This article has been accepted for publication in IEEE Transactions on Industry Applications. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TIA.2024.3384465

IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS

Eliminating Current Sensor Dependencies in DAB
Converters using a Luenberger Observer-based
Hybrid Approach

Piyali Pal, Graduate Student Member, IEEE, Ranjan Kumar Behera, Senior Member, IEEE, and Utkal Ranjan
Muduli, Senior Member, IEEE

Abstract—A robust and sensorless control strategy is presented
for dual active bridge (DAB) converters for electric vehicle (EV)
charging application. In this paper, the Luenberger Observer-
based sliding mode control has been developed. The observer
successfully estimated the load current, retaining the benefits of
sliding-mode control. Moreover, the observer has been modified
to suppress the double-line frequency ripple at the output of
the DAB converter when integrated with a single-phase AC-
DC converter. This paper delves into a detailed mathematical
modeling of DAB converters utilizing reduced-order models to
minimize computational complexity. The modeling is accom-
panied by a detailed stability analysis. This paper provides
comprehensive guidelines for controller design and parameter
selection. To validate the proposed theoretical framework, a
hardware prototype was developed in the laboratory, which
was subjected to various experimental scenarios, including load
variations, parametric changes, and cascade architecture. The
experimental results confirm the effectiveness and robustness of
the proposed control strategy.

Index Terms—EV Charging Infrastructure; Dual Active Bridge
Converter; Sliding Mode Control; Luenberger Observer; Sensor-
less Control.

NOMENCLATURE

DAB Dual Active Bridge.

ESS Energy Storage System.

LO Luenberger Observer.

NDO Nonlinear Disturbance Observer.

SMC Sliding Mode Control.

SPS Single Phase Shift.

SST Solid State Transformer.

STSMC Super Twisting Sliding Mode Control.

Vi Input DC-link supply.

Vo Output voltage of the converter.

Up,Us Primary and secondary voltage of the trans-
former.

Ty, U Current through the leakage inductor, input
current, respectively.

L, Effective leakage inductance.
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10, lc, 17, Output current, current through C,, load cur-
rent, respectively.

fsw Switching frequency.

o) Phase shifting angle.

P, Transmitted power.

d Phase shift ratio.

p Sliding surface.

vy Reference output voltage.

K1, K2 Sliding-mode gains.

5k

iy Reference output current.
\%3 Lyapunov function for sliding mode control

11,02 Observer gains.

gn(s) Transfer function of the notch filter.

Jr Lyapunov function for the Luenberger ob-
Server.

Cs Gmin Damping factor and gain at the cutoff fre-

quency of the notch filter.

I. INTRODUCTION

Dual Active Bridge (DAB) converters are crucial in DC
microgrids. DAB can act as a link between energy stor-
age systems (ESSs) and the DC microgrid, enabling energy
exchange between them with electrical isolation. Solid-state
transformers (SSTs) based on DAB have been implemented
in power grids to connect various scales of microgrids or
various levels of DC grids. The use of DAB may lighten
weight and increase energy efficiency [1], [2]. When grid-to-
vehicle capability is necessary, DAB is also a viable option to
charge batteries onboard in plug-in electric cars [3]. The DAB
converter has stimulated the power electronics sector due to
its many advantages such as galvanic isolation, bidirectional
power flow, flexibility in voltage conversion, inherent soft
switching, high efficiency, etc. These applications are prone
to various disturbances, such as frequent changes in load and
variations in input side voltage. Therefore, robust control with
a fast dynamic response is an inevitable requirement because a
large deviation in output voltage response may lead the system
to an unstable state.

Modeling the DAB converter poses unique challenges due
to the high-frequency AC nature of the inductor current with
zero average value. The accuracy of the controller design and
its performance depend on the chosen modeling approach,
which requires a precise small signal model for the converter.
The generalized average model of DAB is proposed in [4],
where the current dynamics of the inductor is considered for
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the controller design. On the contrary, the discrete-time model
presented in [5] offers high accuracy and enhanced control
for digital implementations; however, it requires specialized
tools due to its computational complexity. Alternatively, the
reduced-order model introduced in [6], simplifies the closed-
loop system by ignoring the high-frequency inductor current
dynamic. Closed-loop output voltage feedback control is a
common technique for regulating the output voltage of DAB
[7]. However, the DAB converter is non-linear in nature in
relation to the operating point of the load power. To maintain
optimum dynamic performance, it is important to modify the
controller gain according to the load for every control action.
Moreover, traditional linear control techniques for the DAB
converter reported in the literature are fixed gain PI control
loop [8], feedback linearization control [9], etc. However, the
performance of the above-mentioned controllers significantly
deteriorates under load variation. A linear controller operates
under extremely narrow bandwidth.

