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Abstract—Dual active bridge (DAB) topology has been 
recognized as the key circuit for the next generation of high-
frequency-link power conversion systems. In order to realize 
desired operating performance, DAB modulation strategies need 
to be selected carefully. Different modulation strategies have been 
considered and combined into a hybrid one, which is able to fully 
optimize performance. However, to develop a hybrid modulation 
strategy, the conventional methods including harmonic model and 
piecewise model have difficulty in balancing modeling accuracy 
and manpower burden. Although recent data-driven modulation 
approaches can automate the design process, the accuracy of data-
driven models decreases nontrivially with the existence of outliers 
and without sufficient data. Hence, to alleviate human-dependence 
and improve modeling accuracy, this paper proposes an AI-based 
design with data trimming (AI-DT) for hybrid phase shift 
modulation. Two two-degree-of-freedom modulation strategies are 
considered for the sake of optimal current stress performance. AI-
DT firstly adopts the one-class support vector machine (SVM) to 
exclude outliers. Second, the state-of-the-art extreme gradient 
boosting (XGBoost), which is insensitive to training data size, is 
adopted to build data-driven current stress models for the DAB 
converter. After that, differential evolution (DE) algorithm helps 
to choose modulation strategy and optimize modulation 
parameters for optimal current stress. Generally, the proposed AI-
DT is developed in an automated fashion, which largely relieves 
manual computational complexity while exhibiting satisfactory 
modulation accuracy. The effectiveness of the proposed AI-DT 
approach has been experimentally verified with a 1kW hardware 
prototype, realizing optimal current stress under full operating 
conditions with more than 96.5% as peak efficiency.  

Index Terms—dual active bridge, phase shift modulation, 
hybrid modulation, current stress, artificial intelligence, outlier 
detection, XGBoost, differential evolution algorithm. 

I. INTRODUCTION 

Firstly proposed in the early 1990s [1], dual active bridge 
(DAB) topology has been recognized as the key circuit for the 
next generation high-frequency-link power conversion systems 
[2], [3]. Without line-frequency transformers, it features light 
weight and compact size. Moreover, other advantages of the 
DAB converter include bidirectional power transfer capability, 
high power density and ease to realize zero voltage switching 
(ZVS) [4]. Nowadays, DAB converters can be found in various 
applications like battery energy storage systems [5], back-to-
back systems [6], solid state transformers [7], [8], electric 
vehicles [9], etc.  

Among the emerging research works regarding DAB 
converters, modulation strategy is an important topic as it can 
achieve flexible power control and enhance operating 
performance. Single phase shift modulation (SPS) [10] is a 
classical modulation strategy for DAB converters which adjusts 
the outer phase shift between the primary full bridge and the 
secondary full bridge. SPS modulation is easy to implement, 
however, it fails to achieve a wide ZVS range and satisfactory 
efficiency performance. To relieve these pains, one more degree 
of freedom, which is the inner phase shift of the full bridge, is 
added to SPS to realize dual phase shift (DPS) [11] and extended 
phase shift (EPS) modulation [12], [13]. If two inner phase 
shifts of two full bridges are set as independently adjustable 
parameters, it becomes triple phase shift (TPS) modulation [14]. 
TPS has three degrees of freedom and can be regarded as the 
generalized version of SPS, DPS and EPS.  

To realize the best performance of DAB converters in the full 
operating range, some researchers work on hybrid modulation 
(HM) strategies. Shen et al. applied EPS and TPS to achieve 
practical ZVS operation of all switches over the full operating 
range while minimizing the conduction losses [15]. Amit et al. 
explored the combination of different modes of TPS to achieve 
the highest efficiency over a wide operating range [16]. A more 
complicated hybrid duty modulation was introduced by Di et 
al., which added two more degrees of freedom based on TPS 
to minimize rms current and extend the soft-switching range 
[17].  

Nevertheless, the conventional design of a HM suffers from 
massive human-dependence, resulting in time-consuming 
model building and optimization processes and inaccurate 
models. For example, to optimize the current stress to protect 
power devices and achieve high efficiency, the conventional 
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accuracy with less data required. 
This paper is organized as follows. Detailed explanations 

about EPS and DPS modulation strategies, and the conventional 
methods and challenges to model current stress are elaborated 
in Section II and III, respectively. Section IV, and V present 
Phase One, and Two of the proposed AI-DT, respectively. In 
Section VI, one detailed case study is illustrated according to 
the provided specifications. To validate the effectiveness of AI-
DT, experimental results are analyzed in Section VII. Finally, 
the conclusion of this paper is summarized in Section VIII.  

II. OPERATING PRINCIPLE OF EPS AND DPS MODULATIONS  

A. Topology of DAB Converter  

The topology of DAB converter is described with Fig. 1. A 
high frequency transformer connects two full bridges together. 
It realizes galvanic isolation and transfers power. The turn ratio 
of the transformer is n. vAB and vCD are defined as the ac voltages 
of primary and secondary full bridges, respectively. iL is the 
current through the leakage inductor of the transformer (Lk).  
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Fig. 1. Topology of the DAB converter.  
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Fig. 2. EPS modulation scheme: (a) EPS1; (b) EPS2.   

