
Citation: Sami, I.; Alhosaini, W.;

Khan, D.; Ahmed, E.M. Advancing

Dual-Active-Bridge DC–DC

Converters with a New Control

Strategy Based on a Double Integral

Super Twisting Sliding Mode Control.

World Electr. Veh. J. 2024, 15, 348.

https://doi.org/10.3390/

wevj15080348

Academic Editor: Yujie Wang

Received: 26 June 2024

Revised: 20 July 2024

Accepted: 26 July 2024

Published: 1 August 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Advancing Dual-Active-Bridge DC–DC Converters with a New
Control Strategy Based on a Double Integral Super Twisting
Sliding Mode Control
Irfan Sami 1 , Waleed Alhosaini 2,∗ , Danish Khan 3 and Emad M. Ahmed 2

1 Research & Development Department, Milim Syscon Co., Ltd., Seongnam-si 13647, Republic of Korea;
irfansamimwt@gmail.com

2 Department of Electrical Engineering, College of Engineering, Jouf University, Sakaka 72388, Saudi Arabia;
emamahmoud@ju.edu.sa

3 Department of Electrical Engineering, Zhejiang University, Hangzhou 310027, China;
danishkhandirvi@zju.edu.cn

* Correspondence: wsalhosaini@ju.edu.sa

Abstract: Dual-Active-Bridge (DAB) DC–DC converters are becoming increasingly favored for their
efficiency in transferring electrical power across varying voltage levels. They are crucial in enhancing
safety and reliability in various fields, such as renewable energy systems, electric vehicles, and the power
supplies of electronic devices. This paper introduces a new control strategy for bidirectional isolated DAB
DC–DC converters, implementing a Double Integral Super Twisting Sliding Mode Control (DI-STSMC) to
accurately regulate the output voltage and current. The approach starts with a state-space representation
to mathematically model the DAB converter. In light of model uncertainties and external disturbances, a
robust DI-STSMC controller has been formulated to optimize the DAB converter’s output performance. This
method achieves zero steady-state error without chattering and provides a quick response to fluctuations in
load and reference changes. The validity of the proposed technique is demonstrated through simulation
results and a control hardware-in-the-loop (CHIL) experimental setup, using Typhoon HIL 606 and Imperix
B-Box RCP 3.0 on a 230 W DAB converter. Furthermore, the paper offers a comparative analysis of the
DI-STSMC with other control strategies, such as the proportional-integral (PI) controller, standard sliding
mode control (SMC), and integral sliding mode control (ISMC).

Keywords: dual-active-bridge (DAB); DC–DC converters; sliding mode control (SMC); super twisting
SMC (STSMC)

1. Introduction

The Dual-Active-Bridge (DAB) and CLLC converters are two well-known bidirectional
converter topologies that have different features that make them suitable for different
applications. Because of their effective power transfer methods and minimal conduction
losses, DAB converters are well known for their high efficiency, which frequently surpasses
98%. Their precise control mechanisms and robust bidirectional power flow capability
make them ideal for high-power applications like renewable energy systems and grid-
tied inverters. On the other hand, CLLC converters, which use resonant operation to
reduce switching losses and improve performance in medium-power applications such as
battery chargers and electric car charging stations, offer efficiency typically ranging from
95% to 98%. However, the control complexity of CLLC converters is higher, necessitating
the use of complicated control techniques to successfully govern the dynamics of the
resonant tank. This comparative analysis offers insights into choosing the best converter
architecture based on efficiency, control complexity, and application requirements. It is
influenced by current methodology and findings from reliable sources [1]. A detailed study
of converter for electric vehicles can be found in [2]. Resonant converter topologies for
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electric vehicle (EV) chargers are thoroughly reviewed in this work, with an emphasis
on specific classification and selection criteria according to power rating and power flow
requirements. The modulation and control strategies of high-efficiency LLC type resonant
converters, as well as their use in vehicle-to-grid (V2G) operations, are the subjects of
particular study [2,3]. The DAB DC–DC converter is gaining significant attention due to
its efficient power transfer capabilities, reduced need for passive components, high power
density, and excellent efficiency achieved through zero voltage switching (ZVS). It also
features a high voltage conversion ratio and provides galvanic isolation. Crucially, it acts
as an integral link between supercapacitors and batteries within energy storage systems
(ESSs), enabling seamless energy management between ESSs and DC microgrids [4–6].

Numerous studies have explored various phase shift modulation techniques for DAB
converters, such as the single phase shift (SPS) [7], extended phase shift (EPS) [8–10], double
phase shift (DPS) [11–13], and triple phase shift (TPS) [14]. SPS, being the simplest, offers
limited control over the converter, but suffers from constrained ZVS zones, heightened current
stress, and back flow power, leading to suboptimal performance in low power settings [15,16].
In contrast, EPS modulation enhances the ZVS range and reduces both back flow power and
current stress in medium power applications, using one bridge to adjust the inner phase shift
ratio while both inner and outer ratios control the converter. DPS modulation expands this by
introducing an additional control input, and TPS modulation further extends control options
with two alternate inner phase shift ratios for the H-bridges and an additional outer phase
shift, although it presents a more complex control scenario [17].