To enhance robustness during load disturbance, a load
current feed-forward controller has been implemented in [10]-
[12]. In [10], the feedforward gains are selected from a
predefined look-up table according to the variation of the load.
The load current is used as a feedback signal in the control
loop of the model-based phase shift control proposed in [11].
But here the feedforward gain is calculated online, which in-
creases the complexity of the system, and also these controllers
are parameter sensitive. In [12] virtual direct power-based
control has been proposed, which measures the output power
of the converter and uses it as a feedforward signal in the
control loop. It eliminates the dependency on using the exact
value of the leakage inductance, but it shows poor dynamic
performance under light load conditions. In [13] disturbance
observer-based control of the DAB converter has been imple-
mented. This control technique employed an observer who
could estimate the total disturbance of the system without
using additional sensors. It showed superior performance in
disturbance rejection, but increased computational complexity.
Predictive control of the output voltage has been reported in
[14]. Tt has the distinguishing characteristic of fast dynamic
performance, but requires detailed information about the plant
and a proper selection of weighted factors. Inappropriate
control parameters can cause system instability. In [15] the pre-
dictive current control method for the DAB converter has been
proposed, but this controller is not feasible for high-frequency
applications. A fuzzy controller in [16] can be a reliable
solution to achieve a fast dynamic response without knowing
much about accurate plant modeling and information about
the system parameters. But stability analysis is challenging
and controller design is quite complex. Due to its simplicity
of construction, robustness against external disturbances, and
ease of implementation, sliding-mode control has generated
a lot of interest in nonlinear control. However, traditional
sliding-mode control has two major drawbacks. One is the
chattering problem, and the other is sensitivity to unmodeled
disturbances, widely known as mismatched disturbances. A
double integral sliding mode control for the regulation of
voltage and current of the dual active bridge converter has
been presented in [17]. It has reduced the chattering problem

to some extent, but harmonic model-based control has been
utilized there, which increases computational complexity. In
[18] super-twisting sliding mode control (STSMC) of the
DAB converter has been reported. STSMC control minimizes
the chattering effect and shows robustness against parameter
variation. However, proper care should be taken to determine
the values of «, and . To address the chattering issue while
preserving its nominal control performance, numerous authors
in [19], [20] proposed disturbance observer-based sliding
mode control. The objective is to construct an equivalent
control law in which the disturbance is estimated and used as a
feedforward compensation. Moreover, observer-based sliding
mode control has also been used for sensorless fault-tolerant
control of power electronics converters. Existing research
on fault-tolerant techniques in power electronic converters
offers a variety of approaches to address power semiconduc-
tor device failures [21]. Decentralized strategies are crucial
in large-scale systems, particularly when handling coupled
sensor and actuator faults [22]. Higher-order sliding-mode
observers (SMOs) provide finite-time convergence of system
response and reduced chatter, enhancing fault tolerance in
applications such as DC servomotors [23]. Adaptive versions
of SMOs further improve performance in dynamic environ-
ments [24]. In particular, SMOs can be used to reconstruct
phase current errors and estimate the position of the rotor,
allowing fault-tolerant control (FTC) without dedicated cur-
rent sensors [25]. Quasi-Luenberger observers combined with
robust sliding mode controllers mitigate disturbances in power
converter dynamics [26]. The use of higher-order SMOs can
also optimize power extraction in DC-DC converters used
for photovoltaic energy applications [27]. Sensorless control
employing a load current estimator has been presented in
[19], [20] has suggested first-order load current observer-
based control for DC-DC boost converters. But the predicted
error was rather substantial since the observer’s model had
shortcomings and additional parasitic effects were present. To
estimate the output disturbance, a model-predictive control
approach has been used. However, the procedure is lengthy
and includes complicated calculations. To estimate the load
current disturbance and the input voltage variation in the DC-
DC boost converter, a non-linear disturbance observer (NDO)
has been proposed. NDO demonstrates a superior estimate. In
[28], [29] A three-phase grid-tied inverter DC-link current has
been estimated using a non-linear disturbance observer and the
Luenberger observer.

