance of DAB converter,
modulation strategy for it has been a hot research topic. Phase
shift strategy for full bridges is a popular modulation strategy
for its easy implementation. Generally, it includes three main
modulation strategies: single phase shift (SPS), dual phase shift
(DPS) and triple phase shift (TPS). With SPS strategy, the phase
shift between the full bridges H; and H, can be modulated [8].
DPS has one more modulation parameter compared with SPS,
which is the duty ratio of the full bridges [9]. Compared with
SPS and DPS, TPS enjoys better modulation performance
because it enjoys three degrees of freedom, which are the duty
ratio of full bridge H, the duty ratio of full bridge H» and the
phase shift between them [10], [11]. TPS is worth investigation
not only because it has wider zero voltage switching (ZVS)
range and lower power loss [12], [13], but also because it is the
general version for SPS and DPS.

When TPS is adopted, how to choose three modulation
parameters becomes a concern for researchers and engineers.
Usually power efficiency, as a performance indicator, needs to
be considered when modulation parameters are optimized
because that DAB converter is expected to have as less power
loss as possible to save energy [14]-[16]. In order to optimize
modulation parameters for better power -efficiency, the
relationships between modulation parameters and power loss
should be figured out. However, three degrees of freedom of
TPS result in severe difficulties in the analysis of power loss. In
general, there are two different ways to analyze power loss:
piecewise model [12], [14], [17]-[19] and harmonic analysis
[11], [15], [20]-[22]. In the first method, waveforms are
analyzed piece by piece based on different mode boundaries.
This method needs hard work for its high complexity [14]. In
the second method, generalized harmonics model is built with
Fourier series transformation on the primary and secondary
voltages. Only fundamental component of harmonic model is
used for analysis as approximation [11]. In this way, analytical
complexity can be relieved, but the accuracy of results is
undermined. In a word, the existing methods for analyzing the
power loss under TPS fail to achieve simplicity and satisfactory
accuracy at the same time.
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After choosing the values of three modulation parameters,
how to realize TPS in real-time implementation is another
important concern. There exist two commonly used methods:
formula calculation and look-up table application. In formula
calculation method [23]-[25], the formula derived by analysis
process will be saved in the controller. However, as discussed
above, the analytical formula suffers either from high
complexity or low accuracy. As for the second method in which
the optimized modulation parameters are saved in a look-up
table [15], [26], [27], the discrete nature of look-up table may
result in a situation when optimal modulation parameters cannot
be found for a specific experimental condition. Thus, how to
realize TPS in real-time implementation with simplicity and
accuracy is also worth investigating.

In recent years, attention of researchers in power electronics
has been attracted by artificial intelligence (AI) techniques.
Some researchers are making attempts to apply Al tools to solve
problems in TPS modulation to achieve optimal performances
for DAB converters. To simplify the optimization of modulation
parameters, the authors of [27] applied Q-learning to solve the
optimization problem and then saved the optimal results in a
look-up table. This approach can improve optimization
accuracy, but it still suffers from complicated and inaccurate
analysis as well as discrete modulation results. Beside the
application of Al in optimization, attempts have been tried to
adopt neural network (NN) in the realization of TPS modulation
[28]. If operating parameters are given to a trained NN, the
corresponding optimal modulation parameters will be outputted.
However, this approach still needs complex analysis process for
the training of NN and its modulation performance can be
further improved because of the open-loop control.

Targeted at the difficulties both in the analysis and realization
process as discussed above, this paper proposes an efficiency-
oriented automatic TPS (ATPS) modulation approach based on
Al tools. In this approach, there are three main stages, and each
stage applies an Al tool. In the first stage, NN is applied to learn
the relationships between modulation parameters and power
loss, to substitute the traditional analysis process. In the second
stage, particle swarm optimization (PSO) algorithms are utilized
to search for the best modulation parameters for the sake of
minimum power loss. In the last stage, fuzzy inference system
(FIS) has been adopted to realize TPS in real-time
implementation, achieving continuous modulation results. With
these three stages, efficiency-oriented TPS modulation can be
carried out in a highly automatic fashion, contributing to less
working burden for engineers.

The organization of the rest of this paper is summarized as the
following. In Section II, the introduction to TPS operating
principles and descriptions for the existing problems are
provided. After that, elaboration of the proposed ATPS will be
given in details in Section III. In Section IV, applicational
design cases are provided. Afterwards, the results of hardware
experiments are displayed to verify the effectiveness of the
proposed ATPS approach in Section V. In the last section,

conclusion for this paper is drawn.

Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Bownloaded on January 03,2

II. TPS OPERATING PRINCIPLES AND PROBLEM DESCRIPTIONS
A. Preliminaries: TPS Operating Principles

As shown in Fig.1, full bridges of the DAB converter H; and
H, are connected with an isolated high-frequency transformer
with a single L. The ac voltages generated by the two full
bridges are v, and vy.
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Fig. 2. Modulation waveforms of TPS modulation.

