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ABSTRACT This paper introduces an adaptive super-twisting sliding mode control (ASTSMC) approach 
for controlling a dual active bridge (DAB) converter with an extended phase shift (EPS) modulation. The 
conventional single-phase shift (SPS) modulation-based DAB converter is known to be inefficient. Hence, 
an optimization algorithm based on the Lagrange multiplier method (LMM) is proposed to minimize both 
backflow power and inductor current stress simultaneously. Unlike the conventional schemes that use an 
offline optimization (OFFO) method to derive the phase shift ratios, this paper proposes an online 
optimization method and an ASTSMC method for generating the inner and outer phase shift ratio 
respectively. Initially, a generalized average modeling (GAM) for the DAB converter under EPS modulation 
is derived, and then the proposed ASTSMC is introduced according to this model. The conventional STSMC 
with constant gains suffers from low performance under disturbances such as load current perturbations, input 
voltage variations, and output voltage reference variations. Additionally, it requires an overestimated gain 
under steady-state conditions. To address these issues, a variable gain-based STSMC scheme is proposed to 
enhance the performance of the converter under all operating conditions. The effectiveness of the proposed 
method is verified through simulation and experimental results, which are compared with the results of the 
conventional STSMC method. 

INDEX TERMS Dual active bridge converter, adaptive super twisting sliding mode control, extended 
phase shift modulation.

I. INTRODUCTION 
The dual active bridge dc-dc converter has received great 
attention recently due to its remarkable features such as 
bidirectional power flow, lower number of passive 
components, high power density, and high-power 
efficiency resulting from zero voltage switching (ZVS), 
high-voltage (HV) conversion ratio and galvanic isolation. 
Moreover, it is the main device used to interface the battery 
and supercapacitor as an energy storage device (ESS) to let 
energy switch between ESSs and the dc microgrid [1]– [3]. 
Various modulation techniques are employed for the DAB 
converters in literature, which are single phase shift (SPS) 
[4], extended phase shift (EPS) [5]– [7], double phase shift 

(DPS) [8]–[10], and triple phase shift (TPS) [11] 
modulations. SPS is the conventional modulation scheme 
which is the simplest one controlling the converter with 
only one degree of freedom while suffering from inferior 
performance at low power regions, limited zero voltage 
switching (ZVS) zone, high current stress (CS) and high 
back flow power (BFP) [12]. Compared to the SPS 
modulation, the EPS modulation provides a wider ZVS 
zone, less BFP, and lower CS, especially in medium power 
level. In this power level, although the converter is 
controlled with the inner phase shift ratio and outer phase 
shift ratio simultaneously, the inner phase shift ratio is only 
applied to one of the bridges. Although the DPS employs 
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two control inputs like the EPS, the same inner phase shift 
ratios should be applied to both bridges. The TPS 
modulation method has three control inputs which are outer 
phase shift and two different inner phase shift ratios for the 
H-bridges. Compared to the TPS and DPS modulation 
methods, which suffer from the complicated control inputs 
under different operating conditions and difficulty in 
implementation, the EPS control with two degree of 
freedom is simple and easy to analyze and implement while 
it has reduced control variables and fewer operation modes. 
In addition, it is useful when only one of the bridges is a 
fully controlled bridge [13].  
Numerous efficiency optimization and dynamic 
improvement strategies have been investigated in the 
current state of the art for the DAB converters. These 
optimization techniques are designed to achieve BFP 
optimization, CS optimization, and ZVS optimization 
under various modulation methods. In [5], an optimization 
method under extended phase shift control is derived to 
optimize both BFP and CS while the method is an offline 
calculation technique dependent to the parameters of the 
system, such as the inductor parameters and not robust 
enough under perturbations. In [14]–[16], the phase shift 
ratios are adjusted with an offline technique employing the 
system parameters. However, the CS and BFP are not 
optimized simultaneously. 
However, the current state of the art tackles this issue by 
utilizing either an offline optimization-based controller or 
large data-based methods, both of which are costly and 
necessitate extensive resources. In [11] and [17]-[19] 
online optimization (ONO) schemes are proposed which 
aim at improving the efficiency of the DAB. These methods 
operate on the philosophy of dynamically adjusting the 
inner phase shift ratios without necessitating power stage 
calculations. 
In [11], an ONO under a unified phase shift (UPS) control 
is proposed, which is also applicable to other modulation 
techniques. However, this modulation technique is not 
efficient in deriving an appropriate model for EPS and does 
not consider BFP optimization. In [17], a two-dimensional 
ONO based on a simplex-based optimizer is suggested. A 
hybrid TPS for optimizing the CS and achieving ZVS in the 
DAB while adopting the ONO is presented in [18]. In [19], 
an artificial intelligence-based TPS is adopted to alleviate 
the challenges of TPS modulation, and the neural network 
(NN). The authors of [19] utilized a fuzzy inference system 
(FIS) to attain ONO. However, it is essential to note that all 
of the above studies use a proportional-integral (PI) 
controller to regulate the output voltage. Since the DAB 
converter has a nonlinear mathematical model, the 
performance of the PI controller may not be satisfactory. 
Additionally, the proposed methods are parameter-based.  
Online optimization modeling free controllers are proposed 
to simplify the optimization process [20], [21]. In [20], a 
deep reinforcement learning-based back-stepping control 