In the earlier version of this article, cited as [1], the concept
of a current sensorless observer-based sliding mode control
for the DAB converter was introduced. However, stability
analysis, the design of observer parameters, and real-time
validation remained unaddressed. Moreover, a pronounced
double-line frequency ripple in the output voltage was ob-
served during hardware implementation when the Dual Active
Bridge (DAB) was coupled with an AC/DC converter. To
alleviate this ripple, modifications were subsequently made to
the proposed observer. Therefore, this work offers a proposal
for the current sensorless sliding mode control of Dual Active
Bridge converters. The load current is calculated using the Lu-
enberger observer. This paper outlines the following significant
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Fig. 1. DAB converter topology with proposed control.

contributions.

o A reduced-order model of the DAB converter has been
employed for a simplified approach to SMO design. This
contrasts with traditional, more complex controller de-
signs and could lead to potential benefits in computational
efficiency.

e Accurate load current estimation and mitigation of
double-line frequency ripple have been achieved through
a tailored LO design. This combined functionality is
especially advantageous in the context of cascaded DAB
converters with rectifiers.

o The stability of the proposed controller has been ex-
tensively analyzed using the Lyapunov stability theory,
providing a strong theoretical basis for its robustness.
Additionally, its resilience has been demonstrated through
rigorous testing under both parametric variations and
load disturbances. This shows its potential for reliable
performance in practical applications.

This paper is structured as follows: Section II outlines the
working principle and modeling of the system. Section III
delves into the controller’s design, selection of parameters
for the controller, and theoretical analysis of stability and
robustness. In Section IV, the experimental results for a pro-
totype DAB converter are provided, along with a comparison
of its performance against traditional controllers. Section V
concludes this article on the basis of the results of the
experiment.

II. OPERATION OF DAB CONVERTER
A. Circuit configuration

Fig. 1 shows the circuit configuration of the DAB converter.
It consists of two active bridges (¢ and b) connected to the
primary and secondary sides of the isolated high-frequency
transformer (with turn ratio n : 1), respectively. Sq1, ..., Saa
and Sp1, ..., Sps are active switches on the bridges a and b.
The input DC-link supply voltage to the primary side bridge a
is V;, while v, is considered the output DC-link voltage. v,, and
v are the voltages in the primary and secondary windings of
the transformer; 4, is the current through the effective leakage
inductance on the primary side of the transformer L,,, while ¢;
is the input current drawn from the DC source. Similarly, 7,
is the output current of the bridge b, which is divided further

into the current through the capacitor C,, i.e., i, and the load
current 7z,.

The phase change between the two bridges controls the
converter power flow. If the bridge a has a leading phase, then
the power will flow from a to b and vice versa. In this paper,
the single-phase shift (SPS) modulation technique is adopted
to control power flow. A typical characteristic timing diagram
of the single-phase shift modulation technique is shown in
Fig. 2(a). Both bridges generate square waves with a duty ratio
of 50% at a fixed switching frequency fs,,. But the voltage
v, is lagging behind v, due to a phase shift angle ¢ that is
responsible for the power flow between two bridges.

B. Reduced order modeling of DAB

Modeling of a DAB converter seems more difficult than
a conventional DC-DC converter due to the presence of the
leakage inductor current i,, which is pure AC. In this paper,
a reduced-order model of the DAB converter is carried out.
Therefore, the dynamics of 4, is neglected. The dynamic
response of 4, does not affect the disturbance of the phase
change or the change in output voltage. This is due to the
isolation transformer, and the dynamics of the output voltage
is much slower than the dynamics of the inductor current.
The power transmitted (P;) from the bridge a to b can be
represented as (1).

nV;v,

P, Fouls d(1—d),
where d is the phase shift ratio and can be defined as d = #/,..
If no loss is considered in the system including conduction
loss and switching loss, then by equating the input and output
power with the delivered power, the expression of the input
current ¢; and the output current ¢, can be calculated.

—-0.5<d<0.5 (1)

= g1 —d), —05<d<05
2fowly
nV; 2)
_— 71 1 — —VU. .
io 2mepd( d), 05<d<05

The value of d can be derived from (2) for both directions
of the power flow, which is mentioned in Section III-A. The
physical existence of d can be appropriately visualized from
Fig. 2(a), which can be obtained from the controller diagram
mentioned in Fig. 2(b).

III. PROPOSED LO-SMC METHODOLOGY

This section focuses on the design of a sliding mode
controller (SMC) for a DAB converter, in order to improve the
system modeling and reduce chattering. To enhance stability,
a continuous function replaces the discontinuous signum func-
tion traditionally used in SMC. The sliding surface, crucial for
control, is defined with constants x; and xo. These constants
help ensure both the stability and convergence of dynamic
errors. Fig. 2(b) illustrates the block diagram of the LO-SMC
design, where the output voltage of the converter is measured
directly. This measured voltage is used by both the observer
(which estimates the load current) and the sliding-mode con-
troller. The controller generates control law to regulate the
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Fig. 2. (a) Timing waveform under single phase shift (SPS) modulation and
(b) proposed control strategy.

output voltage, while the observer block estimate the load
current and offers flexibility for different system configurations
(fixed DC link or cascaded DAB-AC/DC converter).