Efforts to boost the efficiency and dynamic capabilities of DAB converters under various
modulation schemes are ongoing, with a focus on optimizing back flow power and current
stress. For instance, a method to enhance these aspects under EPS control is described in [18].
However, this method relies on offline calculations, and is sensitive to disturbances. Separate
offline strategies have been developed to adjust phase shift ratios without optimizing both
back flow power and current stress simultaneously [19,20]. Modern approaches include online
optimization (ONO) techniques that adjust phase shift ratios dynamically, improving efficiency
without requiring detailed power stage calculations [14,21–23]. A unified phase shift control
for ONO is outlined in [14], and a two-dimensional optimization using a simplex optimizer
is proposed in [21]. A hybrid approach using TPS with ONO to enhance current stress and
ZVS is discussed in [22], while [23] introduces a neural network-based TPS modulation and a
fuzzy inference system for ONO.

Moreover, while proportional-Integral-Derivative (PID) controllers are widely used
for their steady state control capabilities, their performance can falter under dynamic
conditions due to the DAB converter’s nonlinear characteristics [24,25]. Various control
techniques, such as feedforward plus feedback, linearization, disturbance-observer-based
control (DOBC), sliding mode control (SMC), and model predictive control (MPC), are em-
ployed to manage and enhance the performance of the DAB converter [26]. A comparative
analysis of these methods demonstrates their effectiveness in maintaining output voltage
stability amid load fluctuations [27]. Advances include a nonlinear MPC with phase-shift
ratio compensation to boost dynamic response [28] and strategies that combine TPS modu-
lation with advanced methods like the augmented Lagrangian method for reactive power
reduction and improved soft switching [29].

The inherent robustness of SMC, along with its simplicity and adaptability, makes
it ideal for controlling nonlinear systems like the DAB converter under uncertain condi-
tions [25,30–34]. To reduce the typical chattering associated with SMC, integral SMC (ISMC)
and double ISMC (DI-SMC) techniques have been developed. The super-twisting SMC
(STSMC) approach, notable for its reduced chattering and finite time response, although
lacking in some robustness aspects of traditional SMC, is further refined in this study [35].
We propose a double integral STSMC (DI-STSMC) scheme that incorporates DISMC and
STSMC, aiming to minimize chattering and adapt to external disturbances and parameter
variations. This new scheme has been rigorously tested in simulations and a CHIL setup
with the Imperix B-Box (RCP 3.0) controller and Typhoon HIL 606, demonstrating superior
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performance with fast convergence and minimal chattering compared to existing methods.
The major contributions of this work are given as follows:

• This work presents a new DI-STSMC technology aimed at improving power electronic
converter control performance in EV chargers. We have shown, by thorough Lyapunov
stability analysis, that the proposed DI-STSMC guarantees zero steady-state error,
offering strong system stability without requiring the conventional Bode analysis that
is usually used for linear systems. This breakthrough in methodology establishes a
new benchmark for preserving exact control in intricate, nonlinear systems.

• Comparing the DI-STSMC methodology to conventional SMC and ISMC techniques,
our research demonstrates a considerable improvement in ripple performance. The ro-
bustness of the DI-STSMC under various load situations and step changes in reference
voltage is validated by thorough simulations and Hardware-in-the-Loop (HIL) evalu-
ations, underscoring its usefulness in preserving stability and optimum performance
in real-world scenarios. These validations attest to the DI-STSMC methodology’s
applicability and dependability for EV charging applications.

• This work utilizes Typhoon HIL for plant simulations and the Imperix controller for
the practical operation of DI-STSMC, which offers a useful framework that highlights
the viability of our methodology. While in-depth loss evaluations were not the focus
of this study, we describe future work that will integrate loss modeling and thorough
analysis to further improve the usefulness of the DI-STSMC technique. This research
contributes to theoretical understanding and offers useful direction for the design and
implementation of sophisticated control systems in EV chargers by providing these
in-depth insights and recommendations.