Fig. 2 describes the operation principle of TPS scheme with
the gate-drive waveforms S) to Sg, v, and v,. T is half of the
switching cycle. D, is the duty ratio of the first full bridge H,
whose range is 0 < D; < 1. D, is the duty ratio of the second full
bridge H, whose range is 0 < D, < 1. And Dy is the phase
difference between them and usually the range of it is -1 < Dy <
1. By tuning these three degrees of freedom, the current through
inductor L and the transferred power P, can be adjusted. The
expression of the maximum transferred power (Pou max) 1S given
in (1) [27], in which f; is the switching frequency. With Pous max,
the limit for inductor L can be also calculated, as expressed in (2).

n VlV2
¢ max T (D
out _max 8][;11
I< nVV, ®
8]‘;R7ut _ max

B. Existing Problems in the TPS Modulation with Minimized
Power Loss

Generally, the procedure of efficiency-oriented TPS
modulation can be divided into three stages: analysis stage,
optimization stage and realization stage, as shown in Fig. 3.

Optimization of TPS Modulation for Minimized Power Loss

3. REALIZATION
=N Realize optimal TPS
modulation in real-

time operation

2. OPTIMIZATION
Obtain optimal results of
modulation parameters which
lead to minimized power loss

1. ANALYSIS
Analyze the relationships =N
between modulation
parameters and power loss

Fig. 3. Three stages in achieving optimal TPS scheme with minimized power loss.

1 Stage 1: Stage 3: )
ANALYSIS REALIZATION
Low Assumptions and Discrete Nature of
Accuracy Approximations Look-up Table
High ' Many Modulation Parameters
Complexity and Switching Modes )
. Jd

Fig. 4. Existing problems in the TPS modulation with minimized power loss.

In the first stage, main task is to analyze the relationships
between modulation parameters (Do, D1, D>) and power 10ss Pigss.
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When the operating parameters (output power P, and V) have
been decided, how the choices of modulation parameters affect
the power loss should be figured out. Afterwards, for different
operating parameters, the modulation parameters will be
optimized to achieve optimal power efficiency. Finally, in
realization stage, efficiency-oriented optimal modulation
parameters will be applied in real-time situations based on
practical operating parameters.

Whereas there are some difficulties in the analysis stage and
realization stage which will lead to highly complex, error-prone
and inaccurate results.

(a) Problem in Stage 1: Deduction and Analysis of Power Loss

L
+ v, -
vy I N Vg

i

Fig. 5. Switching model of DAB with a single inductor L.

In existing research works, main power loss of the TPS-
modulated DAB converter can be divided into conduction loss,
copper loss, core loss and switching loss [29]. The detailed
analysis will be conducted by two different methods: piecewise
model and harmonic analysis.

L e ————— T B B P —— U

Mode I Mode III

TN

B L t b7, tg) \ly
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Vs 0 nv, nV, nbl, 0 -nV, -nV, -nl,
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Cendtnsfion Lass, Event in This Mode
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Analyze Switching ﬂ

Copper Loss Switching Loss
Tedious and Time-Consuming Analytical Formula Deduction

Fig. 6. Problem in piecewise model: complex piece-by-piece analysis of total
power loss for all six operating modes (Mode I to Mode VI) of TPS scheme.

In the piecewise model, the operating modes of TPS modulation,
which totally have 6 modes [23], will be analyzed one by one by
using the switching model of DAB in Fig. 5. In every mode, iz(7)

should be analyzed piece by piece within a switching cycle by using
the inductor volt-second balance principle [25], [30]. Calculation
of i, 1s even more complex, since it requires the integration of the
squares of iz(f). This deduction and analysis process is described
with Fig. 6. This method requires a lot of time-consuming works

with complicated computation.
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Fig. 7. Problems in harmonic model.

In the harmonic analysis method [20] shown in Fig. 7, Fourier
series transformation will be applied to v, and vy, with which the
instantaneous and rms current can be derived. This method only
considers the fundamental components of the harmonic model
as an approximation for all practical purposes, which can
simplify the calculation, but it deteriorates accuracy. If all the
harmonics (infinite possibilities) are considered, the
computational burden will be unacceptable.

(b) Problem in Stage 3: Realization of TPS Modulation

After searching for the optimal modulation parameters in
Stage 2, the common way for realizing TPS modulation is to
save the optimization results in a look-up table. This look-up
table is stored in the hard disk of microcontroller. As for online
real-time experiments, after the operating parameters are
detected, corresponding modulation parameters will be searched
for throughout the look-up table and then be executed [15].

Look-up Table B){YI1
(Pou V21 (Do, D1, D2)y

Lookup,

Y|

Operating
Parameters

Output
(PounV2)i (Do, D1, Dz)i)‘ I ‘:’> (Do, Dy, Dy);

(Pou,V2)ir1 (Do, D1, Dy)isy Optimal
Modulation
Parameters

Fig. 8. Problem in the realization of TPS: discreteness of look-up table for the
real-time implementation of TPS modulation.

What should be emphasized is the discrete nature of the look-
up table, which leads to incomplete information about
modulation as presented in Fig. 8. Chances are that some
specific operating parameters cannot be found in this look-up
table. In this case, usually, the most similar operating
parameters will be taken as approximation [27]. However, this
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will sacrifice the modulation performance definitely.

To conclude, there are two main problems in the analysis
stage and realization stage of efficiency-oriented TPS
modulation that need to be dealt with, otherwise high analytical
complexity and low modulation accuracy will be unacceptable.

