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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 opti-
mization 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 compo-
nents, high power density, and high-power efficiency result-
ing from zero voltage switching (ZVS), high-voltage (HV)
conversion ratio and galvanic isolation. Moreover, it is the
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main device used to interface the battery and supercapaci-
tor as an energy storage device (ESS) to let energy switch
between ESSs and the dc microgrid [1], [2], [3]. Various
modulation techniques are employed for the DAB convert-
ers in literature, which are single phase shift (SPS) [4],
extended phase shift (EPS) [5], [6], [7], double phase
shift (DPS) [8], [9], [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

VOLUME 11, 2023


https://orcid.org/0000-0002-7335-0277
https://orcid.org/0000-0003-4145-4247
https://orcid.org/0000-0003-4728-6416
https://orcid.org/0000-0003-2027-532X
https://orcid.org/0000-0002-2392-1916

F. Bagheri et al.: Adaptive SMC for a DAB Converter With EPS Modulation

IEEE Access

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 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 diffi-
culty 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 improve-
ment 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], [15], and [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 neces-
sitate extensive resources. In [11], [17], [18], and [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 effi-
cient 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
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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 [19], [20]. In [19], 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 [21], 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 bal-
ancing 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 [20].
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 fac-
tors. Therefore, controlling the output voltage is necessary
to maintain the desired power transfer to the load and pro-
tect 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, feedfor-
ward plus feedback control, disturbance-observer-based con-
trol (DOBC), sliding mode control (SMC), and model pre-
dictive control (MPC) [22]. 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 [22]. Reference [23] develops a MPC with current-stress-
optimized (CSO) scheme based on dual-phase-shift (DPS)
control for a DAB converter in a power electronic traction
transformer. Although the proposed method achieves better
dynamic performance, but it still suffers of parameter depen-
dency. A non-linear model predictive control (MPC) scheme
with phase-shift ratio compensation to improve the dynamic
response of the DAB converter is reported in [24]. However,
this paper is efficient in controlling the DAB converter with
fast time response but it is not applying an optimization
method to minimize the losses in the DAB converter. Further-
more, the DAB converter has several challenges that make it
difficult to control using conventional control methods. How-
ever, the linear PID controllers are well-established method
that have been successfully applied in various industrial
applications [25], but PID controllers can give a satisfactory
control performance only at the operating point, but not under
transients [26].

For example, the DAB converter exhibits nonlinear behav-
ior due to the voltage and current stress on the transformer,
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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 includ-
ing robustness, fast response, implementation simplicity,
adaptive capabilities, effectiveness in controlling nonlinear
systems, and guaranteed stability of the controlled sys-
tem even in the presence of disturbances and uncertain-
ties [26], [27], [28], [29], [30], [31].

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 [32]. Furthermore, due to its
finite time response feature, it can 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 sys-
tem [32], [33], [34]. In [32], a STSMC is proposed with vari-
able 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 [33] 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 con-
verter with variable gains which are not dependent to the
boundaries of the load current perturbations. Furthermore,
on contrary to the method in [35], 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 chatter-
ing. It is also worth mentioning that the method operates
with minimum chattering in the steady state. In addition

91262

to above-mentioned advantages, the control inputs are opti-
mized 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 [26] 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 [36], this paper devel-
ops 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.

FIGURE 1. Bidirectional dual active bridge converter.

Il. ANALYSIS OF EPS MODULATION FOR DAB

Fig. 1 depicts the main topology of a single-phase DAB
converter feeding a resistive load (Ry). 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 (V;,)
to AC voltage (V)). In the second stage, a high-frequency
transformer steps up (or down) V,,; or offers galvanic iso-
lation only when the turn ratio is equal to one. In the final
stage, a full bridge rectifier converts the AC voltage (Vsec)
to a DC voltage (V,) which may feed a load or a battery.
In this topology, V;, and V,, are the dc-link voltages, L is the
lumped leakage inductance of the primary and secondary side
of the transformer and R is the internal loss of the inductance.
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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 S; — S4 and
Q1 — Q4, respectively. The gate pulses applied to the switches
are labeled as S;1 — Su4 and Qu1 — Qua4.
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FIGURE 2. Standard waveforms of the gate signals, Vp,,-, Vsec and i; with
EPS modulation.