B. Operating Principles of EPS Modulation 

In EPS modulation, there are two degrees of freedom, outer 

phase shift Do and inner phase shift Di. If Di is applied to the 
secondary full bridge, we name it EPS1 and if it is applied to the 
primary full bridge, we refer to it as EPS2.  

Fig. 2 illustrates the gate drive sequences of switches and 
definition of two phase shift parameters in EPS. The upper and 
lower switches in each switching leg are driven with 50% duty 
cycle complementarily when dead time is neglected. Ts is the 
switching period and T is half of Ts  [12]. In both kinds of EPS 
modulation, Do shares the same definition, which is the phase 
shift between the primary full bridge and the secondary full 
bridge (Q1 and Q5). The adjustable range of Do is [-1, 1]. As 
shown in two black text blocks in Fig. 2, the full bridge where 
Di is applied is the difference between EPS1 and EPS2. In EPS1, 
the secondary full bridge has an inner phase shift Di and Q7 will 
have a DiT time delay compared to Q5. In this case, vCD is a 
three-level voltage waveform. Conversely, in EPS2, the primary 
full bridge has an inner phase shift Di and Q3 will have a DiT 
time delay compared to Q1. And in this situation, vAB is a three-
level voltage wave. Thanks to the zero voltage plateaus of the 
three-level wave, backflow power is zero which decreases the 
circulating power.  Both in EPS1 and EPS2, the adjustable range 
of Di is [0, 1]. To achieve the decreased circulating power, when 
the voltage conversion state is boost or buck mode, EPS1 or 
EPS2 will be selected accordingly [34], [35]. Compared to 
traditional SPS modulation, EPS modulation shows better 
efficiency and current stress performance as well as wider ZVS 
operating range [36], [37].  

C. Operating Principles of DPS Modulation 

DPS modulation also has two degrees of freedom, outer phase 
shift Do and inner phase shift Di. In contrast to EPS modulation, 
its Di applies to both of the full bridges.  

Fig. 3 describes the gate drive sequences of switches and 
definition of two phase shift parameters in DPS. The upper and 
lower switches in each switching leg are still driven with 50% 
duty cycle complementarily when dead time is neglected. Do 
shares the same definition and adaptable range as that in EPS. 
The primary full bridge and secondary full bridge both have an 
inner phase shift Di, which means Q3 and Q7 will have a DiT 
time delay compared to Q1 and Q5, respectively [11]. As shown 
in Fig. 3, vAB and vCD of both bridges are three-level voltage 
waveforms. The adjustable range of Di is [0, 1]. Compared to 
SPS modulation, DPS is also able to decrease current stress, 
improve efficiency and expand ZVS operating range [38], [39].  
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Fig. 3. DPS modulation scheme.   
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B. Phase Two: Optimize Current Stress with DE Algorithm 

By following the flowchart in Fig. 12, DE algorithm will be 
adopted to find the optimal Di and current stress performance 
for EPS1, EPS2 and DPS modulation strategies. Some key 
parameters in DE algorithm are listed in Table III.  

The results of Phase Two are described graphically in the 
followings. Fig. 13, Fig. 14 and Fig. 15 give the optimal Di value 
for EPS1, EPS2 and DPS modulation strategies.  

TABLE III. SETTINGS OF DE ALGORITHM 
Structure of the Selected NN 

Inputs S, Di, P, V2, XGBoost model Ipk(S, Di, P, V2) 
Output Minimal Ipk under given S, P, V2 

Population size NP 20 
Maximum iterations 100 
Differential weight F 0.5 

Crossover rate CR 0.7 
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Fig. 13. Optimal Di for EPS1 given by the DE algorithm in Phase Two. 
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Fig. 14. Optimal Di for EPS2 given by the DE algorithm in Phase Two. 

Di

0.4
0.6
0.8
1.0

P(W) 100
500

1000

240 200 160

V2(V)

DPS

 
Fig. 15. Optimal Di for DPS given by the DE algorithm in Phase Two. 
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Fig. 16. Optimal current stress performance obtained by Phase Two. 

The optimal current stress performance for these modulation 
strategies is shown in Fig. 16. Three power levels (100W, 500W, 
1000W) have been taken for example as described as Zone I to 
Zone III. As we can find, at low power level (P = 100W), DPS 
gives best current stress performance in the full voltage range. 
While at medium and high power levels (P = 500W and 1000W), 
EPS2 stands out in buck mode (V2 < 200V) and EPS1 
outperforms the others in boost mode (V2 > 200V). At the 

boundary between buck and boost modes, three modulation 
strategies are optimized to be the same as SPS modulation, 
which has been validated in paper [50].  
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Fig. 17. The proposed AI-DT scheme in full voltage and power ranges. 