strategy is proposed for a DAB converter connected to 
constant power loads. This method designs a compensation 
method based on deep reinforcement learning to 
intelligently minimize output voltage tracking error and 
improve the operating efficiency of the system. In [22], a 
capacitor voltage balancing method is proposed for a 
neutral-point-clamped based dual-active-bridge converter. 
To balance the capacitor voltage, a model-free voltage 
balancing scheme based on a fixed-switching-state method 
is proposed in this letter. A reactive power minimization 
and soft switching optimization algorithm for the DAB 
converter that combines the augmented Lagrangian method 
(ALM) and triple-phase-shift (TPS) modulation is 
proposed in [21]. An online minimum reactive power with 
soft switching algorithm based on the ALM is proposed in 
this article.  
The output voltage of DAB converter may vary due to the 
changes in load conditions, input voltage, and other factors. 
Therefore, controlling the output voltage is necessary to 
maintain the desired power transfer to the load and protect 
the system from overvoltage or undervoltage conditions. 
Several methods are developed to control and improve the 
steady state and dynamic response of the DAB converter, 
including: feedback control, linearization control, feedforward 
plus feedback control, disturbance-observer-based control 
(DOBC), sliding mode control (SMC), and model predictive 
control (MPC) [23]. The choice of method depends on the 
specific application requirements, system parameters, and 
control objectives. A comparison survey among various 
existing control methods based on their ability to track the 
output voltage and reject load current perturbations is done in 
[23].  Furthermore, the DAB converter has several challenges 
that make it difficult to control using conventional control 
methods. However, the linear PID controllers are well-
established method that have been successfully applied in 
various industrial applications [24], but PID controllers can 
give a satisfactory control performance only at the operating 
point, but not under transients [25]. 
For example, the DAB converter exhibits nonlinear behavior 
due to the voltage and current stress on the transformer, and it 
is also sensitive to variations in the load and input voltage. 
Therefore, the SMC which is a robust control method is well-
suited for controlling the DAB converter due to its advantages 
over the others including robustness, fast response, 
implementation simplicity, adaptive capabilities, effectiveness 
in controlling nonlinear systems, and guaranteed stability of 
the controlled system even in the presence of disturbances and 
uncertainties [25]-[30]. 
Nevertheless, the conventional sliding mode control suffers 
from the chattering phenomenon, which should be 
suppressed to an acceptable level by using a dedicated 
technique. The super-twisting sliding mode control 
(STSMC) method can suppress the chattering with a simple 
structure and without requiring model parameters [31]. 
Furthermore, due to its finite time response feature, it can 
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be applied to all systems which have a relative degree of 
one. However, the STSMC implementation needs 
information of the gradient of the derivative of the 
disturbance, which is mostly unknown or overestimated. 
On the other hand, it is better to adjust the control gain of 
the STSMC considering the time-varying behavior of the 
disturbance gradient. The other important point is that the 
system should operate with a small gain in steady-state 
while a large gain is needed under disturbances. Therefore, 
variable gain STSMC is proposed to regulate the control 
input according to the perturbations of the system [31]–
[33]. In [31], a STSMC is proposed with variable 
coefficients, which are functions of the perturbations. The 
variable gains produced are complicated to calculate and 
should be applied to the system with bounded 
perturbations. Since the STSMC includes a sign function 
with discontinuity under an integral, it can only suppress 
the chattering without completely removing it. Therefore, 
the tuning of the control input constants is based on the 
knowledge of the boundaries of the disturbance gradient, 
while in many practical cases, this boundary cannot be 
easily estimated. To overcome this deficiency, the authors 
in [32] proposed a dynamic variable gain method which is 
not a function of the bounds of the perturbations but vary 
dynamically with the variation of the sliding function and 
its derivative. This method contains a sign function inside 
the control gains with three different constants that require 
tuning. In this case, the performance of the STSMC is 
adversely affected since the DAB is subject to high 
disturbances of the load current, which can change the 
operating condition of the system.  
This article proposes a simple STSMC for the DAB 
converter with variable gains which are not dependent to 
the boundaries of the load current perturbations. 
Furthermore, on contrary to the method in [34], the control 
gains are functions of the sliding manifolds rather than the 
time. The proposed method considers the deviation of the 
motion around the sliding manifold as a criterion and tunes 
the gain under a transient perturbation to alleviate the 
chattering. It is also worth mentioning that the method 
operates with minimum chattering in the steady state. In 
addition to above-mentioned advantages, the control inputs 
are optimized for the extended phase shift modulation to 
decrease both current stress and backflow power 
simultaneously. In summary, the proposed methodology 
has the following merits. 
1) The proposed ASTSMC approach employs an ONO 
framework with two adjustable degrees of freedom. The 
outer and inner phase shift ratios serve as the control inputs 
for the modulation technique. The outer phase shift ratio is 
an autonomous control variable governed by the ASTSMC 
algorithm, whereas the inner phase shift ratio is derived by 
the unique optimization rule calculations deduced by the 
analytical methods in the paper. 

2) The proposed ASTSMC method employs a chattering-
free control input with an adaptive variable gain, while the 
sliding mode-controlled DAB converter in [25] suffers 
from high chattering and ripples due to the discontinuous 
control input and the inherent feature of the DAB converter, 
which is under high disturbances of the load side.  
3) On contrary to the recent version of the generalized 
average modeling (GAM) of the DAB converter, which is 
constructed based on the SPS method [35], this paper 
develops the nonlinear GAM of the DAB under EPS 
method which is a function of the inner and outer phase 
shift control ratios. 
4) On contrary to the literature [6], which needs the output 
power to estimate the inner phase shift ratio according to 
the transmitted power under each operating point, in the 
proposed method, the inner phase shift ratio is a function of 
the outer phase shift ratio and adaptable to the operating 
point variations automatically and doesn’t need to measure 
the output current. 

II. ANALYSIS OF EPS MODULATION FOR DAB 
Fig. 1 depicts the main topology of a single-phase DAB 

converter  feeding a resistive load ( LR ). It comprises of two 
full bridges that are isolated by a high-frequency 
transformer. The DAB converter comprises three stages. The 
first stage is a full bridge inverter which converts the  input 
DC voltage ( inV ) to AC voltage ( priV ). In the second stage, 
a high-frequency transformer steps  up (or down) priV  or 
offers galvanic isolation only when the turn ratio is equal to 
one. In the final stage, a full bridge rectifier converts the AC 
voltage ( secV ) to a DC voltage ( oV ) which may feed a load 
or a battery. In this topology, inV  and oV  are the dc-link 
voltages, 𝐿𝐿 is the lumped leakage inductance of the primary 
and secondary side of the transformer and R is the internal 
loss of the inductance. Since the inductance value is selected 
based on the power reference, the value of L can be tuned by 
adding an external inductance to the system. The 
semiconductor switches in the primary and secondary sides 
are denoted by 1 4S S−  and 1 4Q Q− , respectively. The gate 
pulses applied to the switches are labeled as 1 4a aS S−  and 

1 4a aQ Q− .