In the EPS modulation method, V),; is a 3-level voltage
rather than a square wave. Thus, another phase shift is intro-
duced between S; — S4. The typical waveforms of the DAB
converter, which are the gate signals applied to the switches,
Vpri> Vsee and i, under EPS modulation, are given in Fig. 2.
While the inner phase shift ratio between S; — Sy is denoted
by di,, the outer phase shift ratio between the primary and
secondary bridge is represented by &,. The transmitted power
can be regulated if §, is employed as the control input, while
8in 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 Ty and Ty, respectively. If k = V;,,/NV,, and
N = N,/N;, then k < 1 means boost operation. In Fig. 2,
while the gate signal S,; lags S,4 causing a 3-level voltage at
the primary bridge terminals, the gate signal S, leads Q1 to
transmit power from the primary side to the secondary side
of the converter. While iy 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 7 and 12, the polarities of V),; and if, are
opposite. It is worth remarking that the BFP can be decreased
considerably by tuning &;;,.

The normalized transmitted power (Pr), normalized back-
flow power (Pp) and normalized maximum current of the
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inductor (/,) under EPS method are written as follows [5]:

Pr =46,(1 — 8o) + 28in(1 — 8in — 28,) (H
[k(1=8;)+(28,— D1?
e { ma 82(]§+(12)zs 1>12k =! @)
—Oin + o —
2(M+1) k<1

I { 2[k(1 = 8in) + (280 + 28in — DIk = 1
'y =

2[(1 — &in) + k(285 + 26in — DIk < 1 3
where M = 1/k. The normalized powers (Pr and Pp) are
the fraction of the maximum power (Pmax = %) and the
normalized current stress (I,,) is the fraction of the maximum
current stress (Imax = Q’Li) where fs is the switching fre-
quency. Since half of the switching time (7},) has symmetry
to the other half, all equations mentioned above are derived
for the half switching time Tp;.

To regulate §;,, an optimization algorithm should be
applied to iz and BFP under EPS modulation control. For a
normalized transmitted power reference (P} ), one can mini-
mize BFP and current stress () for a specific amount of §;;,.
Thus, two Lagrange functions can be identified as follows

G1(80, 8in, M) = Pp + A (Pt — P}) “)
G2(80, 8in, 22) = I + A2(Pr — PT) (%)
where A1 and A; are the Lagrange multipliers.

The relationship between §, and §;, can be obtained based
on the principle of the Karush—-Kuhn-Tucker (KKT) con-
ditions [35]. The Lagrange functions in (4) and (5) can be
solved by the primal feasibility as follows

VGi(8o, Sin, A1) =0 (6)
VG280, Sin, A2) =0 (7

It should be noticed that the system of equations (6)-(7) have
four equations which can be expanded as follows

(PBs, Pgs,,)+ (MPrs, MPrs,) =0 ®)

(Ips, Ips,) + (\2Prs, 22Prs,) =0 ©)]

P 4482 — 48, 4 282 — 285 + 48in8, =0 (10)

where () denotes the expansion of the gradient vectors in (6)

and (7). Solving (8)-(10) concurrently for k > 1 yields §,
and §;;, in terms of P*} as follows

f(a)—»,/f(Zl)(l—P’%)BFP pr o> 2k+D)

5. — 2f 1) T = (k+27 (11
? fe=TEDU=PY) g pr - 2(k=1)
2f(g1) T = (k?
[0
" (g)—+/f (gD —PF)
g1(1 — %)CS

where 71 = Elzig g1 = (k;”,f(zl) = (2z% -2+ 1)
and f(g1) = (Zg% — 2g1 + 1). Fig. 3 shows the range of
variation of 8, and §;, according to (11)-(12) alongside P}
versus k for both BFP and CS optimizations. The variation
of 8, and §;;, under different P? are visible, while the solid line
is the CS optimization result, and the dashed line depicts the
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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 §, and §;,, curves reach
to a steady state region for large k values.