Therefore, after comparing current stress performance of 
these three modulation strategies, the proposed AI-DT scheme 
in full voltage and power ranges can be obtained, as shown in 
Fig. 17. The optimal current stress of the proposed AI-DT is 
shown in Fig. 18. The control diagram to realize the proposed 
AI-DT is given in Fig. 19, where the outer phase shift Do is 
regulated by the output of PI controller for closed-loop voltage 
and power regulation, the strategy selector selects the best 
strategy based on the results of Fig. 17, and the optimal 
modulation parameters of EPS1, EPS2, and DPS are provided 
in Fig. 13, Fig. 14, and Fig. 15, respectively.  
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Fig. 18. Current stress performance of the proposed AI-DT scheme in full 
voltage and power ranges. 
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Fig. 19. Control diagram of the proposed AI-DT. 

C. Case Analysis 

As what shows in Fig. 13 to Fig. 17, when the voltage gain is 
closer to unit gain, the optimized modulation strategy tends 
towards SPS modulation. It proves that when the DAB 
converter operates with unit gain, SPS modulation enjoys the 
optimal performance in current stress, as discussed in [50]. 

Compared with DPS modulation, EPS modulation performs 
better at higher power level. The difference between DPS and 
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EPS is that DPS has three-level voltage in both vAB and vCD while 
EPS has two-level voltage in either vAB or vCD. The extra zero-
voltage plateau in DPS helps relieve reverse current, but it also 
requires larger current to achieve a specific power level, leading 
to worse current stress performance at higher power level. 

With regards to the selection of EPS1 and EPS2 in buck or 
boost mode, the three-level voltage should be applied to the 
higher voltage side. For example, in boost mode, EPS1 realizes 
a three-level voltage in the secondary side. This is because that 
the zero-voltage plateau in the higher voltage side helps 
eliminate more reactive power. As a result, it contributes to less 
circulating current and smaller current stress.  

D. Computational Time and XGBoost Modeling Accuracy of 
the Design Case 

The major advantage of the proposed AI-DT is its fully 
automation, where the model building process is automated with 
the one-class SVM and the specially adopted XGBoost, and the 
optimization process is automated with the DE algorithm. The 
proposed AI-DT can automate the conventional human-
dependent design and accelerate the design cycle.  

To reveal the computational time of AI-DT, the processing 
time of the computing platform of Intel Xeon E5-1630 with four 
CPU cores and 16 GB RAM is provided in Table IV. According 
to Table IV, 1 day and 3 hours are spent on running all 48000 
simulations and the training of XGBoost models requires 6 
minutes. The time of the automated modeling process of AI-DT 
is neglectable compared to the time-consuming manual 
derivation, which greatly reduces modulation design cycle. 

TABLE IV. PROCESSING TIME OF AI-DT 
Phases Computing Platform Processing Time 

Step 2 of Phase One: 
Run Simulations Intel Xeon CPU E5-

1630 with 16 GB 
RAM and 4 CPU cores 

1 day and 3 hours 

Step 3 of Phase One: 
XGBoost Training 6 minutes 

Phase Two: Optimize 
Current Stress with DE 

1 hour and 14 
minutes 
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Fig. 20. Modeling accuracy with different data trimming techniques. 

In addition, the negative impact of outliers and the better 
performance of the one-class SVM compared with other data 
trimming approaches are shown in Fig. 20. Without data 
trimming, the percentage deviation is 0.903%, while the 
deviation reduces significantly after applying data trimming, 
and the minimum deviation 0.355% is achieved with the 
adopted one-class SVM algorithm. As for the algorithm 
complexity, thanks to the inherent sparseness of support vector 
machine, the time and space complexity of one-class SVM is 
significantly better than others. 
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Fig. 21. Modeling accuracy of the trained XGBoost model for current stress with 
respect to different training data size. 

Moreover, to validate the good performance of the specially 
adopted XGBoost model, the modeling accuracy of XGBoost 
with respect to different data size is evaluated and shown in Fig. 
21. Three baselines are compared, including support vector 
regression, NN in Matlab toolbox, and NN in [27]. Among the 
regression models, the selected XGBoost model has the lowest 
percentage deviation on test data, which is only 0.355% given 
100% of data for training. Moreover, when the percentage of 
training data decreases, the modeling accuracy of XGBoost is 
consistently good, lower than 0.7%. The comparisons in Fig. 21 
justify the selection of XGBoost in the proposed AI-DT. 

VII. EXPERIMENTAL VERIFICATION 

DAB
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Load

Air Switch

Oscilloscope
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Fig. 22. Prototype platform in the hardware experiments. 

A hardware prototype has been designed to verify the 
effectiveness of the proposed AI-DT for the design case in 
Section VI, as shown in Fig. 22. The specifications of the 
experiments have been listed in Table I. Furthermore, the 
experimental set-up consists of a dSPACE RTI 1202 MicroLab 
box for modulation and control, a LeCroy WaveRunner 
providing voltage and current measurements, a power supply, 
and a variable resistive power load. 

A. Operating Waveforms 

The operating waveforms of different V2 and P are listed below.  
Fig. 23 gives the waveforms under rated operating conditions 

when P is 1000W and V2 is 200V. Under this condition, the 
optimal modulation strategy is EPS1 with Di equal to 1, which 
is same as SPS modulation. It can be seen that the DAB 
converter operates stably.  
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