 
FIGURE 1. Bidirectional dual active bridge converter. 

 

In the EPS modulation method, priV  is a 3-level voltage 
rather than a square wave. Thus, another phase shift is 
introduced between 1 4S S− . The typical waveforms of the 
DAB converter, which are the gate signals applied to the 
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switches, priV , secV  and Li  under EPS modulation, are 
given in Fig. 2. While the inner phase shift ratio between 

1 4S S−  is denoted by inδ , the outer phase shift ratio 
between the primary and secondary bridge is represented by 

oδ . The transmitted power can be regulated if oδ is 
employed as the control input, while inδ  can be tuned to 
mitigate the large amount of BFP and high CS. The 
switching time and half of the switching time are denoted by 

sT  and hsT , respectively. If  /in ok V NV=  and /p sN N N=

, then 1k <  means boost operation. In Fig. 2, while the gate 
signal 1aS  lags 4aS  causing a 3-level voltage at the primary 
bridge terminals, the gate signal 1aS  leads 1aQ  to transmit 
power from the primary side to the secondary side of the 
converter. While Li  is represented for one switching period, 
the BFP areas which are adverse transfer of power are 
highlighted with dark yellow in Fig. 2. In these intervals 
which are denoted by 1t  and 2t , the polarities of priV  and 

Li are opposite. It is worth remarking that the BFP can be 
decreased considerably by tuning inδ . 

 
FIGURE 2. Standard waveforms of the gate signals, priV , secV  and Li  
with EPS modulation. 
 

The normalized transmitted power ( TP ), normalized 
backflow power ( BP ) and normalized maximum current of 
the inductor ( pI ) under EPS method are written as follows 
[5]: 
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2

2

[ (1 ) (2 1)]
1

2( 1)

[ (1 ) (2 1)]
1

2( 1)

in o

B
in o

k
k

k
P

M
k

M

δ δ

δ δ

 − + −
≥

+= 
− + −

< +

   (2) 

2[ (1 ) (2 2 1)] 1
2[(1 ) (2 2 1)] 1

in o in
p

in o in

k k
I

k k
δ δ δ

δ δ δ
− + + − ≥

=  − + + − <
           (3) 

where 1/M k= . The normalized powers ( TP  and BP ) are 

the fraction of the maximum power ( max 8
in o

S

NV V
P

Lf
= ) and 

the normalized current stress ( pI ) is the fraction of the 

maximum current stress ( max 8
o

S

NV
I

Lf
= ) where Sf  is the 

switching frequency. Since half of the switching time ( hsT ) 
has symmetry to the other half, all equations mentioned 
above are derived for the half switching time hsT . To 
regulate inδ , an optimization algorithm should be applied to 

Li  and BFP under EPS modulation control. For a 

normalized transmitted power reference ( *
TP ), one can 

minimize BFP and current stress ( pI ) for a specific amount 

of inδ . Thus, two Lagrange functions can be identified as 
follows 

*
1 1 1( , , ) ( )o in B T TG P P Pδ δ λ λ= + −     (4) 

*
2 2 2( , , ) ( )o in p T TG I P Pδ δ λ λ= + −   (5) 

where 1λ  and 2λ  are the Lagrange multipliers. The 
relationship between oδ  and inδ  can be obtained based on 
the principle of the Karush–Kuhn–Tucker (KKT) conditions 
[34]. The Lagrange functions in (4) and (5) can be solved by 
the primal feasibility as follows 

1 1( , , ) 0o inG δ δ λ∇ =    (6) 

2 2( , , ) 0o inG δ δ λ∇ =    (7) 
It should be noticed that the system of equations (6)-(7) have 
four equations which can be expanded as follows 

1 1 0
o in o inB B T TP P P Pδ δ δ δλ λ+ =   (8) 

2 2 0
o in o inP P T TI I P Pδ δ δ δλ λ+ =   (9) 

* 2 24 4 2 2 4 0T o o in in in oP δ δ δ δ δ δ+ − + − + =    (10) 
where  denotes the expansion of the gradient vectors in 

(6) and (7). Solving (8)-(10) concurrently for 1k ≥   yields 

oδ  and inδ  in terms of *
TP  as follows 
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where 1
( 1)
( 2)
kz
k
+

=
+

, 1
( 1)kg

k
−

= , 2
1 1 1( ) (2 2 1)f z z z= − +  and 

2
1 1 1( ) (2 2 1)f g g g= − + . Fig. 3 shows the range of variation 

of oδ  and inδ  according to (11)-(12) alongside *
TP  versus 

k  for both BFP and CS optimizations. The variation of oδ  

and inδ  under different *
TP  are visible, while the solid line 

is the CS optimization result, and the dashed line depicts the 
BFP optimization result. Considering Fig. 3(a), one can see 
that the outer phase shift ratio monotonically increases while 
the power is increased for both CS and BFP optimization. 
Moreover, observing the variation of both phase shifts versus 
the variations of k, one can see that the oδ  and inδ  curves 
reach to a steady state region for large k values.  

 
(a) 

  
(b) 

FIGURE 3. The variation of oδ and inδ  alongside variation of  *
TP  and 

k  when 1k ≥ . (a) oδ versus k , (b) inδ  versus k . 