0.05F " = 0. — S

0.8

0.6

oO:

in 04
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— (S

®eeee BFP

10 15

(b)

FIGURE 3. The variation of §o and §;,, alongside variation of P7 and k
when k > 1. (a) 8o versus k, (b) 5;, versus k.

Fig. 3(b) shows the variation of 8;, when P} and k are
changed. Obviously, both CS and BFP cannot be optimized
simultaneously for k < 2. When k < 2, 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 k = 1.5 and
P} = 0.7, the purple solid line and the yellow dashed line are
showing the CS and BFP optimization curves respectively.
Hence, the inner phase shift ratio (§;,,) can be deduced from
these curves as

8;in = 0.5106 for minimization of BFP

Sin = 0.2420 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 < k < 2, the proposed approach is recommended solely for
the minimization of BFP, while the SPS method is suggested
for the minimization of CS. When & > 2, the optimized
regions of CS and BFP occur around the same points.

For analyzing the case k < 1, similar equations
to (11)- (12) can be derived whereas z; is replaced by 2o =
((Zkk%l])) and g is replaced by go = 1/(k + 1).

Fig. 4 illustrates the variation of the phase shift ratios
along with the variations of the unified power reference for
k < 1.Inspecting Fig. 4(b), one can see that both CS and BFP
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FIGURE 4. The gradual variation of éo and 5;, alongside variation of P}
when k < 1. (a) 6o versus k, (b) §;, versus k.

minimization occurs concurrently for 0 < k < 0.3. However,
when k is increased, the optimization regions are different.
The concurrent optimization cannot occur around k£ = 1, and
one of the targets should be selected or SPS modulation can
be applied to minimize the current stress.

. Pr=09
0.3 A —
id -
L 02 Pr=07 -~
— CS
M- == —
4"‘ ...... -
P *
0 , =Pr =0.5
| "t K 10 15
Oin 0.2 —— . .
(a)
0.4 1 .
— CS : 0o,
03 wwseepip —L_ | = —\—A—
(5‘0 0.2 *
0.1
od”
" 2 0.4 0.6 0.8 1
§in 02 0 0 i
(b)

FIGURE 5. The variation of §o and ;, alongside variation of P; and k
when (@) k > 1,(b) k < 1.

Fig. 5 depicts the three-dimensional variation of §,, d;y,
and k alongside changes of P7. Fig 5(a) shows the optimized
operating points for k > 1 and Fig. 5(b) depicts the optimized
operating points for k < 1. Thus, when k < 2, the CS is
minimized if the DAB converter works under SPS modulation
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which means that §;, = 0, whereas BFP minimization occurs
at a different §;;,. 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 §, 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, §;, has also
the relation according to (12) with the unified power which
can be applied to the system as §;,.

The monotonic increment of &, versus the transmitted
power is clear in both figures. As a result, §, can be consid-
ered 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 < k < 0.3 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 §;,:

k+1
I —(—)8,0 <k <0.3
(2k]j'11)0 <k <
+
1—(m)80 less BFP 03 <k <1
SPS less CS
Sin = _ (kL (13)
1 (k+2)60 less BFP | <k <2
SPS less CS o
1—(5hs, k>2
SPS k=1

Fig. 6 displays the normalized current stress and backflow
power based on the online verification of the proposed strat-
egy 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 < k < 0.3,
the proposed EPS method is paramount in both BFP and CS
reduction. However, while 0.3 < k < 1, 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 k > 1. The CS
and BFP are calculated and shown for the proposed EPS and
SPS methods. Considering this figure, one can see that while
1 < k < 2, less BFP is generated with the proposed method
while less CS can be attained with SPS method. For k > 2,
the proposed method can be applied to the system for both
BFP and CS reduction simultaneously since it outperforms
the SPS method.

lIl. 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)
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FIGURE 6. Normalized current stress and backflow power under EPS and
SPS methods. (a) k <1, (b) k > 1.