III. THE PROPOSED AUTOMATIC TPS MODULATION
Stage 1: Deduce Surrogate Model Al Tool: NN
for Power Loss via NN

Simulation and NN with be utilized to build surrogate
model of power loss under TPS modulation
v
Stage 2: Optimize Modulation Al Tool: PSO
Parameters via PSO
Based on the model obtained in Stage 1, PSO will be

adopted to optimize modulation parameters D; and D, for
the sake of minimal power loss
7

Stage 3: Realize Real-Time TPS via FIS Al Tool: FIS
FIS will be applied online to realize optimal modulation

parameters under P,,, and ¥, with continuous values

Fig. 9. Three stages of the proposed ATPS.

Targeted at the problems mentioned above, in this paper, an
automatic TPS (ATPS) optimization approach to realize
minimal power loss under fluctuating operating parameters has
been proposed. The proposed ATPS as shown in Fig. 9
incorporates three stages, deduce surrogate model for power
loss via NN, optimize modulation parameters via PSO, and
realize real-time TPS via FIS.

A.Stage 1: Deduce Surrogate Model for Power Loss via NN

To relieve the heavy deduction burden of engineers, a powerful
regression Al technique, NN, is automatically trained with the
data from simulation in Stage 1, serving as a surrogate model for
power loss. The NN-based surrogate model can be regarded as
the equivalent data-driven model for power loss. Hence, Stage 1
automates the analysis of power loss under TPS, the flowchart of
which is shown in Fig. 10.

Stage 1 consists of three steps as follows. Before Stage 1, the
design conditions such as output power P, switching frequency
fs, and input ¥ and output voltages V> should be specified.

First of all, to decide the combinations of operation
parameters (P, V2) and modulation parameters (D1, D,) for
conducting simulation and training NN, P, V>, D1 and D, are
evenly selected within the ranges [Pou min, Pow maxls [V2_mins
V3 max], [0, 1], and [0, 1], respectively. Assume N;, N>, N3 and
Ns number of values are evenly selected for Pou, V2, D1 and D,
within their ranges, respectively, so the number of parameter
combinations in total is Ny X N, X N3 X Ny The reason why
the values of Py, V2, D1, D> are evenly selected is that: with
uniform and complete data distributions, NN can achieve the
best prediction accuracy.

Secondly, simulation is built using PLECS, which can simulate
all kinds of power losses, including conduction loss, switching
loss, copper loss and core loss [31]. For all the chosen N; X N,
X N3 X Njcombinations of P,,, V>, D, D, this PLECS model
will run to gather performance data for total power loss. To
automatically control and run the PLECS model, some
programming languages such as python should be used to interact
with PLECS software.

Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Bownloaded on January 03,2

After that, with the total loss data generated by simulation,
NN is properly trained, whose inputs are operating parameters
and modulation parameters P,u, V>, D1, D», and output is the
total power loss performance P The automatically trained
NN can be regarded as a data-driven surrogate model for power
loss, based on which the power loss performance of any valid
possible values of P,.;, V>, D1, D> can be evaluated.

With Stage 1 discussed above, the model for total power loss
under TPS modulation can be automatically deduced, and no
mathematical expressions are required in this process, freeing
engineers from time-consuming and complex manual deduction.

Select Combinations of P,,,
V>, Dy, D, for NN Training
@ N1xN,%xN3x N, Combinations

of ( Pou, V2, D1, D2)
Result of Stage 1

D‘er M NN-Based Surrogate Model of

Power Loss

(Build and Run Simulation) 120
Va
— @ - D [ Ploxs
NN Training
, D,

Use Power Loss Performance

. . . A Power Loss P,
Obtained from Simulation to Train NN foss

Fig. 10. Flowchart of Stage 1: deduce surrogate model for power loss via NN.

B. Stage 2: Optimize Modulation Parameters via PSO

Stage 2 searches for the optimal modulation parameters D,
and D, under selected operating parameters P,, and V> by
interacting with the NN-based surrogate model of power loss as
resulted from Stage 1. The optimization problem of efficiency-
oriented TPS modulation can be formularized as follows.

Under selected Po.r and V72, the objective is:

B =tin B, (D, D, F, ., V,) (3)

Subject to:
0<D <1 (4)
0<D,<1 )

In this paper, to realize the closed-loop control of TPS, Dy is
adjusted by the output of PI controller. As a result, the
modulation parameters considered in (3) are D; and D..

To solve the TPS optimization in (3) to (5), PSO algorithm, a
population-based evolutionary algorithm, is adopted for its good
global searching capability and fast convergence speed in
continuous optimization problems [32]. PSO algorithm imitates
the social and individual behavior of birds to find the global
optimum. And the dynamic equations are shown in (6) and (7),
in which X is the particle’s position representing the modulation
parameters (D1, D), and V' is the change of position. Through
iterating over (6) and (7), the optimal D, and D, to realize
minimized power loss for given P, and V> will be found.

Vit = @V 4 e (Pbest” — XI') + ¢,r,(Gbest™ — X) (6)

Xim+l — Xim +‘/va (7)

In (6) and (7), m represents the m™ iteration. Pbest and Gbest
are the personally best information and the globally best
information, respectively. c¢; and ¢; are the acceleration factors,
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the values of which are 2.05 and 2.05. w is the velocity inertia,
which linearly decreases from 0.9 to 0.4 in the evolution process
of PSO [33].