2. Modeling of DAB Converter

The DAB converter’s output voltage at the HV bridge is characterized by a low
harmonic model, as presented in [36]. The fundamental switching function represents a
square wave, which is stated as follows:

SA =
1
2
+

2
π

∞

∑
k=0

1
2k + 1

sin((2k + 1)( f t) (1)

The primary side voltage can be determined as follows:

vp = Vin

{
4
π

∞

∑
k=0

1
2k + 1

sin((2k + 1)( f t)

}
(2)

Similarly, with HV bridges and MOSFETs, the switching phenomenon is stated
as follows:

vs = vo[SB −SB ]

vs = vo

{
4
π

∞

∑
k=0

1
2k + 1

sin((2k + 1)( f t − δ))

}
(3)

where δ represents the phase shift of the modulation signal. In Figure 1, the HV bridge
receives power, and the modulation approach for the secondary bridge involves a phase
shift of δ compared to the primary bridge. Utilizing the fundamental Kirchhoff voltage
laws (KVL) on the HV side results in the equation presented:

iLk(t)RLk + Lk
d
dt

iLk = Nvp(t)− vs(t) (4)

where N represents transformer turns ratio, which is Ns : Np. By combining (2), (3), and (4),
the inductor current and impedance are:
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iLk(t) =
4
π

∞

∑
k=0

1
(2k + 1)

[
Nvp

|Z(k)| sin[(2k + 1) f t]−

ΨZ (k)−
vs

|Z(k)| sin[(2n + 1)( f t − δ)]− ΨZ (k)
] (5)

where
|Z(k)| =

√
R2

Lk + [(2k + 1)ωsLk]
2

φZ (k) = tan−1
(
(2k + 1)ωsLk

RLk

) (6)

Figure 1. Control block diagram of Dual-Active-Bridge-based DC–DC converter.

Z(k)∠Ψz(k) represents the impedance magnitude and its angle. Applying the Kirch-
hoff current (KCL) law on the converter HV side gives:

Co
dvo

dc
dt

= io
dc − iR

dc (7)

The output current iout can be expressed using the switching states and the inductor
current, specifically iout = iLk(SB − S∗

B). Integrating (7) with the formula for the inductor
current, and incorporating (3) and (5) into the resulting equation, yields the following formula:

d
dt

vo = −vo(t)
RL

+
1

Co

[
Nvin

(2k + 1)|Z(k)|
4
π

m

∑
k=0

(2k + 1) fst − Ψ‡(k)

]
−

vdc sin((2k + 1) fst − δ − Ψz(k))]

+
4
π

1

∑
p=0

1
(2p + 1)

sin((2p + 1)( fst − δ))

(8)

The output voltage’s final expression may be found by simplifying (8) as follows:
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dvo

dt
=

−8
Co π2

∞

∑
n=1,3,5,...

vo

n2|Z(n)|cos(Ψz(n))

+
8

Coπ2

∞

∑
n=1,3,5,...

Nvin

n2|Z(n)|cos(nδ − Ψz(n))

− io
Co

(9)

For the odd harmonic states, denoted by n = 1,3,5,. . . n = 1,3,5,. . . , Equation (9) illus-
trates the nonlinear relationship between the phase shift (δδ) and voltage dynamics in the
HV bridge. The state space representation corresponding to (9) is characterized as follows:

ẋv = A(xv) + B(xv)u +D (10)

The state matrices in this case are denoted by A(xv) and B(xv), where u is the control
signal, which will be described in terms of a phase shift signal, and x ∈ Rr represents the
system’s state. Furthermore, the following is the expression for the state matrices:

A(xv) =
−8

Co π2

∞

∑
n=1,3,5,...

cos(Ψz(n))
n2|Z(n)| vo

B(xv) =
8

Co π2

∞

∑
n=1,3,5,...

1
n2|Z(n)|Nvin

D = − io
Co

.

(11)

Given that the system attributes are expected to vary within a limited scope, both the
uncertainties and parametric uncertainties can be incorporated into the disturbance term D
to enhance its definition. The aggregated disturbance can thus be articulated as follows:

G = D + ∆do + ∆din + ∆A(xv)

+
8

Coπ2

∞

∑
n=3,5,...

[
cos(φz(n))
n2|Z(n)| vo −

1
n2|Z(n)|Nvin

]
(12)

where ∆dsource and ∆dload , respectively, are used to represent the disturbances in source
and load side, respectively. The uncertainty representation for the parameters is ∆A(xv).
Using the definitions given above, (12) may be stated as:

ẋv = A(xv) + B(xv)u + G (13)

Therefore, the DAB converter’s nonlinear model is represented by (13).

3. Design of Controllers

SMC is a nonlinear control methodology that functions through a predefined sliding
surface, which delineates the difference between the current and desired states of the system.
The controller uses a control input to guide the system toward this surface. Due to its
invariance in the sliding mode and robustness to uncertainties, SMC is recognized as a viable
and efficient control system choice. It excels in managing unpredictable or dynamic system
properties and disturbances, providing rapid and accurate responses to changes in system
dynamics. Additionally, SMC is easier to develop and deploy than conventional linear control
methods, often surpassing them under various conditions. This section will explore the
development of multiple controllers, including SMC, Integral SMC (ISMC), Double Integral
SMC (DI-SMC), and the innovative Double Integral Super-Twisting SMC (DI-STSMC).