Fig. 3(b) shows the variation of inδ  when *
TP  and k are 

changed. Obviously, both CS and BFP cannot be optimized 
simultaneously for 2k ≤ . When 2k ≤ , the minimization of 
both CS and BFP does not occur at the same inner phase shift 
ratio. Consequently, it is impossible to optimize both CS and 

BFP using the same inner phase shift ratio, as they are 
achieved at different values. For instance: If 1.5k =  and 

* 0.7TP = , the purple solid line and the yellow dashed line 
are showing the CS and BFP optimization curves 
respectively. Hence, the inner phase shift ratio ( inδ ) can be 
deduced from these curves as  

0.5106inδ =  for minimization of BFP 
 0.2420inδ = for minimization of CS 

As a result, it is not feasible to achieve the minimization of 
both objectives using a single parameter. Hence, when 
1 2k< < , the proposed approach is recommended solely for 
the minimization of BFP, while the SPS method is suggested 
for the minimization of CS. When 2k ≥ , the optimized 
regions of CS and BFP occur around the same points.  
For analyzing the case 1k < , similar equations to (11)- (12) 

can be derived whereas 1z  is replaced by  2
( 1)

(2 1)
kz
k
+

=
+

 and 

1g  is replaced by 2 1/ ( 1)g k= + . 
Fig. 4 illustrates the variation of the phase shift ratios along 

with the variations of the unified power reference for 1k < . 
Inspecting Fig. 4(b), one can see that both CS and BFP 
minimization occurs concurrently for 0 0.3k≤ ≤ .  However, 
when k is increased, the optimization regions are different. 
The concurrent optimization cannot occur around 1k = , and 
one of the targets should be selected or SPS modulation can 
be applied to minimize the current stress. 

 
(a) 

 
             (b) 

FIGURE 4. The gradual variation of oδ and inδ   alongside variation of  
*

TP  when 1k < . (a) oδ versus k , (b) inδ  versus k . 
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Fig. 5 depicts the three-dimensional variation of  oδ  , inδ

and k alongside changes of *
TP . Fig 5(a) shows the optimized 

operating points for 1k ≥  and Fig. 5(b) depicts the 
optimized operating points for 1k < . Thus, when 2k ≤ , the 
CS is minimized if the DAB converter works under SPS 
modulation which means that 0inδ = , whereas BFP 
minimization occurs at a different inδ . Therefore, for some 
boundaries of k, both CS and BFP cannot occur at the same 
time and the optimization can be applied either optimizing 
BFP or CS. To find an ONO, the relationship between the 
output value of the control and the phase shift ratios should 
be discussed. Therefore, a rule can be achieved to regulate 
both phase shifts simultaneously. Since  oδ  has a 
proportional relation to the unified power, the control 
method output can be applied to the system as the outer phase 
shift ratio. On the other hand, inδ  has also the relation 
according to (12) with the unified power which can be 
applied to the system as inδ . 

 
(a) 

 
(b) 

FIGURE 5. The variation of oδ and inδ  alongside variation of  *
TP  and 

k  when (a) 1k ≥ , (b) 1k < .  
 
The monotonic increment of oδ versus the transmitted 
power is clear in both figures. As a result, oδ can be 
considered as the independent control input to the system 
from the ASTSMC strategy. On the other hand, under large 
k  values in Fig.  5(a) and for 0 0.3k≤ ≤  in Fig.  5(b), both 
BFP and CS can appear concurrently. Therefore, according 
to the results obtained from (11) and (12) and the 
explanations given for Fig. 3 and Fig. 4, the following ONO 
rule can be applied to the DAB converter to acquire inδ : 
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     (13) 

Fig. 6 displays the normalized current stress and backflow 
power based on the online verification of the proposed 
strategy given in equation (13). The solid lines show the 
proposed EPS method results and the plus marked lines show 
the SPS method results. Focusing on this figure, one can see 
that the figure compares the EPS and SPS results for 3 
different k values. The outer phase shift ratio has the same 
variation for both methods. According to Fig. 6(a) for 
0 0.3k< < , the proposed EPS method is paramount in both 
BFP and CS reduction. However, while 0.3 1k≤ < , the 
proposed method is superior compared to SPS in BFP 
reduction whereas SPS is superior in CS reduction. 

Fig. 6(b) elaborates same comparison while 1k > . The CS 
and BFP are calculated and shown for the proposed EPS and 
SPS methods. Considering this figure, one can see that while 
1 2k< ≤ , less BFP is generated with the proposed method 

while less CS can be attained with SPS method. For 2k > , 
the proposed method can be applied to the system for both 
BFP and CS reduction simultaneously since it outperforms 
the SPS method. 
 

  
(a) 

  
(b) 

FIGURE 6. Normalized current stress and backflow power under EPS and 
SPS methods. (a) 1k < , (b) 1k > . 
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III. MATHEMATICAL MODELING OF THE DAB 
CONVERTER UNDER EPS MODULATION  
The mathematical modeling of the DAB converter in this 

paper is based on the generalized average modeling (GAM) 
which is dedicated based on the Fourier series of the pulses 
applied to the switches of the bridges [36]. Since this paper 
intends to derive the dynamics of Li and oV  as a function of 

inδ  and oδ , the GAM explored in the state of the art is 
modified in this article. To derive the state space model of 
the DAB converter, the Fourier series of all the pulses of the 
switches are derived as the function of inδ  and oδ   as 
follows: 

sin(2 )1 2
2

s
am am

n odd

n f t nS Q
n

π θ
π =

−
= = + ∑     (14) 

where amS  and amQ  are the pulses applied to the switches S 
and Q, θ  depicts the inner or outer phase shift angle between 
the switches of the primary bridge or the switches of the 
primary and the secondary bridge and n is the order of the 
odd harmonics. The primary and secondary voltages of the 
transformer can be derived as 

1 4( ( ) ( ))pri in a aV V S t S t= −    (15) 

sec 1 4( ( ) ( ))o a aV V Q t Q t= −    (16) 
The capacitor current can be calculated as 

1 4( ( ) ( ))C dc load L a a loadi i i i Q t Q t i= − = − −      (17) 
If 1aS , 4aS , 1aQ  and 4aQ  are calculated from (14) and 
replaced in (17), then the final nonlinear differential equation 
of the output voltage of the DAB converter can be derived as 
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where 1,3,5,...n =   depicts the order of the harmonics and  
2 2(2 )n sZ R nL fπ= + , 1 2

tan ( )s
n

nL f
R
π

θ −=   (19) 