The detailed flowchart of Stage 2 is shown in Fig. 11. In the
beginning, the operating parameters P, and V, are specified.
Before entering the iterations of PSO, the basic parameters will
be initialized. And then the position X will be iteratively updated
based on (6) and (7). When the stopping criterion is satisfied,
the minimal Py, found and the optimal D;" and D," for the
selected P,y V> are stored. The same process repeats for all the
considered combinations of P, and V5.

((For given Py Vs Je——
v

[ Initialize basic PSO parameters. m = 1. ]

Surrogate Model of Py,
Py Obtain objective value (P),;) for each particle.

Vs L p *[ Update personal best Pbest and global best ]‘
D, 1S Gbest and save as historical information.

D,

v
Update velocity ¥ and position
X(D1,D5) according to (6) and (7).

YES|

If m <maximum iteration ?
:NO
& Area for optimization. } [Save Py and X*(Dl*,DZ*) under this P, Vz]
| ® particle: Objective value .

| g Global best result. ‘
= —

r Legend: R

If all P, and V, completed ?
y YL
Collect optimal Dy, D, under
different P,,, V,

Fig. 11. Detailed flowchart of Stage 2: optimized TPS modulation under given
combinations of P,,, and ¥, using PSO algorithm.

In conclusion, Stage 2 of the proposed ATPS adopts PSO
algorithm in finding the efficiency-oriented optimal D;, D, for
the selected combinations of operating P, and V.

C.Stage 3: Realize Real-Time TPS with FIS

In Stage 3 of the proposed ATPS, to mitigate the inaccurate
modulation results suffered from the discrete nature of look-up
table, this paper utilizes fuzzy inference system (FIS), which can
realize real-time TPS modulation given that the operating
parameters P,, and V, are continuous. Fig. 12 shows the
proposed FIS-based TPS modulation diagram.

N N
) TN o "
= 53 4
3 o] S. q
Varer FIS D, 2 S » bAB
Modulator 1o S >
[} o >
D = 2 >
Pyy——— tl &S,
—_—— Switching signal
| n Rule 1: IF V,pris Low & Py -
Varerlbow /a_,»\\ngh is Low; THEN Output O, QA Weighted D,
—> edium, 0, Average |
Pouy "\J Rule?2: IF Vareris Low & Py / z -~ D,
% | is Medium; THEN Output O, | . —
¥ 2,

Fig. 12. Stage 3: real-time implementation of optimal TPS scheme via FIS.

To control the output voltage V> to follow the required reference
value V> ., PI controller should output one of the three modulating

: < Bermission. See http:
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parameters (Do, D1, D). For example, as shown in Fig. 12, Dy is
selected to be adjusted by the PI controller, whose input is the
difference between V2,rand the instant value of /2. And the values
of Dy and D, are determined by the FIS modulator, which takes
Vaser and P,y as the inputs to achieve optimal TPS modulation
under varying operating parameters.

The computational flow of FIS modulator as shown in Fig. 12
is discussed as follows. Firstly, V2, and P, will be inputted,
and membership functions with different semantic meaning
(e.g., Va,eris high, P, is medium) will compute the membership
degree each input belongs to. Subsequently, outputs Oy, ... Oy
will be evaluated by all N fuzzy rules. In the end, the required
optimal Dy, D; for the chosen V5, and P, are calculated by
O, ... Oy, with the weight w; for output O; as evaluated by the
activating strength of rules [34].

Via the proposed FIS-based TPS diagram shown in Fig. 12,
the inaccurate problem of look-up tables due to its discrete
nature is largely mitigated. The proposed diagram can be
deployed in online real-time applications to achieve optimal D,
and D, under continuous P,,; and V>.

To conclude, in Stage 1 of the proposed ATPS, NN-based
surrogate model of power loss is automatically deduced, which
significantly reduces the time-consuming manual deduction of
analytical formula. Under the selected combinations of
operating parameters P,,, and V>, Stage 2 adopts PSO algorithm
to minimize the total power loss. In Stage 3, the proposed FIS-
based TPS modulation diagram realizes the real-time
implementation under fluctuating operating parameters.

IV. APPLICATION CASE BY FOLLOWING THE PROPOSED ATPS

By following the proposed ATPS approach in Section III, an
efficiency-oriented optimal TPS scheme for DAB is given. The
application case is elaborated below in details.

Table I lists the specifications of the application case, in
which the rated power is 1000 W, input and output voltages are
200 V, switching frequency is 20 kHz. The variation ranges of
Py and V5 are [100 W, 1000 W] and [160 V, 230 V1.