3.1. Sliding Mode Control Design

The first step in the design of SMC is the definition of error. The equilibrium point is
achieved using the error given as follows:
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ev = xv − x∗v (14)

where the xv is the actual state and x∗v is the desired reference point. The rate of change of
error in form of derivative is given as follows:

ėv = ẋv − ẋ∗v (15)

The sliding surface is also selected as the error given in above equation, and is given
as follows:

S1 = ev (16)

The derivative of sliding surface with using the state space equation in (13) is given
as follows:

Ṡ1 = ėv = A(xv)−B(xv)u − G − ẋ∗v (17)

The rate at which a state approaches the sliding surface can be enhanced by employing
a reaching law, defined as follows:

usmc = −β1|S1| sign
(

S1

ϱ1

)
(18)

The final control is combination of equivalent control law Ueq and reaching law given
in (18). Thus, the equivalent control law is achieved by taking Ṡ equal to zero to ensure that
the sliding phase is achieved, and the final control law becomes [36]

usmc = −B(xv)
−1

[
ẋ∗v − Axvd − β1|S1| sign

(
S1

ϱ1

)]
(19)

Lyapunov Stability of SMC

Let us take the Lyapunov function V = 1
2 ST

1 S1 and, taking its derivative, one obtains [37]

V̇ = ST
1 Ṡ1 (20)

Putting the value of ėv from (17) in (20), one obtains

V̇ = ST
1 (A(xv)−B(xv)usmc − ẋ∗v) (21)

V̇ = ST
1 (A(xv)−B(xv)(−B(xv)

−1
[

ẋ∗v − Axvd − β1|S1| sign
(

S1

ϱ1

)]
)− ẋ∗v) (22)

V̇ = ST
1 (−β1|S1| sign

(
S1

ϱ1

)
) ≤ 0 (23)

which is negative definite. The Lyapunov stability analysis ensures the system’s asymptotic
stability and finite time convergence. The SMC scheme for voltage regulation of DAB
converter system meets these criteria.

3.2. Integral SMC

In this subsection, the ISMC is developed based on the nonlinear state space model
outlined in (13). This controller is often employed in scenarios requiring high precision
and strong robustness. Integrating an integral term within the controller’s design aids
in minimizing steady-state discrepancies in its response. To enhance the reduction of
steady-state errors, the sliding surface is designed to include both historical and current
error components, which are defined as follows:

S2 = C1ev + C2

∫
ev (24)

In this instance, C1 and C2 are the gains associated with the sliding surface. Differenti-
ation of (24) and its subsequent integration with (17) results in the equation below.
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Ṡ2 = C1(A(xv) + B(xv)u + G − ẋvd) + C2ev (25)

From (19), the control law becomes:

uISMC = −C1B(xv)
−1

[
−C1 Axvd − C2ev + C1 ẋvd − β2|S2| sign

(
S2

ϱ2

)]
(26)

The ISMC controller does not contain any integral terms, as shown in (26). Conse-
quently, in steady-state circumstances, the steady-state error could occur.

Lyapunov Stability of Integral SMC

Let us take the Lyapunov function V2 = 1
2 ST

2 S2, and take its derivative

V̇2 = ST
2 Ṡ2 (27)

Putting the value of ėv from (25) into (27) yields

V̇2 = ST
2 (C1(A(xv) + B(xv)u + G − ẋvd) + C2ev) (28)

V̇2 = ST
1

(
A(xv)−B(xv)

[
−C1B(xv)

−1(−C1 Axvd − C2ev

+C1 ẋvd − β2|S2|q sign
(

S2

ϱ2

))])
− ẋ∗v

(29)

V̇2 = ST
1 (−β2|S2| sign

(
S2

ϱ3

)
) ≤ 0 (30)

which is negatively definite. A Lyapunov stability examination verifies that the system
achieves asymptotic stability and converges within a finite period. The SMC applied for
voltage control in the DAB converter system meets these criteria.

3.3. Double Integral Sliding Mode Control Design

To achieve accurate convergence to the desired operating point, the DI-SMC is em-
ployed. This approach enhances control by integrating error terms twice into the sliding
surfaces, effectively diminishing steady-state error and alleviating chattering. The error
terms, characterized by double integral functions, are specified as follows:

G = Sv + C3

∫ ∫
ev (31)

Equation (31), referred as the reaching law, is the key element in designing control law.
The derivative of (31) is obtained as follows:

Ġ = C1(A(xv) + B(xv)u + G − ẋvd)

+ C2ev + C3

∫
ev dt

(32)

From (32), the final control law using the SMC based reaching law and equivalent
control obtained by equalizing (31) to 0, becomes

uDI−SMC = −C1B(xv)
−1[−C1 Axvd − C2ev

−C3

∫
ev dt + C1 ẋvd − β3|G| sign

(
G

ϱ3

)] (33)

The DI-SMC improves the robustness of the the conventional SMC, whereas it also
helps in minimizing chattering, but still the signum function in (33) results in a considerable
chattering. Thus, to minimize the chattering while maintaining the inherent robustness of
the SMC, a STSMC based control law will be introduced in the next section.