A. Design of the sliding mode control

In the design of a non-linear SM-based control for the DAB
converter, two key factors are considered. First, system mod-
eling involves accounting for voltage, current, and circuit pa-
rameters. Second, addressing chattering issues is crucial. The
SM controller typically employs a signum function to maintain
state variables on the sliding surface, but its discontinuous
nature causes high-frequency ripples in the control variable,
leading to chattering. To overcome this, the paper adopted a
continuous or smooth function, such as a saturation function
instead of the discontinuous sgn function. This approach is
used to regulate the output voltage and design the SMC, where
the sliding surface p is specifically defined for effective control
as p = kie+ ko [ e dt.

ﬁ = ko€ + Fu'lé = ko€ + Iil(*?-}o) (3)

where e (=V. — v,) represents the error voltage between the
reference output voltage V" and v,. K1, ko are the positive
constants that ensure the stability and convergence rate of the
error dynamics. The dynamics of the output voltage (v,) for
the system shown in Fig. 1, can be expressed as v, = C;, 1 (i,—
ir,). To derive the control law, the derivative of the sliding
surface is equal to zero. Therefore, we can write

. K1 _ ) Ko C
p:f-@ge—l—fl(ZL—Zo) :>10|p:0— —

4
c. o —e+iL (@)

Now, the equivalent control law can be defined as (5) to obtain
the estimated reference output current 7,

v K

C
iy = Zloe—FiL—Fﬂsat B) (®)]

where ¢ is a positive constant and 3 is the controller gain that
has to be chosen such that the system trajectory fulfills the
reachability condition. The function sat(®) can be denoted as
2, if |p| < fef, +1, ifp > e, and —1, ifp < e. After
generating the equivalent control signal, it can be transformed
to the requlred phase shift ratio d by solving (2) and replacing
lo =1

1 1 2fwl, . .
5 Z—%Zz, for ZZZO
d= nr (6)
1 Qfsw g %
f§+ + v =Pk for ik <0

The only information in (5), which is not available in prac-
tice is the term ¢;. This signal can be estimated using the
Luenberger Observer. The designed procedure is explained in
Section III-B. With the estimated signal, the control law (5),
can be rewritten as

v k2C .
i5 = "= 2e 4+ %o + sat (%) (7)
1

where Yo is the estimated load current. Proper selection of
controller parameters is an essential practice [18]. Here, k1
and ko must be determined so that the state vector converges
quickly to zero steady-state error. The motion of the sliding
manifold at p = 0 is K1e + mgfedt = 0. By solving this,
the error dynamics, represented by e = ko *2/%, will
asymptotically approach zero over time for positive values of
k1 and Ko.

In 20
noe(*"z’/’“)t < 0.05v, and 2 > n—. (8)

K1 t
Furthermore, by ensuring that the output voltage error stays
below 5%, the coefficients kg, %1, and ko can be appropriately

estimated from (8).

1) Stability Analysis of SM Controller: Prior to stability
analysis, it is assumed that a control law 7 closely follows the
current i,. Because ¢ is a positive quantity and 5 >0 has taken.
Therefore, the trajectory of the system reaches the boundary
layer |p| le| in finite time. When the trajectory of the
system reaches the boundary layer, the output DC link voltage
converges to its reference voltage based on «; and k2 and then
the control input 7} will follow the 7,. The basic concept of
stability analysis is that the motion of any system is always
stable if the total energy of a system is always decreasing.
The Lyapunov function (V1) is defined as V;, = p?/2 [18]. To
ensure stability of the sliding surface and the state trajectory,
it must meet the reachability condition, which is that the time
derivative of the Lyapunov function must be negative when
p#0,ie., Vi(p) = pp < 0. Here, p and j can be taken from
(3). Replace ¢, with an equivalent control law in (5)

KoC,

%e —i; — Bsat pj 9

R K1 . 2
p = kKoe+ = liL —
CO K1
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Fig. 3. Trajectory of sliding surface at 25%, 50%, 75%, 100% load.

Substituting (9) in , the time derivative of the Lyapunov
function is negative.

Vi(p) = pp = p(—ﬁsat@) <0

Fig. 3 shows the trajectory of the sliding surface when the load
is increased by 25%, 50%, 75% and 100% at time ¢ = 0.1
s, t =0.2s,¢t=0.3s,t=0.4s. It depicts the transient
response of the sliding surface and its derivative with respect
to time. It can be seen that the surface derivative reaches
zero within 5 ms after disturbances, which implies that the
state vector remains on the sliding surface and approaches the
reference vector. Also, it can be inferred from the trajectory
plot that the chattering phenomenon is sufficiently reduced by
incorporating boundary layer sliding mode control.

