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Abstract
The deep concern towards efficient and green energy has brought to the development of intermediate energy storage 
system. Electric vehicles (EVs), for example, is an application where the energy storage devices are vital. In EV, the bidi-
rectional DC–DC converter is high in demand due to its nature EV of having two or more separate DC sources. A recent 
technology called the dual active bridge (DAB) converter has quickly become popular in DC–DC converter thanks to 
its inherent galvanic isolation via a high-frequency transformer. Furthermore, DAB topology allows for high-efficiency 
conversion and soft switching adaption. This paper presents the optimization of the phase shift angle controller of DAB 
using Particle Swarm Optimization (PSO). From the preliminary study, it was found out that the optimization performs 
well until there are abrupt changes in the system. The system is not able to respond to the reference voltage step change 
as the traditional one-time execution PSO have local optima entrapped in react to the changes. The paper proposes a 
reset function to allow PSO to identify that its current optimized value is not optimal anymore. This drives PSO to look for 
a new optimal value to improve DAB’s overall dynamic performance. Simulation of the modified PSO is done on a 200 kW 
DAB system with 20 kHz switching frequency is developed in MATLAB/Simulink environment. Simulation has been carried 
out with the objective to minimize the steady-state error as well as to improve the dynamic performance of the DAB. The 
DAB performance with the proposed solution is evaluated in terms of steady-state error and transient response by test-
ing the system under various reference voltage and step-change input voltage. The self-excited re-exploration PSO also 
have been presented as to respond to the reference voltage step change as the basic PSO have local optima entrapped 
in react to the changes. In order to validate the simulation results, a hardware-in-the-loop (HIL) experimental circuit is 
built in Typhoon HIL-402 to verify the dynamic response and the steady state performance of the system.
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1 Introduction

Recently, electric vehicles (EVs) application has become an 
emerging technology in industry [1, 2]. The high demand 
of EVs application have carried to the development of 
intermediate storage system that required bidirectional 
power flow [3, 4]. Hence, the dual active bridge (DAB) 
DC–DC converter are most chosen as power conversion 
platform due to high efficiency, zero voltage switching, 

galvanic isolation with high frequency transformer and 
high density [5–7].

Basically, the phase shift angle between primary and 
secondary bridge will determine the magnitude and direc-
tion of the power in DAB converter. Therefore, many mod-
ulation techniques have been applied in DAB system to 
control the power transmission such as single phase shift 
(SPS), extended phase shift (EPS), dual phase shift (DPS) 
and triple phase shift (TPS) [8]. The difference among the 
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aforementioned methods is the dimension control of the 
angle, which SPS is one dimension control as just control 
one angle between primary and secondary part. On the 
other hand, the two dimension control of EPS required one 
additional inner phase shift in primary or secondary bridge 
compared to the single dimension control in SPS. Whereas 
in DPS and TPS, both modulation have inner phase shift 
at primary and secondary bridges, which same degree 
for both inner phase shift in DPS is required and different 
degree should be applied in TPS modulation technique. 
In this paper, since the limited range of EV voltage is con-
sidered, the simplest and reliable of SPS modulation tech-
niques is chosen as this technique can guarantee better 
efficiency and extend the soft switching region in DAB 
converter [3, 6, 8].

As to produce the optimal phase shift angle, many opti-
mization technique have been proposed such as Lagrange 
multiplier method, mathematical programming meth-
ods, genetic algorithm (GA) and Ant Colony Optimization 
(ACO) [6, 9, 10]. Due to high computational burden and 
complicated techniques, an offline tuning method by 
using particle swarm optimization (PSO) is proposed in 
[6] where the swarm intelligence offers the advantages of 
reducing the computational load, easy to implement and 
high convergence speed. However, since the lookup table 
is required to implement the offline methods, it is not so 
practical to certain circumstances especially with the pres-
ence of disturbance in DAB system. Thus, the online tuning 
method using PSO algorithm is proposed in this paper to 
overwhelm the demerits of the offline tuning and offers a 
promising high robustness system.

2  Operating principle converter

The dual active bridge converter is a kind of DC–DC con-
verter that have bidirectional power flow, galvanic isola-
tion with high frequency transformer, high efficiency and 
high density features [8, 11, 12]. The DAB is a converter 
based on two active bridges interconnected through 
a high frequency transformer as depicted in Fig.  1. It 

comprise of four IGBT switches at each bridges, where the 
diagonal switches have same signal and the rest are com-
plement to it. In forward direction, which power is trans-
ferring from the primary side to the secondary part, the 
pulse of S1 and S4 (primary bridge) will lead the pulse of 
S5 and S8 (secondary bridge) with certain degree of phase 
shift angle, � . In contrast, the secondary pulse will lead the 
primary pulse in backward direction where the primary 
bridge demands some power from the secondary part.