World Electr. Veh. J. 2024, 15, 348 8 of 22

Lyapunov Stability of Double Integral SMC

Let us take the Lyapunov function V3 = 1
2G

TG and take its derivative

V̇3 = G2TĠ (34)

Putting the value of ėv from (32) into (34) yields

V̇3 = GT(C1(A(xv) + B(xv)u + G − ẋvd) + C2ev + C3

∫
ev) (35)

V̇3 = GT
(
A(xv)−B(xv)

(
−C1B(xv)

−1
[
−C1 Axvd − C2ev − C3

∫
ev dt

+C1 ẋvd − β3|G|q sign
(
G

ϱ3

)])
− ẋ∗v

(36)

V̇3 = GT(−β3|G| sign
(
G

ϱ3

)
) ≤ 0 (37)

which is negative definite. The Lyapunov stability analysis ensures the system’s asymptotic
stability and finite time convergence. The DI-SMC scheme for voltage regulation of DAB
converter system meets these criteria.

3.4. Design of Double Integral Super Twisting SMC

DI-STSMC, a modified version of SMC, reduces chattering through the use of higher-
order derivatives and maintains strong resistance to external disturbances. This controller
efficiently twists system trajectories back to the origin, ensuring rapid convergence with
minimal chatter. The error terms, along with their time derivatives, were elaborated in
the preceding section. The reaching law for DI-STSMC, designed to decrease chatter and
enhance convergence to the sliding surface, is presented as follows:

Ġ = U1(G) + h

ḣ = U2(G)
(38)

The U1 and U2 are given as follows:

U1 = 1ג−

√
|G| sign

(
G

ϱ4

)
U1 = 2ג− sign(G)

(39)

where G ∈ R3, v ∈ R3, and ,1ג 2ג are positive constants. Using the same surface given
in (31) and reaching law given in (38), the final control law for DI-STSMC can be proposed
as follows:

uDI−STMC = −C1B(xv)
−1

[
−C1 Axvd − C2ev − C3

∫
ev dt + C1 ẋvd

−1U(G)ג− 2ג

∫
U2(G) dt

] (40)

Lyapunov Stability of Double Integral Supertwisting SMC

Let us take the Lyapunov function V4 = 1
2G

TG, and take its derivative

V̇4 = G2TĠ (41)

Putting the value of ėv from (35) into (41) yields

V̇4 = GT(C1(A(xv) + B(xv)uDI−STSMC + G − ẋvd) + C2ev + C3

∫
ev) (42)
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V̇4 = GT
(
A(xv)−B(xv)

(
−C1B(xv)

−1
[
−C1 Axvd − C2ev − C3

∫
ev dt + C1 ẋvd

−1U(G)ג− 2ג

∫
U2(G) dt

])) (43)

V̇4 = GT(−1גU(G)− 2ג

∫
U2(G)) ≤ 0 (44)

which is negative definite. This demonstrates that the proposed controller is asymptotically
stable and ensures voltage regulation within a finite time.

4. Results and Discussions

This section presents the simulation results carried out in Matlab/SIMULINK using
the Imperix environment. A 230 Watt system with the parameters given in Table 1 is used
to verify the controller performance. The plant quantities in the Imperix environment are
modeled with continuous signals, which requires a variable-step solver to capture their
dynamics accurately. The implementation of control algorithm is performed through the
discrete signals that sampled at a equal rate to the interrupt frequency fully aligned with
the phase of sampling performed throughout the simulations. The z-domain is necessary
to discretize the signal during the simulations, which is accommodated by the variable-
step solver taking major steps at each interrupt execution. Also, to represent the actual
behavior of the real PWM generators, these simulations use the actual carrier-based PWM
algorithms to generate the PWM signals. The duty-cycle and phase parameters are updated
at specific instant the occurs at the maximum points and/or zero of the carrier wave signal.
The duration of algorithm execution is also modeled, resulting in a delay between the
commencement of the interrupt and the availability of the new data. By precisely modeling
all delays and phases, the simulated controller has the same dynamics as the real controller,
allowing for effective control parameter adjustment during offline simulations. The control
parameters for the setup under investigation is given in Table 2.

Using the above simulation environment, this section provides the simulation results
of various controllers including Proportional Integral (PI), SMC, ISMC, and DI-STMSC.
The controllers are tested for various cases, which include: (a) change in reference voltage
and (b) change in output voltage.