(10)

B. Designing of the observer

To design the observer, the output voltage v, and the load
current i;, are considered as state vectors, i.e., {v,,i5} —
{x1, x2}- The dynamical model of the system can be obtained
in terms of y

1

Xl = F(io - X2)a X? = f(Xat)a Yy = X1 (11)
0

The dynamic expression of the load current is considered
here as a function of two state vectors x; and x2 and y,,
is the sensed output voltage of the converter. For the sake
of simplicity in estimator design, it is assumed that the load
current is in steady state, which implies that the term f(y,?)
is equal to zero and the assumption of 15& iz, = 0 becomes
reasonable for DC systems. By rearranging (11) in the state-
space model given below,

X = Ax + Bu, Yy = Cx (12)

where, ¥ = k1x2Jt.A =D -1/C,;00} v = i,, B =
[L/Cy; 0]F, C = 0] Here, i, is the control input obtained from
the sliding-mode control. Therefore, i, can be replaced by <.
Now, the Luenberger observer can be designed as follows.

[ij_[g OCIH;Z}FH ]Zﬁ“; ]@x—z?x) (13)

o = OX (14)
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Fig. 4. Control law of sliding mode control without and with notch filter.

where (7) denotes the estimated states and [; and Iy are the
observer gain. The convergence rate of the system and its
stability are determined by the values of the observer gain. In
typical medium-voltage battery charging applications, where
a DAB converter is cascaded with a single-phase AC/DC
converter, double-line frequency ripple becomes a significant
issue. This ripple can negatively affect battery life and reduce
efficiency [30]. Several approaches have been explored to
mitigate double-line frequency ripple, including: 1) Propor-
tional integrated resonant controllers (limited in phase mar-
gin and system dynamics considerations) [7], 2) Reducing
output impedance of DAB converters [31], 3) Disturbance
observer-based control (requires crucial stability analysis) [32],
and 4) Active power circuits for pulsating power decoupling
(increases cost, size, and complexity) [33]. Our specific fo-
cus lies in suppressing double-line frequency ripple using a
carefully designed observer with notch filters. To achieve this,
the observer proposed in (13) needs to be modified to (15).
Hence, this LO-SMC approach has the potential advantage of
maintaining the overall dynamics of the system.

21 0 — & Xl & -k ll ~
0 0T L e e, i a9
An integrator (1/s) in the observer loop is sufficient to achieve
a zero steady state error, but is not sufficient to suppress the
frequency ripple (2w). Therefore, a notch filter is used in the
current observer loop. Here, g, s is the time domain function
of s.gn(s) with g,(s) as the transfer function of the notch

filter. ) )
57+ 2gminCw2n5 + won

gn(S) - 52 + 2CUJ2nS + w2n2

where g, 1S the gain at notch frequency, ( is the attenuation
factor or damping ratio and wa,, is the tuning frequency of the
filter which is the double line frequency in our control. As
illustrated in Fig. 4, the implementation of the notch filter
demonstrably reduces the ripple in the control law compared
to the scenario without filtering.

(16)

Since the control law directly influences the switching
pattern of the converter, a less rippled control law translates
to a reduction of the ripple in the output voltage. Substituting
the value of g, of (14) into (13)

X =A — LOX + Bu + Ly,,

From Fig. 2(b) the simplified current loop of the proposed
observer can be derived and is shown in Fig. 5. The transfer

Ix = Ox a7

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in IEEE Transactions on Industry Applications. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TIA.2024.3384465

IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS

&,

Fig. 5. Current observer loop (a) without and (b) with notch filter.
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Fig. 6. Transient response of i 1, (a) without and (b) with notch filter.

function of estimated current to actual current for both cases
has been derived in (18) and (19).

Lo, _ X2 lo
G = e = PGt 5Coli 4 1o
NF-LOgy_ X2 gnl2
Ge 0= X2 $Co+ gnla + Coly
The observer gain should be chosen such that all the eigen-
values of (A — LC') matrix must have a negative real part. In
other words, the choice of L matrix would be made so that
the poles of G.“©(s) and GNF~LO () are sufficiently distant
from the imaginary axis towards the left. As a result, the
observer quickly converges and the micro-controller estimation
loop goes through fewer iterations. The state estimation error
progressively approaches zero, as shown in Fig. 6. Figs.7 and
8 show the pole-zero plot of the transfer function derived
in G.“9(s) and GNF~LO(s) to vary the gain I/, and Iy
separately. It can be seen that the negative values of /; and
lo shifted the poles on the right-hand side of the imaginary
axis, causing instability. Moreover, lower values of [; show a
longer settling time and too much higher values can cause the
system to be overdamped. Whereas higher values of /o show
faster convergence but higher overshoot.