In DAB, each bridges produced symmetrical square 
pulses by giving 50% of duty ratio to all switches. Leakage 
inductance Lk is use to transfer energy from primary to sec-
ondary bridges and vice versa. Equation (1) presents the 
formulae to calculate the Lk. The ratio of high frequency 
transformer and voltage conversion ratio of DAB can be 
determine by using Eqs. (2) and (3) respectively. As the SPS 
modulation is applied, the voltage conversion ratio, k must 
close to one in ensuring soft switching and high efficiency 
in DAB [6]. Thus, the operating voltage that was considered 
in this paper is 250–420 V with range of k is 0.67–1.12.

3  Particle swarm optimization algorithm

Particle swarm optimization is a swarm intelligence that 
was initiated by Kennedy and Ebehart [13]. The PSO imitate 
the behavior of birds flock where its intelligence are able to 
resolve any optimization problems with group communica-
tions [14]. The PSO are chosen in this research paper due to 
its simplicity and efficient approach [15]. Starting with the 
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Fig. 1  Dual active bridge 
circuit configuration

S2

S1 S3

S4 S6

S5 S7

S8

C1 C2Vdc1

Lk

Vdc2



Vol.:(0123456789)

SN Applied Sciences (2020) 2:73 | https://doi.org/10.1007/s42452-019-1782-8 Research Article

Start

Ini�alize par�cles with posi�on and velocity vectors (φ )

Update global best.
[Set best of Pbest as Gbest]

Update velocity and posi�on of each par�cle (new φ )

Evaluate the fitness value (min Ve)

Termina�on criterion 
sa�sfied?

End

Yes

No

Update personal best.
[If fitness (P) be�er than best fitness (Pbest) then 

Pbest = P]

Generate gate signal for IGBT switches with op�mal 
phase shi�

Fig. 2  Flowchart of the proposed algorithm

PSO SPS DAB converter
φ Vo

-

+
Vref

Fig. 3  Block diagram of the proposed algorithm

Table 1  Design parameters of DAB converter

Item Parameter

Transformer turns ratio, n 2
Rated power, Pmax 200 kW
Switching frequency, fsw 20 kHz
Input voltage, Vin 750 V
Output voltage, Vo 500 V
Leakage inductance, Lk 24 µH

Fig. 4  Experimental setup

random initialization value of the phase shift angle (initial 
position), particles population doing the searching process. 
In PSO, each particles have potential solution that reflect to 
the optimization objective, where the minimum steady state 
error is the objective in this online tuning method.

Then, each particles will update its fitness and the best 
fitness will be keep as (best position of each particle (Pbest) 
in every iteration. The global best (Gbest) is the best fitness 
that was selected among the best particles. The position and 
velocity of the particles will be updated correspondingly 
using Eqs. (4) and (5) at the end of each iteration.

where, w = inertia weight, c1 and c2 = acceleration coeffi-
cient, r1 and r2 = random number between 0–1, Pbesti = per-
sonal best position of particle i, Gbest = best position of the 
particles and k representing the iteration number.

(4)
vi(k + 1) = wvi(k) + c1r1 ⋅ {Pbesti − xi(k)} + c2r2{Gbest − xi(k)}

(5)xi(k + 1) = xi ⋅ (k) + vi(k + 1)

Lastly, the gate signal with optimal phase shift angle 
will be generated through IGBT switches to be used to 
run the DAB system accordingly. The flowchart and block 
diagram are represented in Figs. 2 and 3 respectively. By 
referring to Fig. 3, the closed loop system shows that the 
output voltage is being fed to the system and compared 
with reference voltage. The voltage error is sent into the 
PSO to determine the minimal steady state and optimized 
angle for the SPS as online tuning. The proposed method 
adjusts the � according to the change and generate the 
performance as desired.

The simulation and experimental works of 20 kHz DAB 
DC–DC converter was simulated and developed using the 
parameters as shown in Table 1. For real time verification, 
the DAB converter is built in Typhoon HIL-402 by using TI 
F28335 DSP control card as depicted in Fig. 4.
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4  Results and discussion

In this paper, the DAB performance with PSO algorithm 
was tested under different reference voltage which are 270 

V, 300 V, 365 V, 400 V and 420 V. The step change for refer-
ence voltage and input voltage has also been established 
to evaluate the dynamic performance of the DAB system. 
In SPS modulation, only one angle, � need to be controlled 

Fig. 5  Square waveform and 
leakage inductance current

Fig. 6  Output voltage wave-
form under various voltage 
reference (simulation)

Fig. 7  Output voltage waveform under various voltage reference (experimental)
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as shown in Fig. 5. The DAB performance in this research 
paper is analyzed in forward direction only. Hence, the pri-
mary pulse will lead the secondary pulse in all conditions 
with optimal phase shift angle.