which is dedicated based on the Fourier series of the pulses
applied to the switches of the bridges [37]. Since this paper
intends to derive the dynamics of iy, and V,, as a function of §;,,
and §,, 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 §;, and §, as follows:

Sam = Qam = E + T n
n=odd

1 E Z sin(2nrft — no) (14)
where S, and Qg are the pulses applied to the switches
S and Q, 6 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 # is the order
of the odd harmonics. The primary and secondary voltages of
the transformer can be derived as

Vpri = Vin(Sa1(t) — Saa(t)) (15)
Vsec = Vo(Qal(t) - Qa4(t)) (16)

The capacitor current can be calculated as

lload = iL(Qal(t) - Qa4(t)) — lload (17)

If Sa1, Saa, Qa1 and Qg4 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

ic = lde —

dv, ic
d  C
16NV, 1 ndin ndin
— -0 )
) 4 (2] cos( > ) cos( > ), + nd)
16NV, 1 lload
_ 0,) — — 18
o Zn: ] cos(6,) C (18)

wheren = 1, 3, 5, ... depicts the order of the harmonics and
2nLrfs
R

|Z,| = sqrtR* + (2nL7f;)?, 6, = tan™'( ) (19)
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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 n = 1, (18) can
be rewritten as

dav,
7 =Ay(u)—F — BV, (20)
where
8in 81'11
yW) = 005(7) 005(7 — 01+ 35) (2D
8ViuN 8N?

(22)

where y (1) is the nonlinear control input and F is the distur-
bance given by

F = iload/c (23)

Since normally the internal resistance (R) of the inductance is
very small compared to the inductive reactance (X7 ), so con-
sidering 6 = 90° in (21) yields:

y () = 0.5[sin(8jn + o) + sin(8,)] (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 sys-
tem’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=V, —V)) (25)

where V' is the reference output voltage. Taking derivative
of (25) and substituting (20) into the resulting equation yields

o =d(t)+Ay(u) (26)
where d(t) is defined as
d(t)=—Bo —BV; —F 27

Suppose that d, = d(t)/A satisfies the following inequality

for some unknown positive constant 7
|do| < nlo|'? sign(o) (28)
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If a proper Lyapunov function is selected [38], [39], 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).

[ 8o = —ki lo|Y/? sign(o) + v

v = —kpsign(o) (29)

where k1 and k> are the control gains. Considering that ¢ =
v—+d,, then, to attain the dynamics of the system under STSM,
equation (29) is substituted in (24) which yields

[ o = A(—k |U|1/2 sign(o.) + @)

. . 30
¢ = —kosign(o) + d, (30)

The closed loop STSMC gets the feedback of the output
voltage and then constructs the sliding surface (o) according
to (29) and then calculated the control law which requires
the sliding surface as the input and tunning two parameters
(k1 and kp). 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 (k; and k). 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 (7). Since determining 7 is difficult,
so the adaptive super twisting sliding mode control (ASTSM)
algorithm has strong engineering significance to estimate
the gains k; and k. The adaptive gains should be defined
in such a way that 0 and ¢ 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:

k(o) gljlal, lo| < ¢ (31.a)
o) =

! L(1— el o] > & (1.b)
ka(o) = 28k (32)

where [, [, A and B are the adaptation positive constants and
¢ is a very small chattering value that can exist over the sliding
manifold (o) 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 mag-
nitude (Jo|) is much more than the defined error (e).
So, equation (31.b) is triggered enhancing the variable gain
as far as |o| < e. 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 (o) given
in (25) will reach the boundary |o| < ¢ under the variable
gain (31.a)-(32). To prove it, first assume that || > ¢, thus,
from (31.a) one can derive the variable gain as /1(1 — e Mol
which is an increasing exponential function and has a maxi-
mum of /; growing with the slope of A. The system tracks the
corresponding trajectory as long as |o| > €. Let the interval
of this trajectory being considered as /(). Then, if one proves
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that the period of I (o) is finite, then the finite time response is
satisfied. During this interval, the following inequalities can
be deduced from (30):