19)

1) Stability Analysis of Observer: The state estimation error
is represented as x1 = x1 — X1 and X2 = X2 — Xo. Using
equations (11) and (13), the time derivative of the estimation
error can be expressed as,

. 1 1 1 1

X1 = —fo — — — X2 — =i, — 1 —X 20

X1 = Grlo = X + R 1 —x1)  (20)
After simplifying (20), we get )%1 = —-C;1x2 —.llf(l. Simi-
larly, the error dynamic of yo can be written as x, = —l2Xa2.

Now, To check the stability of the designed observer, consider
the Lyapunov function as

1
Jr = 5()@ ‘*‘92%)

The system will be stable if the time derivative of the Lya-
punov candidate is negative. Therefore, taking the derivative
of (21) and substituting the values of x; and Y2, the dynamics
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of Jr, (j 1) can be obtained.

Jo= —m(cfxz " l1>21>— bt <0 (22

o
Another way to analyze stability is by observing the Nyquist
plot. The open-loop transfer function of the proposed notch
filter-based current observer can be derived from Fig. 5(b)
ly
b= g T

The Nyquist plot of G, has been shown in Fig. 9 for different
values of observer gain and (. It can be seen that the curve
is always away from the critical point (-1,0). In Fig. 9(a)
the Nyquist plot for different values of [; and [, has been
shown separately. It can be seen that the gain values of the
observer greatly affect the stability, as said in the previous
section. Higher values of [; imply close proximity to the
critical point, whereas larger values of /5 signify that the curve
will be far away from the critical point, which ensures stability.
Furthermore, the values of the damping factor of the notch
filter ¢ are also varied to study the effect on stability. It can
be seen from Fig. 9(b) that it has a limited impact on stability.
A small value of ¢ will make the system underdamped.

2) Tracking Performance Analysis of the Observer: The
tracking performance of the current observer loop for both
cases can be analyzed from the bode plot of the close loop
transfer function G."?(s) and GNF~LO(s). Reflects the
dynamic response of the current loop. In Fig. 10 (a) the bode
plot with different observer gains has been plotted. It can be
seen that the controller successfully tracks the reference in
the range of 2500 rad/sec with {;=350. A higher value of [,

(23)
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shows a higher overshoot, and a lower value of /5 shows a
faster deviation from O dB. This implies a slower response.

In Fig. 10(b), the observer with a notch filter shows better
tracking performance. It shows a deviation from O dB in the
higher frequency range. In this case, the lower values of Iy
cause a deviation in the lower frequency range, keeping [y
fixed at 350.

3) Robustness Analysis of the Observer: The robustness of
the observer has been studied with parametric variation. From
G.P(s) and GNF~LO(s) it is evident that the observer’s
response depends on the circuit parameter C,. Here, the
variation in capacitance +30% has been considered. The Bode

7
Fig. 12. Hardware setup of DAB converter
TABLE I
DAB CONVERTER PARAMETERS.
Parameter | Value
Input Voltage (V;), Output Voltage (V,) | 200 V & 50 V
Output Power (P,), Switching Frequency (fsw) | 750 W, 10 kHz
Turns Ratio (n) | 4:1
Leakage Inductance (Lp), Output Capacitance (C',) | 165 uH,1000 uF
HV side IGBT module | SKM75GB063D
LV side IGBT module | SKM145GB066D
SMC Parameter: <1 and ko 0.023 and 8.67
Observer gain: [1 and l2 700 and 380
Notch Filter Parameter: ¢ and ¢, | 0.7 and 0.5

plot of the closed-loop transfer function of the current observer
loop is shown in Figs. 11(a) and 11(b). It can be understood
that the deviation of the capacitance from the theoretical value
does not cause system instability, but rather affects the system
response. A lower capacitance value causes an overshoot in the
transient response, whereas tracking ability slightly decreases
with increased capacitance.

IV. EXPERIMENTAL RESULT

To confirm the practical efficacy and performance of the
proposed controller, an experimental framework was estab-
lished. Fig. 12 presents the experimental setup of the DAB
converter, while Table I meticulously outlines the converter’s
detailed specifications. For precise monitoring and evaluation
of the output voltage, an isolated voltage sensor, the LV25p,
was used. The measured analog signal was then accurately
quantified by the 12-bit analog-to-digital converter integrated
within the TMS320F28335 digital signal processor (DSP).
Control algorithms were designed and executed within the
MATLAB computational environment in the discrete-time
domain, with a fixed sampling rate of 10 us to accurately
capture the dynamics of the DAB converter. The output of
the control algorithms is fed to the on-chip digital enhanced
pulse width modulator (ePWM), which generates the switching
signals for the primary and secondary bridges of the DAB
converter. To thoroughly test and substantiate the proposed
control system, a series of test scenarios were conducted,
including:

1) Scenario 1: The dynamic response of the system to load
variations of #50% was tested to gain insight into the
controller’s adaptability to sudden load changes.
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Fig. 14. Transient response of the DAB converter when 7, is decreased by
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2) Scenario 2: The system’s ability to follow changes in
the output reference voltage was analyzed, assessing the
precision of the control mechanism’s tracking ability.