Since this paper aims to develop an ASTSMC (see section 
IV) which is robust enough to attenuate the effect of 
uncertainty and the disturbances, on the contrary to the state 
of the art, it is not required to linearize (18) around an 
operating point. Therefore, after considering 1n = , (18) can 
be rewritten as 

( )o
o

dV
A u F BV

dt
γ= − −         (20) 

where 

1( ) cos( ) cos( )
2 2
in in

ou
δ δ

γ θ δ= − +    (21) 

2
1

8 inV N
A

C Z π
=  ,  

2

12
1

8 cos( )NB
C Z

θ
π

=  ,  o inu δ δ=     

(22) 
where ( )uγ  is the nonlinear control input and F  is the 
disturbance given by 

/loadF i C=     (23) 
Since normally the internal resistance (R) of the inductance 
is very small compared to the inductive reactance ( LX ), so 

considering 1 90θ =  in (21) yields: 
 ( ) 0.5[sin( ) sin( )]in o ouγ δ δ δ= + +             (24) 

Consequently, the generalized average model of the DAB 
converter is obtained. 

IV. ADAPTIVE STSMC METHOD 
SMC is a powerful control technique that is widely used for 
controlling various dynamic systems. Its goal is to create a 
sliding motion in the system's state space and drive the 
system's state trajectory onto a predefined sliding surface, 
which is designed to ensure a desired system behavior. In 
order to achieve the sliding motion, a control law that 
generates a switching signal forcing the system's state 
trajectory to converge onto the sliding surface should be 
designed. The sliding surface is a mathematical concept that 
is defined in the state space of the system, and it is designed 
to ensure a desired behavior for the system. In this study, the 
super twisting control law is chosen to reach and slide on the 
surface. 
The sliding surface for controlling the output voltage of the 
DAB converter is considered as follows: 

*( )o oV Vσ = −           (25) 

where *
oV  is the reference output voltage. Taking derivative 

of (25) and substituting (20) into the resulting equation yields 
( ) ( )d t A uσ γ= +               (26) 

where ( )d t is defined as 
*( ) od t B BV Fσ= − − −    (27) 

Suppose that ( ) / Aod d t=  satisfies the following inequality 
for some unknown positive constant η  

1/2 ( )od signη σ σ≤    (28) 

If a proper Lyapunov function is selected [37], [38], one can 
prove that the sliding trajectory and its derivative reach the 
equilibrium point in finite time and slide along the manifold 
under the STSMC control law given in (29).  

1/2
1

2

( )
( )

o k sign v
v k sign

δ σ σ
σ

 = − +


= − 
  (29) 

where 1k  and 2k  are the control gains. Considering that 

ov dϕ = + , then, to attain the dynamics of the system under 
STSM, equation (29) is substituted in (24) which yields 
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1/2
1

2

( ( ) )

( ) o

A k sign

k sign d

σ σ σ ϕ

ϕ σ

 = − +


= − +




  (30) 

The closed loop STSMC gets the feedback of the output 
voltage and then constructs the sliding surface (σ ) 
according to (29) and then calculated the control law which 
requires the sliding surface as the input and tunning two 
parameters ( 1k and 2k ). Compared with the traditional 
second order sliding mode control, the STSMC only needs 
the information of the sliding surface. However, it suffers 
from the complexity in tuning the control gains ( 1k and 2k ). 
Thus, in practice overestimating these gains, not only leads 
to larger than necessary gains, but also requires the 
information of the limit of the disturbance (η ). Since 
determining η   is difficult, so the adaptive super twisting 
sliding mode control (ASTSM) algorithm has strong 
engineering significance to estimate the gains 1k and 2k . 
The adaptive gains should be defined in such a way that σ  
and σ  are derived to zero in finite time in the presence of the 
bounded disturbance. For any initial conditions, the super 
twisting control input (29) can enforce the sliding manifold 
and its derivative to zero under the following adaptive sliding 
coefficients: 

1

1

, (31. )
( )

(1 ) , (31. )

ol a
k

l e bλ σ

σ ε
ε σσ

σ ε−

 < −= 


− >

 

2 1( ) 2k kσ β=       (32) 
where ol , 1l ,λ  and β  are the adaptation positive constants 
and ε  is a very small chattering value that can exist over the 
sliding manifold (σ ) in the steady state. To prove that the 
proposed method achieves finite time response, the 
following steps are considered. 
Let us assume that initially, the sliding manifold magnitude 
( σ ) is much more than the defined error ( ε ). So, equation 
(31.b) is triggered enhancing the variable gain as far as 
σ ε< . Then (31.a), which is a barrier function starts 

functioning and the variable gain is still a function of sliding 
manifold and error. Initially, it should be proved that there is 
a finite time for which the sliding manifold (σ ) given in (25) 
will reach the boundary σ ε<  under the variable gain (31)-

(32). To prove it, first assume that  σ ε> , thus, from (31) 

one can derive the variable gain as 1(1 )l e λ σ−−  which is an 
increasing exponential function and has a maximum of 1l  
growing with the slope of λ . The system tracks the 
corresponding trajectory as long as σ ε> . Let the interval 
of this trajectory being considered as ( )I σ . Then, if one 
proves that the period of ( )I σ is finite, then the finite time 

response is satisfied. During this interval, the following 
inequalities can be deduced from (30): 

2 2

1 12 (1 ) 2

k k

l e lλ ε

η ϕ η

β η ϕ β η−

− − < < − +

− − − < < − +




  (33) 

In this interval, ( )tϕ  becomes zero and remains negative. 
The first equation of (30) is then rewritten as  

1/2
1 ( )Ak signσ σ σ≤ −  and, hence, σ  convergences to zero 

in finite time.  
To prove the stability of the proposed method, a Lyapunov 
analysis is required. The Lyapunov analysis is a powerful 
mathematical tool for proving stability of nonlinear systems. 
To perform the stability using Lyapunov analysis in sliding 
mode control, a Lyapunov function is first defined. Now, 
consider a new state vector which is introduced as 

1/2
1 2[ ] [ ( ) ]Tz z z signσ σ ϕ= =                (34) 