Table 1. Dual-Active-Bridge converter parameters for simulation and experimental setup.

Parameters Value

Rated power 230 Watts
Input voltage Vin 50 V
Output voltage vo 30 V to 60 V
fs 20 Khz
Cdc , Co 100 µF, 200 µF
Transformer,s turn ration 1
Lk 30 uH
Variable load (Ro) 1.1 × 10 watts

(PI) control, renowned for its simplicity and stability, showcases moderate overshoots
and undershoots in DC link voltage regulation. The PI exhibits an overshoot of 3.5 V
during the convergence to the reference voltage. Similarly, the output voltage takes 0.02 s
to reach the reference voltage. The convergence and undershoot can also be experienced
in the error, as shown in Figure 2a. The performance of PI controller during the sudden
reference voltage is shown in Figure 2b. A undershoot of 10 in the error is given in Figure 2b.
Under load variation, a PI controller exhibits an overshoot of approximately 3.5 V, owing
to its integral action that tends to accumulate errors over time. Similarly, sudden load
changes can prompt undershoots, with the voltage momentarily dipping by around 7V
before stabilizing. The convergence to reference voltage is achieved in 0.02 s, as shown
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in Figure 2c. The PI controller struggles to swiftly correct for load disturbances due to its
reliance on error accumulation.

(a)

(b)

(c)
Figure 2. DC link voltage for PI (a) at starting time, (b) voltage reference variation, (c) during
load change.



World Electr. Veh. J. 2024, 15, 348 11 of 22

Table 2. Controller parameters and their numeric values.

Method Parameters Value

PI Kp 8.514
KI 16

SMC ϱ1 0.8
β1 10

ISMC

ϱ2 0.8
β2 12
C1 4
C2 2

DISMC
ϱ3 6.328
β3 7
C3 3.567

DI-STSMC
1ג 1.6
2ג 8
ϱ4 7.54

In contrast, SMC control scheme demonstrates enhanced performance, minimizing
the convergence time and undershoots while ensuring a faster response to load variations,
as shown in Figure 3. The starting performance of DAB operating under SMC is shown
in Figure 3a. It can be seen that, with an approximate overshoot of 5 V and convergence
time of of 0.003 s, SMC exhibits a robust capability to swiftly counteract disturbances. Its
inherent sliding mode mechanism allows for precise voltage regulation, reducing the effects
of both overshoots and undershoots. SMC utilizes a sliding surface predominantly based
on a switching function, designed to ensure resilience against disturbances. The sliding
surface in SMC operates on the principle of continuous switching to maintain control.
During the voltage variation by decreasing the reference voltage by 10 V, the SMC offers
overshoot of 2 V with a fast convergence time of 0.003 s, as shown in Figure 3b. This strategy
notably minimizes undershoots during the load variation, resulting in an approximate 5 V
undershoot and 0.003s convergence time. However, SMC exhibit chattering in due to its
aggressive switching behavior. Overall, the sliding mode in SMC promptly respond to load
variations by actively forcing the system towards the sliding surface, offering improved
voltage regulation compared to PI controllers. Similarly, the response of SMC controller to
the load variation is shown in Figure 3c. It can be seen that the undershoot in the voltage at
t = 0.2 s is minimized, as compared to the PI controller scheme. The SMC offers undershoot
of 6 V with an overshoot of 8 V in the state error. The convergence time is improved with a
good extent. The SMC improves the overall performance, but it suffers with high chattering,
as shown in the voltage and error profiles in Figure 3.

Moving to ISMC, this advanced control strategy further refines the voltage regulation
process. The double integration of the sliding surface enables superior error compensation,
resulting in reduced overshoots and undershoots. With a 0.001 s convergence time and
an approximate overshoot of 3 V, ISMC has a strong ability to quickly reach the reference
voltage, as shown in Figure 4a. Its built-in sliding mode mechanism reduces the impact of
both overshoots and undershoots by precisely regulating the voltage. The ISMC provides
undershoot of 1.4 V and a quick convergence time of 0.001 s during the voltage variation
caused by lowering the reference voltage by 10 V, as shown in Figure 4b. This approach
leads to an approximate 5 V undershoot and 0.002 s convergence time, significantly reduc-
ing undershoots and improving the convergence time throughout the load variation, as
shown in Figure 4c. The ISMC lowers the chattering the a good extent, but the chattering is
still not fully minimized.
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(a)

(b)

(c)
Figure 3. DC link voltage for SMC (a) at starting time, (b) voltage reference variation, (c) during
load change.