—k—-n<¢<-k+n
—28L(1—e My —n<g<—=28L+n (33)

In this interval, ¢(¢f) becomes zero and remains nega-
tive. The first equation of (30) is then rewritten as ¢ <
—Akq |O’|1/ 2 sign(o) and, hence, o 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
' = [nz2] = [lo]"/? sign(o)e] (34)

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

SRy (35)
Z =
21217
Let us replace (30) in (35) which yields

—Akp A ] (36)

- 1
r = A7 = ——
AT [—4ﬂk1+77 0

The following quadratic Lyapunov function [40], is designed
to investigate the stability analysis of the proposed method

V(@) =2"pz (37)
where p is a symmetric positive definite matrix with | and
the real positive numbers as defined below

2 _
p:[4/3+81 81:|=[7T>0 (38)
—&1 2

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

V() =2 pz+ 2 pz (39
Substituting (36) in (39) yields

. - - 1
Vi) = ZT(ATp + pA)z < T3 B |ZTQZ (40)
1

Using the bounds on the perturbation (28), it can be shown
that
8Aki B A(erk; — 4B — &)

Q= |:A(81k1 —4p — ) 24 ] “D

So, V() is negative definite if Q is a positive definite matrix
which can be guaranteed if k| is selected as
W B
(—e1A +4p)

0 < 2k < (168 — 1) ++/5 + 32082 (43)

Therefore, considering the developed boundaries, o con-
verges to zero in finite time and remains inside the definite
bandwidth (&) despite the perturbations.

(42)
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FIGURE 7. Control diagram of the proposed method for the DAB
converter.

V. SIMULATION AND EXPERIMENTAL RESULTS

The performance of the DAB converter with the proposed
optimized ASTSMC method is investigated through simula-
tion and experimental studies. The block diagram of the pro-
posed 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 parame-
ters used in the experimental and simulation studies are listed
in Table 1. The control parameters are considered as ¢ = 0.4,
I, =0.01,1; =0.1, A =10, and B8 = 100.

TABLE 1. System parameters.

Description and Symbol Value
Input voltage (V;, ) 30-70 vV
Output voltage (V) 50 and 60 V
Transformer turn ratio (N) N=1
Equivalent series inductor refereed to the 0.02mH
primary (L)
elated resistance of the inductor (R) 0.001Q
Sampling/switching frequency 40kHz
Output capacitor (C) 200uF
Load resistance ( R; ) 20-40 o

Fig.8 shows the comprehensive flowchart of the proposed
ONO algorithm, along with the ASTSMC. First, the reference
output voltage (V) is defined, and then the required variables
(Vy, Vin) are measured using sensors. The control method is
then launched by calculating the sliding manifold (o), k1 and
kp by using equations (25), (31.a), and (32). Next, the control
law equation in (29) is used to generate the control signal (§,).
The optimization rule is initiated by calculating the voltage
conversion ratio (k), and the resulting block yields the optimal
value of §;,. Finally, both §, and §;, are transferred to the
modulation block to complete the cycle. Both §, and &;,
are updated through the algorithm in the presence of abrupt
changes in the operating point of the DAB.

A. STEADY-STATE AND TRANSIENT RESPONSE RESULTS

The experimental results in steady-state obtained by the pro-
posed ONO ASTSMC method under boost and buck modes
are shown in Fig. 9(a) and (b) and (c), respectively.
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FIGURE 8. Flowchart for the proposed optimization plus ASTSMC
algorithm.
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FIGURE 9. Steady state responses. (a) Boost operation with V;, =

40V, Vo =50V with ONO ASTSMC method, (b) Buck operation with

Vi, =70V, Vo = 50V with ONO ASTSMC method, (c) Boost operation with
V;, =40V, Vo =50V without optimization method.

Fig. 9(a) shows Vi, Viec, and ipunder boost operation
when Vin=40V and Vo=50V. To verify if ONO is capable
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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 volt-
age (V) are considered in one switching cycle. Apparently,
both V,; and iy 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 opti-
mized 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 optimiza-
tion 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),8;, and §, 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 induc-
tor 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 com-
pare 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 §;, in such a way that it
decreases both BFP and CS simultaneously.
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FIGURE 10. Transient responses of the ASTSMC under load variation.