The derivative of the new state variable (z) can be derived as 

1

1[ ]
2

Tz
z
σ ϕ=     (35) 

Let us replace (30) in (35) which yields 

1

11

1
4 02

Ak A
z Az z

kz β η
− 

= =  − + 
                 (36) 

The following quadratic Lyapunov function [39], is designed 
to investigate the stability analysis of the proposed method 

( ) TV z z pz=             (37) 
where p is a symmetric positive definite matrix with 1ε   and 
β  the real positive numbers as defined below  

 
2

1 1

1

4 0
2

Tp pβ ε ε
ε

 + −
= = > 

−  
      (38) 

Thus, ( )V z  is positive definite function and its time 
derivative along the solution of the system can be derived as 

( ) T TV z z pz z pz= +              (39) 
Substituting (36) in (39) yields 

1

1( ) ( )
2

T T TV z z A p pA z z Qz
z

= + ≤ −        (40) 

Using the bounds on the perturbation (28), it can be shown 
that 

2
1 1 1 1

2
1 1 1 1

8 ( 4 )

( 4 ) 2

Ak A k
Q

A k A

β ε β ε

ε β ε ε

 − −
 ≤
 − − 

    (41) 

So, ( )V z  is negative definite if  Q  is a positive definite 
matrix which can be guaranteed if 1k  is selected as 

1
1( 4 )

k
A
η

ε β
=

− +
   (42) 

2
10 2 (16 1) 5 320k β β< < − + +             (43) 
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Therefore, considering the developed boundaries, σ   
converges to zero in finite time and remains inside the 
definite bandwidth ( ε ) despite the perturbations. 

V. SIMULATION AND EXPERIMENTAL RESULTS 
The performance of the DAB converter with the proposed 

optimized ASTSMC method is investigated through 
simulation and experimental studies. The block diagram of 
the proposed control approach with the EPS modulation is 
depicted in Fig. 7. The proposed method is implemented by 
using the TMS320F28379D MCU from Texas Instruments. 
Voltages are measured via LV-25 voltage sensors. The 
system parameters used in the experimental and simulation 
studies are listed in Table I.  The control parameters are 
considered as 0.4ε = , 0.01ol = , 1 0.1l = , 10λ = , and 

100β = . 

 
FIGURE 7. Control diagram of the proposed method for the DAB 
converter. 

TABLE I 
 SYSTEM PARAMETERS 

Description and Symbol Value 
Input voltage ( inV ) 30-70 V 

Output voltage ( oV ) 50 and 60 V 

Transformer turn ratio (N) N=1 
Equivalent series inductor refereed to the 
primary (L) 

0.02mH  

elated resistance of the inductor (R) 0.001Ω  
Sampling/switching frequency 40kHz  
Output capacitor (C) 200 Fµ  

Load resistance ( LR ) 20-40 Ω  

 
Fig.8 shows the comprehensive flowchart of the proposed 
ONO algorithm, along with the ASTSMC. First, the 

reference output voltage ( *
oV ) is defined, and then the 

required variables ( ,o inV V )  are measured using sensors. The 
control method is then launched by calculating the sliding 
manifold (σ ), 1k  and 2k  by using equations (25), (31), and 
(32). Next, the control law equation in (29) is used to 
generate the control signal ( oδ ). The optimization rule is 
initiated by calculating the voltage conversion ratio (k), and 
the resulting block yields the optimal value of inδ . Finally, 
both oδ  and inδ  are transferred to the modulation block to 
complete the cycle. Both oδ  and inδ  are updated through 

the algorithm in the presence of abrupt changes in the 
operating point of the DAB. 

 
FIGURE 8. Flowchart for the proposed optimization plus ASTSMC 

algorithm. 

A. Steady-State and Transient Response Results 
The experimental results in steady-state obtained by the 

proposed ONO ASTSMC method under boost and buck 
modes are shown in Fig. 9(a) and (b) and (c), respectively.  

Fig. 9(a) shows priV , secV , and Li  under boost operation 
when Vin=40V and Vo=50V. To verify if ONO is capable of 
optimizing the internal phase shift and improving the 
efficiency, the BFP is taken into account. To elaborate the 
BFP minimization, both inductor current and primary 
voltage ( priV ) are considered in one switching cycle. 

Apparently, both priV  and Li  polarities are same in the 
whole switching cycle which states that the BFP is zero. 
When BFP is zero, the inductor current stress also attains to 
its minimum value according to Fig.9(a). Similarly, both 
BFP and CS are optimized in the buck mode when Vin=70V 
and Vo=50V which is shown in Fig. 9(b). To verify the 
performance of the ONO method, the same system is 
analyzed without any optimization method in Fig. 9(c), and 
the results are compared to those obtained using the proposed 
control method. This comparison is made to determine how 
the CS and BFP are optimized under the proposed method. 
To achieve the same operating point as Fig.9 (a), inδ  and oδ  
are regulated manually under boost operation while 
Vin=40V and Vo=50V. In Fig. 9(c), the BFP is illustrated as 
highlighted dark yellow in the inductor current and if it is 
compared with Fig. 9(a), which has approximately zero BFP, 
the effectiveness of the proposed method in decreasing the 
BFP losses can be seen. To compare the CS reduction 
capability of the proposed method, the inductor current stress 
in both figures can be compared. Obviously, the CS of the 
inductor current in Fig. 9(c) is more than that of the proposed 
method. Therefore, it can be concluded that, under the same 
operating point, the proposed online optimization method 
regulates inδ  in such a way that it decreases both BFP and 
CS simultaneously. 
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(a) 

 
(b) 

 
(c) 

FIGURE 9V. Steady state responses. (a) Boost operation with Vin=40V, 
Vo=50V with ONO ASTSMC method, (b) Buck operation with Vin=70V, 
Vo=50V with ONO ASTSMC method, (c) Boost operation with Vin=40V, 
Vo=50V without optimization method. 

In the next step, the transient response of the system under 
different disturbances including load change, output voltage 
reference variation and input voltage variation is elaborated. 
The results are shown in Figs.10 -12.  