Finally, the DI-STSMC takes voltage regulation to an even higher level of precision
and stability. The proposed method keeps the robustness of the DI-SMC, whereas it
minimized the overall chattering in the voltage profile. It can bee seen from Figure 5a that
the proposed controller exhibits overshoot of 1.5 V with a very fast convergence time. The
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convergence is also evident from the error profile in Figure 5a. Similarly, during voltage
variation, the undershoot is negligible whereas the error profile is also improved, as shown
in Figure 5b. With load fluctuations, this controller displays remarkable convergence
behavior, with insignificant undershoot of around 3V and convergence time of 0.001s, as
shown in Figure 5c. Super twisting algorithms let the controller to track the reference
voltage quickly and precisely, exhibiting exceptional stability even in difficult situations.
Superior performance in voltage regulation scenarios is ensured by the double integral
super twisting SMC’s complex control mechanism, which produces small deviations from
the required voltage set-point.

The sliding surface’s super twisting algorithms enable the controller to quickly and
accurately push the system in the direction of the reference voltage, resulting in very little
deviation and outstanding stability in voltage regulation situations. This controller is
unique from others using SMC techniques because of its super twisting algorithms and
complex sliding surface mechanism, which together provide higher precision and resilience
in handling a range of operating circumstances while reducing chattering effects.

(a)

(b)
Figure 4. Cont.
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(c)
Figure 4. DC link voltage for ISMC (a) at starting time, (b) voltage reference variation, (c) during
load change.

The effect of voltage and load variation on the primary voltage vp and secondary
voltage vs is shown in Figure 6. The variation in voltage is experienced at t = 0.1 s, and
variation in secondary voltage is experienced at t = 0.2 s. The vp and vs during PI operation
in Figure 6a shows that the during voltage and load change; the PI acts very slowly to the
disturbance and slow convergence to the actual value can be seen. During SMC operation in
Figure 6b, a fast convergence can be seen, but variation due to high chattering is experienced
in this case. The ISMC in Figure 6c helps in reducing the chattering while maintaining
the inherent robustness, but could not eliminate the chattering. The proposed DI-STSMC
in Figure 6d helps in eliminating the chattering while the double integral increases the
robustness against the load and voltage variations and thus shows a very fast convergence
after the disturbance happens to the actual values.

(a)
Figure 5. Cont.
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(b)

(c)
Figure 5. DC link voltage for proposed DI-STSMC control scheme (a) at starting time, (b) voltage
reference variation, (c) during load change.

(a)
Figure 6. Cont.
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(b)

(c)

(d)
Figure 6. Primary and secondary voltage comparisons for voltage variations (a) PI, (b) SMC,
(c) ISMC, (d) DI-STSMC.

5. Experimental Results

The behavior of the DAB system’s voltage control is evaluated experimentally in both
transient and steady-state conditions using control hardware in the loop (CHIL) system.
The Imperix B-Box RCP-3.0 from Imperix Ltd., Sion, Switzerland and Typhoon HIL-606
from Typhoon HIL, Inc., Somerville, MA, USA are used in a CHIL configuration to carry
out this control mechanism. Through the control unit, the Imperix B-Box RCP-3.0 is in
charge of producing a pulse width modulation (PWM) signal that is then sent to HIL-606
to regulate the DAB converter. The link between the RCP-3.0 controller and the HIL-606
system is shown in Figure 7. In this configuration, the Typhoon schematic is used to model
the hardware, and the controller’s software is created in MATLAB/Simulink with the
RCP-3.0 library. Typhoon SCADA is essential for examining hardware dynamics. The DAB
primary voltage, secondary voltage, secondary current, and DC link voltage are shown in
Figure 8. It can be seen from Figure 8a that the PI controller offers a high overshoot of 5 V
and a slower convergence time of 1 s after the variation has happened. The overshoot in
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the current and primary voltage is also evident from Figure 8a. Similarly, the SMC provides
faster convergence and less overshoot during the voltage variation, but it exhibits high
chattering. This chattering results in a bad current and voltage waveform that can be seen
in Figure 8b. The convergence highly increases to 100 ms, resulting in increased chattering
and deteriorated voltage and current waveforms. These variation in the voltage and current
with high frequency chattering generally leads to high temperatures and thermal losses
in the converter. The proposed DI-STSMC, when subjected to load variations, makes a
smoother performance with good convergence time of 250 ms after the change in the
reference voltage, as shown in Figure 8c. Also, the overshoot in the voltage waveform in
minimal, leading to more smoother and chattering free voltage and current waveform.

Figure 7. CHIL-based experimental system for proposed control scheme.