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 inR; from 40Q to 202 is shown in
Fig. 10. This test is performed under boost mode while
Vin = 40V, and V) = 50V. The load change is applied to
the system and the behavior of the variables are observed.
Taking into account the variations of V,, one can see that
V, is regulated at 50V after ij,qq is changed. Although a
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FIGURE 11. Transient responses of the ASTSMC under variations in V.

400ms 250kS/5 ® /
1M points 2.40 A

1ous} 10us

U g gl A At

FIGURE 12. Transient responses of the ASTSMC under input voltage
variation.

small undershoot occurs in V,, it is corrected within 10ms.
Obviously, iy and ij,,g are increased after the load change.

Fig. 11 depicts the transient responses of the proposed
method to a sudden increase in V) from 50V to 60V.
As shown in the plot, V,, tracks the reference voltage (60V)
after a settling time of /3ms. It is worth noting that the
amplitude of V),; remains unchanged since V;, is constant.
However, due to the increase in V,, the output power slightly
increases leading to an increase in the inductor current (ir).

Fig. 12 illustrates the transient response of the proposed
method to a step change in the input voltage (Vj, ) from 40V
to 30V and then restored back to 40V again. Clearly, V,,; is
reduced depending on the change in Vj, as stated in (15).
Since Vj, is reduced when the output power is constant, iy, is
also increased. Also, V,, tracks V without suffering from the
disturbance. To further evaluate the BFP optimization of the
method, the polarity of the V),; and iy can be tested in one
switching time before and after the disturbance. Obviously,
the BFP is approximately zero, since §;, is tuned in such a
way to derive zero V),; while the polarity of the inductor is
opposite.

To quantitatively evaluate the transient performance of
the proposed method and compare it with a conventional
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FIGURE 13. Transient responses of conventional STSMC under variations
in Vin-

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. The test is conducted using the same
circuit and load conditions for both methods, and the control

parameters of the conventional STSMC are derived accord-
ing to [39] and overestimated to keep the system stable.
Nevertheless, while is increased to 40V, the control method
fails to suppress chattering and needs the variation of the coef-
ficient 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 overes-
timated maximum coefficient while the proposed ASTSMC
switches back to the minimum coefficient.

20w HE 7 H
V, change (e aro.001ss—>: i Vachange,

Iy r«m\\g O8Oy
2 .2 23 )2 .2 1 0.5

1 AT=0.0065 >

06 0oz 064 066 0608 061

Sliding manifold (")

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

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. Specif-
ically, 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 o and ki under perturbations of Ry, Vj,, and V.
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FIGURE 15. Sliding manifold under conventional STSMC.
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FIGURE 16. Variation of k; against o for |¢| < &.
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FIGURE 17. The effect of variation of 1 on the dynamic response of output
voltage under output voltage reference change. (a) A = 10, (b) A = 1.

As one can see at + = 0.2s, a disturbance (step
change in V) is applied to the system. Obviously, the
gain is increased exponentially until the sliding motion
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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.

reaches o and after a short time (0.0015s) the system returns
back to the steady state. In order to observe the behavior
of o and ki, Vj, is changed at t=0.6s. As a result of this
change, k1 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 (k)
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 k; is faster than that of the constant gain
since ki tunes itself according to the variations of the sliding
function. Also, the constant gain method requires an overes-
timated gain for both steady-state and transient operation of
the DAB converter while the proposed ASTSMC can tune
k1 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.

B. REMARKS ON THE PARAMETER SELECTION

The proposed ASTSMC method is designed based on adap-
tive variation of the key control parameters (k; and k»), as out-
lined in (31.a) and (31.b). These parameters are carefully
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TABLE 2. Comparison of the proposed method with the existing methods in literature.