TABLE I. EXPERIMENTAL SPECIFICATIONS

Rated Conditions
Pour 1000 W " 200V
£ 200V £ 20 kHz
Switching Device
Series C2M0080120D, Cree Dead time 500 ns
RDs(gn) 80 mQ) VDSS 1.2 kV

Isolated Transformer
Inductor L
Core material

140 uH
Nanocrystalline of iron alloy
Limits of D, and D

Dy D1 yin=0; D1 e =1
Dy D2 yin=0. D1 wx =1
Limits of P,.. and V>
Pow Post min=100 W; Py ynae = 1000 W
V Vo min =160 V; V2 e =230V

A. Stage 1: Deduce Surrogate Model for Power Loss via NN

With the flowchart in Fig. 10, surrogate model of total power
loss is automatically deduced via NN.
o Firstly, for complete coverage of the input ranges, each of the
D\, D3, Pou, V> has been sampled uniformly for 20 points.
Hence, total 160000 (20x20%20x%20) combinations of D;, D>,
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Pou, V> have been generated. ADiorD, V, =160V
o Afterwards, the sampled 160000 combinations of D;, D2, Py, |
V> are implemented in the built PLECS model to obtain the
corresponding total power loss performance Pjygs.
o Stage 3 trains NN according to the total power loss data from 0.6}
simulation, serving as the surrogate model for total power loss. -

0.8

Its inputs are operating parameters P,,, V> and modulation 0.4} {Pou (W)
parameters D1, D,, and the output is Pj,s. The computational 200 400 600 800 1000
graph of selected NN is shown in Fig. 13, whose structure is Diorh @
listed in Table II. In terms of the root mean square error 1 ‘f RIS - V?__?O?V - y
(RMSE), the selected NN reaches the least error on all the | |
datasets compared with three regression algorithms [35]. 0.96} 1
I ittt T
P V, D, D, ( Layer Description N 09k E —4— Optimal D, | |
. P 1
i 4 Scalarization Layer: . I / ] '
4 r. —T. . ! ]
Q 9 Q Z;O) = o . . 7].;“ , where j=1, -+, 4 U 1Pou (W)
o winl max "~ jmin 200 400 600 800 1000
Wi, coe Wa1) Learnable Features: None (b)
~ "\ |Hidden Layers (Fully-Connected
) bras ADyorD, V, =230V
L «b™ 256 Neurons %12s128 with ReLU Activation): 1F < g
| 2) Wizg 2 [ .
wi) (2> z‘g’) = ReL U(Z w, 29+ ") I ]
eoe o wherej=1, "',1256, when /=1, 081 1
1 «b;” 32 Neurons b3z(2—)o 32 wherej=1, *--, 32, when/=2; - ]
—~ _ Learnable Features: w;", b, 0.6} .
wi Wi Output Layers: . s 1Pour (W)
[ ‘bﬁ” ] Bo=w® @45 200 400 600 800 1000
v ! c
Power Loss Py \Learnable Features: wi®, 5, ) ©

Fig. 14. Optimized modulation parameters D,, D, versus P,, for selected

Fig. 13. Computational flow of the adopted NN. values of Va: (a) V>=160 V; (b) V=200 V; (¢) V>=230 V.

TABLE II. SETTINGS OF THE SELECTED NN AND THE OPTIMIZER

Structure of the Selected NN C. Stage 3: Realize Real-Time TPS with FIS
Inputs Parameters D, D, P, V> TABLE V. SETTINGS OF FIS
Output Power loss Pios Inputs Pou, V> of continuous values
Hidden layer 2 layers, one ha; 256 and anoth‘er has Output Optimal_ Dy, D»
64 neurons with ReLU function Type of FIS Type-1 Takagi-Sugeno [33]
Optimizer Settings Membership functions of input Gaussian, 5 linguistic sets
Learning algorithm Adam algorithm [36] Number of rules 25
Learning factor 0.0005
Regularization factor Se-5 FIS Output
Total iterations 20000
TABLE III. ROOT MEAN SQUARE ERROR OF THE TRAINED NN AND OTHER
COMPARED ALGORITHMS
Error Training Set Validating Set Testing Set
Response 1.3508 1.4734 1.4695 4
Surface 30 T
i 202
Bayesian 13037 13223 1.3066 V18857
Regression Varer (V) 160
Support Vector 0.5007 0.5811 0.4612 ()
Regression
NN 0.1249 0.1046 0.1341

B. Stage 2: Optimize Modulation Parameters via PSO
TABLE IV. SETTINGS OF PSO IN STAGE 2

Hyperparameter Name Hyperparameter Value o
Population size 30 Continuous
Maximum iterations 200 =
w: velocity inertia Linearly decreasing from 0.9 to 0.4 640 g 174 !
c1, ¢p: acceleration factors ¢1=2.05; ¢;=2.05 Pour (W) B30 216 202 Vaer (V)
Under the selected operating parameters P, and V>, Stage 2 (b)

Fig. 15. Modulation surface of FIS regarding P,, and V,: (a) modulation

applies PSO algorithm with the settings in Table IV to interact g0 o - (b) modulation surface of D.

with the trained NN to search for the optimal D; and D,. The
results of the optimal D; and D, in achieving minimal power
loss under different operating parameters are given in Fig. 14.