In the next test, the DAB converter is subjected to the load variation. Initially, a load
is decreased and then increased by the same proportion. The response of the PI, SMC,
and proposed DI-STSMC is shown in Figure 9. It can be seen from Figure 9a that the PI
controller, relying on integral action, demonstrates high undershoot of 10 V during the
decrease in the load and overshoot of approximately 12 V in response to the increase in
the load. In contrast, SMC, known for its robustness in handling disturbances, displays
reduced undershoots and overshoots at approximately 4 V and 4 V, respectively, as shown
in Figure 9b. The convergence time to the actual value is also improved and it reaches to
the actual value much faster as compared to the PI control scheme. The DI-STSMC, built
for greater precision, is projected to produce minimum overshoots close to 5 V during both
the rise and reduction of the DC link voltage, as given in Figure 9c. This demonstrates
its outstanding stability and accuracy during rapid voltage changes. The chattering is
eliminated in the voltage and current waveform, as shown in Figure 9c, whereas improving
the overall stability against the variation in voltage and load.
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(a)

(b)

(c)
Figure 8. DC link voltage comparison for PI, SMC, and DI-STSMC at step input voltage change (a) PI,
(b) SMC, (c) DI-STSMC.

These unique behaviors highlight each controller’s differing capacities to regulate the
DAB’s output DC link voltage and currents under various load circumstances and during
step changes in the DC link voltage. While the PI controller has moderate deviations due
to its integral action, SMC has superior control with fewer deviations, but increased chat-
tering, and the double integral super twisting SMC has exceptional precision, minimizing
overshoots and undershoots in various operational scenarios, emphasizing their individual
strengths in control and stability. We examined and compared the effectiveness of three
control systems in our thorough examination of ripple factors: SMC, ISMC, and DI-STSMC.
Under the same operating conditions, the ripple factor—which is the ratio of the peak-to-
peak ripple voltage to the average output voltage—was evaluated. In our experiments, we
found that SMC produced a 5.5% ripple factor, ISMC produced an enhanced 3.8% ripple
factor, and our suggested DISTSMC approach further lowered the ripple factor to 2.2%. As
an illustration of how well simulation studies matched experimental results, they projected
ripple factors of 6.3% for SMC, 4.7% for ISMC, and 3.1% for DI-STSMC. The absence of some
factors in the simulation model and idealized settings can be the cause of minor differences,
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such as a slightly lower ripple factor in simulations. This comparison analysis confirms
the resilience and efficacy of our suggested technique in both simulated and real-world
scenarios by highlighting DI-STSMC’s superior performance in minimizing ripple.

(a)

(b)

(c)
Figure 9. DC link voltage comparison for PI, SMC, and DI-STSMC during load variation (a) PI,
(b) SMC, (c) DI-STSMC.

Practical Implementation and Limitations

There are various obstacles and factors to take into account when putting the DI-STSMC
approach into practice. A prevalent problem is the chattering phenomena, which can be
reduced by applying boundary layer methods or smooth switching function approximations.
Robust terms in the control rule handle model uncertainties and disturbances, enabling dy-
namic adaptation to changing circumstances. High sampling rates and real-time processing
are essential, thus sophisticated micro controllers or digital signal processors (DSPs) with ef-
fective algorithms must be used. High-accuracy sensors and capable mechanical components
can be integrated to achieve precise control and robust disturbance rejection in mechanical
systems, such as vehicle suspensions or robotic arms. Thermal control and the use of high-
frequency switching devices are critical for electrical systems like motor drives and power
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converters. Although the DI-STSMC approach provides strong nonlinear control and distur-
bance rejection, it is crucial to recognize that it may have certain disadvantages. These include
the difficulty in creating an efficient sliding surface, the sensitivity to uncertainties in the
system model, and the problem of minimizing chattering because of its discontinuous control
input. Conventional control techniques, like PID control, may be advantageous in situations
when seamless functioning and ease of design are critical. Based on the unique needs and
characteristics of the application, careful consideration should be given to the decision between
DI-STSMC and conventional approaches. The method’s viability is demonstrated by running
plant simulations with Typhoon HIL and implementing DI-STSMC on the Imperix controller.
In order to further ensure dependable and efficient control in real-world applications, suitable
hardware selection, strong software development, real-time operating systems (RTOS), and
optimized code are required.

6. Conclusions

This study presents a DI-STSMC-based voltage control technique for DAB converters
that provides better voltage regulation and robust control. Using DAB’s average modeling
simplifies controller design as compared to other non-linear converter controllers. The
proposed DI-STSMC technique eliminates chattering in SMC, resulting in lower ripple
in output voltage waveforms. Robust control is performed in the face of disruptions
and uncertainties such as unanticipated load fluctuations and output voltage variations.
The performance is verified by the numerical values of the output voltage; for instance,
the proposed control gave minimum undershoot of 4 V followed by SMC and ISMC
with 6 V and PI with highest undershoot of 7 V under load variation. The proposed
control approach is experimentally tested and compared to SMC- and PI-based classical
voltage control. The suggested control technique provides robust control with improved
steady-state and transient performance, as demonstrated by experimental findings and
comparisons. Improved tracking performance leads to higher steady-state output voltage,
even with significant reference voltage changes.
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