3) Scenario 3: The performance implications of different
observer gains were studied to identify optimal gains for
accurate state estimation.

4) Scenario 4: A robustness assessment was performed by
subjecting the system to various parameter changes to
evaluate the controller’s stability and reliability under
diverse operating conditions.

5) Scenario 5: The system’s capability to maintain per-
formance in a cascaded architectural environment was
evaluated.

These scenarios were carefully selected to cover a broad range
of operational conditions, ensuring a thorough scrutiny and
validation of the controller’s effectiveness.

A. Scenario 1

In this test scenario, a stable 200 V DC voltage source
provides the input voltage to the converter. The experiment
involves an abrupt change in the resistive load, causing the
current to initially surge from 10 A to 15 A and subsequently
drop from 15 A to 10 A. The dynamic behavior of the
proposed LO-SMC [P] control strategy is evaluated against
sliding mode control (SMC) [18] technique with the inclusion
of a current sensor.

Figs. 13 and 14 provide a comparative analysis of the
two controllers during the load step changes (AIr). Fig. 13
illustrates the system’s performance with an increased load
from 10 A to 15 A, while Fig. 14 captures the transient
performance when the load current is reduced from 15A to
10A. These figures demonstrate the output voltage, output
current, and inductor current waveforms with different divi-
sions indicated for clarity: 10V/div for the output voltage,

iL (2A/div)

i» 2A/div) '

(b)

Fig. 16. Transient response of DAB converter: V" is step changed from 50
V to 60 V under (a) SM controller [18] (b) LO-SM controller.

and 5A/div and 2A/div for the output and inductor currents,
respectively. In Figs. 13(a) and 14(a), the SM controller’s
transient response is displayed. This response reveals a settling
time (ts,,) of the output voltage is 16 ms with a 13 V
undershoot (V™) upon load increase, and 18 ms settling
time with 12 V overshoot (V™) when the load is decreased.
Contrastingly, the implementation of the LO-SMC approach,
shown in Figs. 13(b) and 14(b). This approach refines the
dynamic response for both load changes by eliminating the
need for a sensor and bypassing the additional phase lag
induced by filters in the current loop, which otherwise slows
the response. With the LO-SMC, the voltage undershoot is
reduced to 8 V, and the settling time is reduced to 9 ms
when the load increases. A consistent improvement is observed
with load decrease; the voltage overshoot is curtailed to 10 V,
and the system settles in just 9 ms. These results underscore
the superiority of sensorless control strategies in enhancing
system responsiveness. Moreover, the simuation results of the
estimated current and actual current has been shown in Fig.
15 where the load current ranges from 25% to 75% and from
75% to 100% att = 0.4 s, 0.6 s, 0.8 s. It can be seen that the
estimated load current can successfully track the actual load
current for different load.

B. Scenario 2

In the evaluation of the controller’s tracking performance
to follow a set reference, the second test scenario introduces
a change in the reference output voltage (AV,¥), increasing it
by 10 volts. This test is critical for observing how effectively
the controller can match its output to a changing target
voltage. Fig. 16 (a) captures the behavior of the SM controller
under these conditions. The waveform indicates a pronounced
peak of 16 V above the desired voltage (overshoot) followed
by an undershoot of 5 V, signifying considerable deviation
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from the intended outcome. Additionally, the trace denotes a
considerable delay to the track set reference, with the settling
time reaching 21 ms. Moving to the proposed LO-SMC, as
represented in Fig. 16(b), a clear improvement in performance
is discerned. This controller registers an impressive improve-
ment with a minimal overshoot of merely 4 V. Moreover, the
controller achieves a settling time of only 17 ms, marking a
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Fig. 19. Transient response of DAB converter when load is varying £50%
under output capacitance variation (a) —20% (b) +20%

significant advancement in tracking precision. This outcome
illustrates a substantial enhancement in the controller’s ability
to swiftly and accurately align the output voltage with a newly
set reference, underscoring its superior dynamic performance.