In Stage 3, with the optimal values of D;, D, under selected
operating parameters searched by PSO algorithm, FIS is trained
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to realize online continuous modulation. The FIS-based TPS
modulation diagram in Fig. 12 enables the real-time operation
to achieve minimal power loss under fluctuating operating
parameters with continuous values. In this application case, the
settings of FIS are listed in Table V. The input memberships are
Gaussian type [34] and incorporate five semantic sets (very low,
low, medium, high, very high), and the outputs are the optimal
D, and D,. The results of FIS are shown in Fig. 15, the right-
side of which shows the discrete values stored in look-up tables.
According to Fig. 15, compared with the discrete look-up tables,
the proposed FIS-based diagram in Stage 3 is continuous
modulation, which can be applied in real-time situations to
handle fluctuating P, and V> with continuous values.

D. Computation Complexity to Implement ATPS

To shed lights on the computation complexity of using the
proposed ATPS approach in the application case, the mean
processing time of CPU in Stage 1 and 2 is recorded. Besides,
in Stage 3, the space and time complexity of FIS-based
modulator as respectively reflected by storage size and
turnaround time are recorded.

As shown in Table VI, in the computational platform of Intel
Xeon CPU with series E5-1630, Stage 1 and Stage 2 of ATPS
takes 3.9 days and 2.74 hours to complete, respectively. In the
controller platform of Dspace1202 MicroLabBox, the deployed
FIS-based modulator achieves 7.53 us turnaround time in
average, indicating low time complexity, and it only takes up
9.92 kB in storage, verifying small space complexity.

TABLE VI. COMPUTATION COMPLEXITY TO IMPLEMENT THE PROPOSED ATPS

Stages  Offline or Online Platform Performance
Stage 1 Offline Intel Xeon CPU Mean CPU Time:
& with series E5- 3.88 days

. 1630, RAM of Mean CPU Time:
Stage 2 Offline 16GB 2.74 hours
Stage 3 Onli Dspace1202 M?n T.u;nsasfound
age nline MicroLabBox ime: 7.53 us

Memory Size: 9.92 kB

V. EXPERIMENTAL VERIFICATION

To validate the application case in Section IV via the
proposed ATPS, hardware experiments have been conducted.
The experimental operating details are listed in Table I, and the
prototype to conduct hardware experiments is given in Fig.16.
The directions of all the waveforms and their notations in the
following figures are shown in Fig. 1.

Dspace
1202

5 g 1/ Power Supply
Fig. 16. Prototype platforms in the hardware experiments.
A. Waveforms under Rated Operations

Under rated conditions, DAB operates with the efficiency-
oriented optimal D; and D, as designed by ATPS, the

: < Bermission. See http:
Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on January 03,2

waveforms of which are shown in Fig. 17. As shown in Fig. 15,
the designed efficiency-oriented optimized D;, D, under rated
conditions are equal to 1, so the modulation waveforms (v,, vy)
of two full bridges are basically square waves.

v, 200V / div] | 7, [100V / div]

Vr o v V,: [100V / div]

i - iz [10A7div] | ] L1l

- v 1200V /div] |72 L{ 287 div]
1, =

Time: [20 us / div] Time: [20 us / div]
@ ®)
Fig. 17. Rated operation under P,, of 1000 W and ¥, of 200 V: (a) modulation
waveforms v, i;, and vy; (b) operating waveforms V,, V> and /.

B. Waveforms for Selected Pour and V-

Except for the rated operation, the experiments under other
Pou (900 W, 400 W, 100 W) and 7> (200 V, 160 V, 230 V) are
also carried out.

By comparing the modulation waveforms in Fig. 18 with
those in Fig. 6, the operating modes of the three experiments in
which V5 is 200 V and P,,, is 900 W, 400 W and 100W are Mode
I, Mode I and Mode V, respectively.

_— L T v, [200V / div]
7 { J { ! L |
B ip[l0Ad]
. vy [200V / div]

B ~ Time: [20 ps / div]
(a)
o o v [200V /div]
L A A R
i L o ipdSATdE
" vy [200V / div]
Time: [20 us / div]
(b)

— J— \ - lvP: [200V /jiv]\
S A
P N Y s O O S V1§ 7.9
vy - g [200V / div]

Time: [20 us / div]
(©)

Fig. 18. Modulation waveforms given that V5 is 200V when P,,, is: (a) 900 W; (b)
400 W; (c) 100 W.

As displayed in Fig. 19, the operating modes of the
experiments under P, of 900 W, 400 W and 100 W given that
V5 is 160 V are Mode I, Mode I and Mode 1V, respectively.

v,: [200V / div
AL L] L[] L]
= e Bt N = ETT0A div]
/ . / / ) /

/.
ve: [200V / div]

Time: [20 us / div]