Figures 6 and 7 demonstrate the basic PSO performance 
on output voltage waveforms under various voltage refer-
ence from simulation in Simulink and HIL validation results 
respectively. It depicts that all of the tested outputs can 

be regulated using the basic PSO methods and it shows 
that the PSO technique is valid to be used in DAB system. 
The steady state error produced are small, which are less 
than 4% in DAB as tabulated in Table 2 for both results. 
The good dynamic response have been proved by using 
PSO algorithm as the output voltages achieve the settling 
state around 0.15 s.

Table 2  Results for difference reference voltages

Vo (V) Steady state error (%) Settling time (s)

Simulation Experimental Simulation Experimental

270 0.62 1.81 0.1081 0.1570
300 0.44 3.94 0.1331 0.1497
365 0.48 1.89 0.1047 0.1128
400 0.70 1.65 0.1043 0.1008
420 1.11 2.45 0.1041 0.0970

Fig. 8  Output voltage wave-
form with input voltage step 
change (simulation)

Fig. 9  Output voltage waveform with input voltage step change (experimental)

Table 3  Dynamic response of DAB  (Vin step change)

Vref (V) Rise time (s) Settling time (s)

Simulation Experimental Simulation Experimental

420 0.0009 0.0014 0.3220 2.0718
400 0.0010 0.0016 0.3226 2.0716
330 0.0010 0.0013 0.3217 2.0715
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For input voltage step change condition, the input volt-
age steps is changed from 750 to 375 V for 0.07 s. Figure 8 
illustrates the output voltage waveform with the input 
voltage step change. It demonstrates that the controller 
is able to regulate the output voltage after disturbance 
occurred at 0.25–0.32 s in simulation work. While in experi-
mental part, the step change is applied at 2–2.07 s as pre-
sented in Fig. 9. These results show that the proposed basic 
PSO controller guarantees fast dynamic response which 
allow the output voltage to response dynamically when 
input voltage is reduced in certain periods of time. Table 3 
presented the DAB transient response in terms of rise time 
and settling time to verify the dynamic performance of 
the proposed controller during the step change of input 
voltage.

Figure 10a shows the output voltage waveform with 
reference voltage step change using the proposed tra-
ditional one-time execution PSO controller. It illustrates 
that the phase shift angle is unable to change due to the 
local optima problem in the PSO, which the output voltage 
does not follow the desired voltage after step change is 
applied at 0.2 s. In order to solve this issue, the basic PSO is 
modified to enable the system to respond to the changes. 
Figures 10b and 11 shows the simulation and experimen-
tal results of the output voltage waveform with reference 
voltage step change using the proposed self-excited re-
exploration PSO controller respectively. The phase shift 
angle is able to change according to the applied voltage 
changes at 0.2 s in simulation and 2 s during experimen-
tal and generate the desired output voltage. Table 4 pre-
sented the DAB dynamic response in terms of steady-state 
error percentage and settling time to verify the dynamic 
performance of the proposed controller during the step 
change of the reference voltage. The DAB dynamic per-
formance is demonstrated where the output voltages 
respond and changed to the desired voltage in less than 
0.15 s after the reference voltage changes are applied in 
both simulation and experimental results as can be seen 
in Table 4.

Fi
g.

 1
0 

 O
ut

pu
t v

ol
ta

ge
 w

av
ef

or
m

 w
ith

 re
fe

re
nc

e 
vo

lta
ge

 s
te

p 
ch

an
ge

 (s
im

ul
at

io
n)

. a
 U

si
ng

 tr
ad

iti
on

al
 o

ne
-t

im
e 

ex
ec

ut
io

n 
PS

O
 b

. U
si

ng
 S

el
f-

ex
ci

te
d 

re
-e

xp
lo

ra
tio

n 
PS

O
 



Vol.:(0123456789)

SN Applied Sciences (2020) 2:73 | https://doi.org/10.1007/s42452-019-1782-8 Research Article

5  Conclusion

This paper has proposed the online tuning phase shift 
angle of DAB DC–DC converter using traditional one-
time execution PSO algorithm and using Self-excited re-
exploration PSO algorithm. The optimal phase shift angle 
produced the output voltage with minimal steady state 
error and good dynamic response for various reference 
voltages, input voltage step changes and reference volt-
age step changes. The simulation and experimental results 
show that the proposed method can produce less than 5% 
steady state error and have good performance of transient 
response.
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