The transient behavior of the proposed method for an 
abrupt change in LR  from 40Ω  to 20Ω  is shown in Fig. 10. 
This test is performed under boost mode while 40VinV = , 

and * 50VoV = . The load change is applied to the system 
and the behavior of the variables are observed. Taking into 

account the variations of oV , one can see that  oV  is 
regulated at 50V after loadi  is changed. Although a small 
undershoot occurs in oV , it is corrected within 10ms. 
Obviously, Li  and loadi   are increased after the load change.  

Fig. 11 depicts the transient responses of the proposed 

method to a sudden increase in *
oV  from 50V to 60V. As 

shown in the plot, oV  tracks the reference voltage (60V) 
after a settling time of 13ms. It is worth noting that the 
amplitude of Vpri remains unchanged since Vin is constant. 

However, due to the increase in oV , the output power 
slightly increases leading to an increase in the inductor 
current (iL).  

 
FIGURE 10. Transient responses of the ASTSMC under load variation. 

 

 
FIGURE 11. Transient responses of the ASTSMC under variations in 𝑽𝑽𝒐𝒐∗ . 

 
Fig. 12 illustrates the transient response of the proposed 

method to a step change in the input voltage ( inV  ) from 40V 
to 30V and then restored back to 40V again. Clearly, Vpri is 
reduced depending on the change in inV  as stated in (15). 
Since inV  is reduced when the output power is constant, iL is 

also increased. Also, oV  tracks *
oV  without suffering from 

the disturbance. To further evaluate the BFP optimization of 
the method, the polarity of the Vpri and iL can be tested in one 
switching time before and after the disturbance. Obviously, 
the BFP is approximately zero, since inδ  is tuned in such a 
way to derive zero Vpri while the polarity of the inductor is 
opposite. 

To quantitatively evaluate the transient performance of the 
proposed method and compare it with a conventional 
STSMC approach, the same step change in the input voltage 
from 40V to 30V and then back to 40V is applied to the 
system under conventional STSMC in Fig.13  and Fig.13 is 
compared to Fig.12. 
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FIGURE 12. Transient responses of the ASTSMC under input voltage 
variation. 

The test is conducted using the same circuit and load 
conditions for both methods, and the control parameters of 
the conventional STSMC are derived according to [38] and 
overestimated to keep the system stable. Nevertheless, while 

inV  is increased to 40V, the control method fails to suppress 
chattering and needs the variation of the coefficient manually 
to improve the chattering reduction. On the other hand, while 
the system returns back to the steady state, the conventional 
STSMC continues working with the overestimated 
maximum coefficient while the proposed ASTSMC switches 
back to the minimum coefficient. 

 
FIGURE 13. Transient responses of conventional STSMC under 
variations in Vin. 

In order to demonstrate the superiority of the ASTSMC 
over the conventional STSMC analyzing the sliding surface 
and the control law gains, both methods are applied to the 
DAB converter and their performance are compared. 
Specifically, simulations using the same circuit and load 
conditions for both methods are conducted. The results are 
depicted in Fig. 14 and Fig. 15. Fig. 14 shows the simulation 
results of σ  and 1k   under perturbations of LR , inV , and *

oV
.  

As one can see at t=0.2s, a disturbance (step change in *
oV

) is applied to the system. Obviously, the gain is increased 
exponentially until the sliding motion reaches σ  and after a 
short time (0.0015s) the system returns back to the steady 

state. In order to observe the behavior of σ  and 1k , inV  is 
changed at t=0.6s. As a result of this change, 1k  increases 
and returns back to its normal value after 0.006s.  

Fig. 15 shows the sliding surface obtained by the constant 
gain based STSMC under same disturbances. It is worth 
mentioning that an overestimated constant gain ( 1k ) is 
considered for the conventional STSMC to get a good 
performance. Comparing Fig. 14 and Fig. 15, demonstrate 
the excellent performance of the proposed method. Clearly 
the response of 1k  is faster than that of the constant gain 
since 1k tunes itself according to the variations of the sliding 
function. Also, the constant gain method requires an 
overestimated gain for both steady-state and transient 
operation of the DAB converter while the proposed 
ASTSMC can tune 1k  under different situations based on the 
magnitude of the error. 

Therefore, the proposed method successfully tracks the 
reference voltage, while minimizing the overshoot and 
settling time. Moreover, the proposed method shows better 
robustness compared to the conventional STSMC, as it can 
handle the perturbations and maintain the steady-state output 
voltage and current. 

 
FIGURE 14. Sliding manifold and the variable gain under ASTSMC. 
 

 
FIGURE 15. Sliding manifold under conventional STSMC. 

B. Remarks on the Parameter Selection 
The proposed ASTSMC method is designed based on 

adaptive variation of the key control parameters ( 1k and 2k
), as outlined in (31-a) and (31-b). These parameters are 
carefully tuned to ensure that the method achieves fast and 
accurate tracking of the reference voltage, while minimizing 
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the overshoot and settling time. When σ  deviates from the 
predefined value, which is null (0), variations in 1k  force σ  
to move zero again. Since the removal of chattering and 
attaining an exactly zero chattering is impossible in real 
applications, a very small positive error ( ε ) can be 
considered as mentioned in [32]. When the magnitude of σ  
is less than the predefined error, then (31.a) determines 1k . 
Equation (31.a) is a barrier function which starts functioning 
while σ  is confined in the error barrier ( 0.4ε = ) as shown 

in Fig. 16. Clearly, when σ  is approximately null, 1k  
decreases to its least value which is a positive number (

1(0) olk
ε

= ). It is a saturation point to keep the control input 

between 0 and 1.   

 
FIGURE 16. Variation of 1k  against σ  for σ ε< . 

 
(a) 

 
(b) 

FIGURE 17. The effect of variation of  λ  on the dynamic response of 
output voltage under output voltage reference change. (a) 10λ = , (b) 

1λ = . 