(2)
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T : J_ l — { Vp: @Vl/ div] Output Voltage Step from 200V to 160V and 160V to 200V
{ s + . V, fi 200V to 160V V) fi 160V to 200V
Vp = 2 from 0 2 from 0
1 N oL ] - 1 i [SAT div] L1 wve[10gv/divl n o] [T ve[100V/divl T
lL-,,\L ............ R W T
B T L [100V/divl f | p[100V /div] L
vy = st W ' : = W
Time: [20 us / div I=== L | [ & || a . ; i
o [20 ¢ 1 oh I [2A/d1v] 3 3 i 1,: [2A / div] -
_l [ 0 [ vy [200V 7 div] J 7l Time: [100 ms / div] | | 5 Time: [100 ms / div] | |
Vp = . 71, j —T ‘A LJ — /4|, — Zone 1 : : Zone 2 Zone 2 Zone 1
i e p / N p_/_[gA / _dw] Zoom-in Modulation Waveforms v,, v, i, at Zone 1 and Zone 2
\ \ \\’, Zone 1 Zone 2
oo o ] v [200V / V] 1 T v, [200V 7 div] B vy [200V / div]
Time: [20 us / div] L | .
© i [10A / div] | iz [10A /div]
Fig. 19. Modulation waveforms given that 75 is 160 V when P, is: (a) 900 W; (b) ; vy [200V /'div] vy: [200V / div]
400 W; (c) 100 W. Time: [10 s / div] Time: [10 ps / div]
- 1 - vy [200V 7 div] Fig. 21. Waveforms when 75 steps from 200 V to 160 V and from 160 V to 200 V:
v, = J T ‘[ T { ‘) | operating waveforms (Z,, V1, V2) during voltage step (top); enlarged modulation
| ] SN [}OA e ] waveforms (iz, v,, V) at Zonel and Zone2 (bottom).
. ) / iv
i e AT
N A h v 200V / le] Output Voltage Step from 230V to 200V and 200V to 230V
Vs = 7 * V, from 230V to 200V V, from 200V to 230V
Time: [20 us / div] L1 7e[oov/divl T[T Fe[100V/divl T
() i J AN [100V/d1v] o o I: [2A / div]
. — — i [200V /div] | = T A R
vy = I N N N i 3 ] B T T
NN | il e T ooy ey |
o \\ N _\u\ [2A/dw] o P llAldv s v [100V/div] 4
Vel A A "D Time:[100ms/div] ¢ 0 || 0| Time: [100 ms/ div] | |
v = i & 2M ] Zone 1 Zone2 Zone2 Zone 1
Time: [20 ps / div] Zoom-in Modulation Waveforms v,, v,, i, at Zone 1 and Zone 2
(b) Zone 1 Zone 2
B - - vp: [200V / div] [ [ v, [200V 7 div] v, [200V/div] |
Vp = 1 T 1 w J> = 4“ w r =l Ll ] Ll | = L 1 T
Lo L - ir: [T0A /div], i [10A7div]
P NG A I AN U B NG lL [%A/.dw],_ = B
L 7 W2t _// . v [200V/div] | vyt [200V / div]
Vs = vt [200V / dlv] Time: [10 ps / div] Time: [10 us / div]
Time: [20 us / div] Fig. 22. Waveforms when V5 steps from 230 V to 200 V and from 200 V to 230 V:
(c) operating waveforms during voltage step (top); enlarged modulation waveforms at

Fig. 20. Modulation waveforms given that ¥ is 230 V when P, is: (a) 900 W; (b) Zonel and Zone2 (bottom).
400 W; (c) 100 W.

As shown in Fig. 20, the operating modes of the experiments

Output Power Step from 1000W to S00W and S00W to 1000W
P,,,,, from 1000W to 500W P,,,,, from S00W to 1000W

under P, of 900 W, 400 W and 100 W given that V> is 230 V T Vi: [100V / div] ; V- [100V / dlv]

are Mode I, Mode V and Mode V, respectively. B v R oE |

C. Real-Time Operation under Power and Voltage Step . £ [SOV/dl\;’] _r [IA/d?V]f
While the operating parameters P, and V> change, optimized \ ok | s I8

D, D, are accordingly adjusted via the proposed FIS-based o LiOA7div] || H— Vo 100V (?W]r

modulator in Fig. 12. The experiments of P, steps and V> steps U Time:[S0ms/divi LT Time: [50ms/div] | |

as the following validate the real-time implementation. Zone 1 Zone 2 Zone 2 Zone 1
In the dynamic responses shown in Fig. 21 to 23, the figures Zoom-in Modulation Waveforms v,, v, i, at Zone 1 and Zone 2

in the top show the operating waveforms (Z,, V', V>), while ones Zone 1 Zone 2

in the bottom show the enlarged view of modulation waveforms v [200V/div] Il vp: [200V /div]

(ir, vp, vs) at zonel and zone?2. " ma i i |
Firstly, as shown in Fig. 21, by fixing the load resistance at 40 Q, s i{10A Adivi fo ii: [5A [ div)

V> changes from 200 V to 160 V and steps back from 160 V to 200 . v [200V/div] | Vs [200V/ div]

V, in which P, is 1000 W at 200 V and 640 W at 160 V. Time: [10 zs / div] Time: [10 ps / div]

Fig. 23. Waveforms when output power P, steps from 1000 W to 500 W and from
500 W to 1000 W: operating waveforms during voltage step (top); enlarged
modulation waveforms at Zonel and Zone2 (bottom).
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Secondly, as presented in Fig. 22, by fixing the load
resistance at 52.9 Q, V> changes from 230 V to 200 V and steps
back from 200 V to 230 V, where P, is 1000 W at 230 V and
756 W at 200 V.

As displayed in both Fig. 21 and 22, while P, and V> fluctuate,
the optimal TPS modulation diagram via FIS can adjust the
optimized D, D, online to realize minimized power loss,
verifying the performance of the FIS modulator in Fig. 12 in real-
time scenarios.