Items [5] [6] [11] [12] [23] [24] [26] [41] [42] Proposed
method
Topology DAB DAB DAB DAB Modular DAB DAB Current fed DAB DAB
DAB (CFDAB)
Optimization BFP,CS  BFP CS BFP, CS CS Not Not ZVS Not BFP, CS
goal optimization  optimization optimization
Modulation EPS EPS UPS EPS,DPS  DPS SPS SPS Decoupled SPS EPS
method dual PWM
Number of Notclear 3 sensors 2 sensors 3 sensors 3 sensors 2 sensors 4 sensors 3 sensors 4 sensors 2 sensors
sensors Voo V) GV (b (GT) obsiys Usiy UVosiys (h1)
i) i) i) ) ) e )
Control Open Closed Closed Closed Closed Closed loop Closed loop Closed loop  Closed loop Closed
method loop loop loop (PI loop (PI loop (PI (PI &MPC) (SMC) PI& (MPC) loop
(P1 controller)  controller) &MPC) MPC) (ASTSM
controlle 0)
1)
Optimization — Tracking  Using LMM OFFO LMM N.A. N.A. Natural N.A. LMM
method the Karush-  ONO (using OFFO commutatio ONO
power Kuhn— look up n strategy
curve Tucker table)
(OFFO) function Parameter
(OFFO) based
method
Time N.A. No result  No result No result Fast (TD  Fast (TDnot  25ms delay 300ms 15ms delay 10ms
Duration reported  reported reported not reported) delay delay
(TD)of reported)
dynamic
response to
load change
Sensitivity to  N.A. Noresult  No result No result High Moderate Low High High Low
parameters reported  reported reported

tuned to ensure that the method achieves fast and accurate
tracking of the reference voltage, while minimizing the over-
shoot and settling time. When o deviates from the predefined
value, which is null (0), variations in k| force o 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 (¢) can be considered as mentioned in [33].
When the magnitude of o is less than the predefined error,
then ((31.a)) determines k;. Equation ((31.a)) is a barrier
function which starts functioning while o is confined in the
error barrier (|| = 0.4) as shown in Fig. 16. Clearly, when
o is approximately null, k; decreases to its least value which
is a positive number (k1 (0) = l—"g). It is a saturation point to
keep the control input between 0 and 1.

The performance of the proposed ASTSMC method is
primarily determined by the choice of A given in (31.b).
A directly affects the control response of the DAB con-
verter, with higher values leading to faster system dynamics.
To investigate the impact of A 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 A.
When A = 10, the load voltage tracks the set point (60V)
in 13ms. On the other hand, when A = 1, the load voltage
reaches to the set point (60 V) in 38ms. Therefore, increasing
A leads to rapid growth of kj and consequently improves the
dynamic response.
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C. ROBUSTNESS TEST AGAINST PARAMETER VARIATIONS
To investigate the robustness of the proposed control strat-
egy, the simulations are carried out by varying the val-
ues of capacitors and inductors in the DAB converter by
+20%. The goal was to assess the performance of pro-
posed controller under parameter variations. The simulation
results given in Fig. 18 show that the proposed control
strategy is indeed robust to parameter variations. Specif-
ically, 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%.

D. COMPARISON WITH EXISTING METHODS

Table 2 gives a brief comparison between the proposed con-
trol 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 2, the proposed control method has the fastest
dynamic response.
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TABLE 3. 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-ZVS CS BFP, CS
(CS)
Modulation method UPS - Hybrid TPS Al-based TPS EPS
Output voltage PI PI PID PI ASTSMC
Control method
Optimization method LMM simplex-based Using analytical Neural network and LMM
optimizer (SMO)  Piecewise Model fuzzy inference
system
Simplicity Medium Complicated Complicated Complicated Simple

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 3. The purpose of
this comparison is to demonstrate the superior performance
of ONO method in terms of accuracy, efficiency, and reli-
ability, and to identify its potential advantages for practical
applications.

This table (Table 3) presents an overview of the key fea-
tures 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.

VI. CONCLUSION

This paper proposes an approach that utilizes adaptive super-
twisting sliding mode control (ASTSMC) and online opti-
mization 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 decreas-
ing the time response effectively.
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