The performance of the proposed ASTSMC method is 
primarily determined by the choice of  λ  given in (31.b).λ  
directly affects the control response of the DAB converter, 
with higher values leading to faster system dynamics. To 
investigate the impact of λ  on dynamic response of the 
system, the output voltage reference is increased from 20V 
to 60V which is shown in Fig. 17. The system is tested under 
reference voltage variation for two different values of λ . 
When 10λ = , the load voltage tracks the set point (60V) in 
13ms. On the other hand, when 1λ = , the load voltage 
reaches to the set point (60 V) in 38ms. Therefore, increasing 

λ  leads to rapid growth of 1k  and consequently improves 
the dynamic response. 

C. Robustness Test Against Parameter Variations 
   To investigate the robustness of the proposed control 
strategy, the simulations are carried out by varying the values 
of capacitors and inductors in the DAB converter by 20%± . 
The goal was to assess the performance of proposed 
controller under parameter variations. The simulation results 
given in Fig. 18 show that the proposed control strategy is 
indeed robust to parameter variations. Specifically, the load 
voltage was able to track the reference voltage with high 
accuracy and minimal deviation, even when the values of the 
capacitors and inductors were varied by 20%± .  

 
(a) 

 
(b) 
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FIGURE 18. The performance of the proposed control method under: (a) 
20%±  variation in the capacitor value, (b) 20%±  variation in the 

inductor value. 

D. Comparison with Existing Methods 
Table II gives a brief comparison between the proposed 
control method and state of the art. All the methods are 
compared regarding various items such as the modulation 
strategy, the optimization goal, the number of sensors, the 
control method, the optimization method, and dynamic 
response. Obviously, one can see that the proposed method 
achieves the optimization of BFP and CS simultaneously by 
using two sensors only. On the other hand, the proposed 
method employs an ONO method which takes its strength 
from a robust ASTSMC scheme that is responsible for 
generating the outer phase shift ratio. Among the control 
methods shown in Table II, the proposed control method has 
the fastest dynamic response.  

In order to highlight the benefits of ONO method proposed 
in this study, we compared it with other existing online 
methods and compiled the results in Table III. The purpose 
of this comparison is to demonstrate the superior 
performance of ONO method in terms of accuracy, 
efficiency, and reliability, and to identify its potential 
advantages for practical applications. 
This table (Table III) presents an overview of the key 
features including the topology, optimization goal, 
modulation method, output voltage control method 
optimization method and degree of simplicity. Our analysis 
shows that ONO method outperforms the other methods in 
terms of accuracy of the closed loop control and 
computational simplicity, while also exhibiting high 
reliability and robustness under a variety of conditions due 
to the application of ASTSMC. 
 
 

TABLE II 
 COMPARISON OF THE PROPOSED METHOD WITH THE EXISTING METHODS IN LITERATURE 

Items [5] [6] [11] [12] [25] [40] [41] Proposed 
method 

Topology DAB DAB DAB DAB DAB Current fed 
(CFDAB) 

DAB DAB 

Optimization 
goal 

BFP, CS BFP CS BFP, CS Not 
optimization 

ZVS Not 
optimization 

BFP, CS 

Modulation 
method 

EPS EPS UPS EPS, DPS SPS Decoupled 
dual PWM 

SPS EPS 

Number of 
sensors 

Not clear 3 sensors 
 ( oV , inV , oi ) 

2 sensors 
 ( oV , inV ) 

3 sensors 
 ( oV , inV , oi ) 

4 sensors 
 ( oV , inV , oi ,

ini ) 

3 sensors 
 ( oV , inV , ini ) 

4 sensors 
 ( oV , inV , oi , dci
) 

2 sensors 
 ( oV , inV ) 

Control 
method 

Open loop  Closed loop 
 (PI 
controller) 

Closed loop 
(PI 
controller) 

Closed loop 
(PI 
controller) 

Closed loop 
(SMC) 

Closed loop  
(PI & MPC) 

Closed loop 
(MPC)  

Closed loop 
(ASTSMC) 

Optimization 
method 

Tracking 
the power 
curve 
(OFFO) 

Using 
Karush–
Kuhn–
Tucker 
function 
(OFFO) 
 

LMM 
ONO 

OFFO (using 
look up table) 
Parameter 
based method 

N.A. Natural 
commutation 
strategy 

N.A. LMM 
ONO 

Duration of 
dynamic 
response to 
load change 

N.A. No result 
reported 

No result 
reported 

No result 
reported 

25ms delay  300ms delay 15ms delay 10ms delay 

 
TABLE III 

 COMPARISON OF THE PROPOSED METHOD WITH THE EXISTING ONLINE METHODS  
Items [11] [17] [18] [19] Proposed 

method 
Topology DAB Half bridge DAB DAB DAB DAB 
Optimization goal CS Input current 

(CS) 
CS-ZVS CS BFP, CS 

Modulation method UPS - Hybrid TPS AI-based TPS EPS 
Output voltage 
Control method 

PI PI PID PI ASTSMC 

Optimization method LMM simplex-based 
optimizer (SMO) 

Using analytical 
Piecewise Model 

Neural network and 
fuzzy inference 
system 

LMM 

Simplicity Medium Complicated Complicated Complicated Simple 
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VI. CONCLUSION 
This paper proposes an approach that utilizes adaptive super-
twisting sliding mode control (ASTSMC) and online 
optimization to improve the performance of a dual active 
bridge (DAB) converter under extended phase shift 
modulation. The ASTSMC generates the outer phase shift 
ratio, while an optimization rule is used to minimize the 
inductor current stress (CS) and backflow power (BFP) and 
generate the inner phase shift ratio. The presented strategy 
not only enhances the converter's efficiency, but also 
considers the error around the sliding manifold when tuning 
the outer phase shift ratio. Simulation and experimental 
results demonstrate that the proposed strategy effectively 
decreases both BFP and CS under EPS modulation and 
improves the time response. The paper also investigates the 
dynamic behavior of the proposed control method. 
Comparative results obtained under constant and variable 
gain STSMC methods highlight the proposed method's 
ability to avoid overestimating gains while decreasing the 
time response effectively. 
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