Moreover, according to Fig. 23, by keeping V> fixed at 200 V,
the output power P, changes from full load 1000 W to half load
500 W, and steps back from 500 W to 1000 W. According to
Fig. 23, when the output power step happens, the output voltage
V5 can track the reference value V> .y, validating the closed-loop
TPS modulation.

In summary, with the experiments of voltage and power steps,
the real-time operating capability of the proposed diagram in Fig.
12 has been validated.

D. Efficiency and Peak Current of the Efficiency-Oriented
Optimal TPS Modulation with ATPS

AEfficiency \ Peak Current i, (A)

98%|
96%)|
94%

92%

909

200 200 600 800 Py (W) 200 400 600 800 Pom (W)

a b

Fig. 24. n and i 0§ tl)le proposed ATPS compared with SPS (m)odulation given that
V2 is 200 V: (a) efficiency #; (b) current stress iy

With the proposed ATPS, the optimal TPS modulation in the
application case can achieve optimal efficiency performance.
Apart from the optimal efficiency performance, the current
stress performance (as reflected by the peak current through
inductor 7,) is also satisfactory. To prove its superior efficiency
n and current stress i, performance, standard SPS is compared
with. The experimental results of ATPS and SPS under /> of
200 V, 160 V and 230 V are shown in Fig. 24 to Fig. 26, where
the output power is between 100 W and 1000 W.

AEfficiency 1A Peak Current 7, (A)

98%)
96%)|
94%)

92%)

3
300 400 600 800 P, (W) 200 400 600
() (b)

Fig. 25. n and i of the proposed ATPS compared with SPS modulation given that
Vs 160 V: (a) efficiency #; (b) current stress iy

Based on Fig. 24 to Fig. 26, when P, is high, the difference
between the optimal TPS and the conventional SPS on the
efficiency # and current stress i, performance is trivial. This is
because that under high-power conditions, the optimal D; and

0, & i )y
o0 800 P, (W)

D, as shown in Fig. 15 are close to 1, indicating that the gate-
drive control signals of TPS and SPS are approximately the
same. When P, is at medium level, the proposed ATPS
approach achieves higher 7 and lower i, than SPS. In addition,
when P, is low, ATPS manifests significant superiority on both
n and i compared with SPS. Furthermore, as can be seen from
Fig. 24 to Fig. 26, the improvements of # and i, are more
obvious when V; equals to 230 V than that when V> is 160 V.

AEfficiency APeak Current i,; (A)

98%

94%

90% SPSM

1
1
1
i
300 400 600 800 Py (W)> 200 400 600
(a) (b)
Fig. 26. n and i, of the proposed ATPS compared with SPS modulation given that
Vs 230 V: (a) efficiency #; (b) current stress ipy.

0, L L L i N
86% 800 Py (W)

E. Accuracy of the Theoretical Total Power Loss via the
Simulation Model in the Proposed ATPS Approach

In this part, the theoretical analysis of total power loss via the
PLECS simulation model on the optimal TPS modulations is
compared with the experimental total power loss. The difference
summarized in Fig. 27 proves the high accuracy of the applied
PLECS model and the proposed ATPS approach.

APower Loss P, (W) Varer=200V
30 Average Deviation Error: 2.32%
Largest Deviation Error: 3.78%

20

10

(@
VZ,ref: 160 \Y
Average Deviation Error: 2.46%
Largest Deviation Error: 4.03%

2 APower Loss Py, (W)

(b)

APower Loss P, (W) Varer=230V
Average Deviation Error: 2.43%
Largest Deviation Error: 4.15%

30

20

10

Fig.27. Deviations between theoretically analyzed total power loss via PLECS model
and the experimental power loss performance for different values of output voltage:
(@) Vayg=200 V; (b) V= 160 V; () V=230 V.

In specific, the deviations between theoretically analyzed
power loss and experimental power loss in average are only
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2.32%, 2.46% and 2.43% for output voltage V> ,.r of values
200V, 160V and 230V, respectively. From the perspective of
worst-case scenarios, in all the considered cases, the highest
deviation is only 4.15%. Consequently, given the small and
neglectable error between the theoretical and experimental
power loss, the high accuracy of the applied simulation model
as well as the proposed ATPS approach have been verified.

In a word, all the experiments in this section validate the
application case in Section IV in a comprehensive manner, and
the proposed ATPS for designing the efficiency-oriented
optimal TPS is also empirically validated.

VI. CONCLUSION

An efficiency-oriented automatic triple phase shift (ATPS)
modulation has been proposed in this paper, which can realize
optimal power efficiency of dual active bridge converter with a
high level of automation. This proposed ATPS contains three
stages. Firstly, a surrogate model is built for power loss under
TPS modulation with neural network to replace traditional
manual analysis and derivation. Secondly, particle swarm
optimization is utilized to optimize three modulation parameters
to achieve optimal power efficiency. Thirdly, fuzzy inference
system is adopted to realize real-time implementation of TPS
with continuous modulation performance. Through 1AW
hardware experiments, effectiveness of ATPS modulation
approach has been validated.

In the future, the optimization of the transient response time
can be further studied, in which the PI parameters and hyper-

parameters of fuzzy inference system can be carefully optimized.
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