C. Scenario 3

The third test scenario was executed to scrutinize the
dynamic response of the system under varying observer gain
settings. Theoretical studies had previously indicated that
lower values of observer gain [; tend to extend the settling
time, while excessively high gains can push the system into
an overdamped state. On the contrary, higher vales of [,
may achieve faster convergence, although at the expense of
increased overshoot. This behavior was also confirmed during
practical experiments. A step change in the reference voltage
from 50V to 60V was introduced to observe the system’s
transient response. In Fig. 17(a), the output voltage, the output
current, and the inductor current are displayed for an observer
gain setting where [y is set to 1000 and [y to 200. This
particular selection of [; exceeds its optimal value, resulting in
an overdamped response to voltage steps. The system response
displays a settling time of 18 ms without any overshoot in
voltage, characteristic of an overdamped system. Fig. 17(b)
reveals the system’s transient behavior with both observer
gains set to lower values, specifically /; at 300 and [ at 100.
Such lower values significantly decelerate the system response.
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Fig. 21. FFT spectrum of v, under (a) SMC [18] (b) proposed LO-SMC.

The result is a sluggish response with a settling time of 50
ms and a voltage overshoot of approximately 9 V. Proceeding
to a configuration where [, increases beyond its optimal
value, as illustrated in Fig. 17(c), the system exhibits behavior
consistent with theoretical predictions. The higher overshoot
of 20 volts is observed with a reduced t,,, of 15 ms, which
indicates a quicker but less stable response. On the contrary,
Fig. 17(d) delineates the transient response when both /; and
lo are tuned to their optimal values, here 700 for l; and
400 for lo. This judicious selection of observer gains strikes
a balance between response time and overshoot, yielding a
more desirable dynamic behavior. The voltage overshoot is
contained at 4 V and ¢, is 16 ms. The resulting waveform
of the output voltage following the applied disturbance exhibits
an optimal dynamic response, as it manages to minimize
overshoot with lesser settling time.
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Fig. 22. Performance comparison (a) AV,2% during C, mismatch (b) AV,
under varying loads
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D. Scenario 4

The robustness of the system against variations in circuit
parameters was tested in the fourth scenario. This scenario
focused on evaluating the effects of deviation in two specific
parameters: leakage inductance and output capacitance, which
varied within a defined range. To measure the impact of
these parameter mismatches, the load current was initially
increased from 10 A to 15 A and subsequently decreased
back to 10 A. This allowed for a thorough examination of the
transient response under conditions of parameter variation. It
is important to recognize that deviations in the leakage induc-
tance value do not significantly alter the transient or steady-
state performance of the controller because any mismatch
in inductance only modifies the operating phase shift ratio
without affecting overall system performance. In Fig. 18, the
waveforms for the output voltage, output current, and inductor
current are presented. The two transient instances, where the
load current is increased and then decreased, are highlighted
within two inset boxes marked by black arrows. Fig. 18(a)
shows the behavior of the system with a 20% reduction in the
inductance value, while Fig. 18(b) illustrates the response to a
20% increase in inductance. In both instances, it is evident that
the voltage overshoot and the settling time remain relatively
unchanged. The overshoot lies between 7.5 V to 8 V, and the
settling time varies from 9 to 11 ms, figures that align closely
with those obtained when the theoretical inductance matches
the actual value. Hence, it can be concluded that the inductance
mismatch does not significantly impair the performance of the
controller.

The situation differs, however, when discrepancies in output
capacitance are considered. The transient response is greatly
influenced by the capacitance value. In Fig. 19(a), the sys-
tem’s transient behavior is depicted when the capacitance
is decreased by 20%. A zoomed-in view at both instances
of load change, indicated by black arrows, shows that a
reduced capacitance value leads to a higher voltage over-
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TABLE II
COMPARATIVE ANALYSIS UNDER VARIOUS TEST CONDITIONS
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shoot—approximately 12 V, which is notably higher compared
to scenarios where the theoretical and practical capacitance
values are equal. However, settling time remains relatively
consistent. Conversely, Fig. 19(b) presents the outcome when
the capacitance is increased by 20%. Here, the voltage over-
shoot is substantially diminished, but at the expense of a more
sluggish system response. The overshoot drops to around 6 V,
while the settling time extends to 15 ms. This observation is in
complete harmony with theoretical predictions, illustrating that
an increase in capacitance typically results in a more damped
response, thereby reducing overshoot but also slowing down
the transient recovery.

E. Scenario 5

In this scenario, the DAB converter is integrated with a
fully controlled single-phase AC/DC converter, providing a
DC link input voltage of 200 V. This section conducts a
comparative analysis of the DAB converter’s performance
under the control of a SMC [18] and the proposed LO-SMC
[P]. The steady-state waveforms for both control scenarios are
depicted in Figs. 20(a) and 20(b). Across these illustrations,
the topmost waveform represents the output voltage of the
DAB converter, followed by the output current, the leakage
inductor current, and finally, the bottom trace displaying the
input DC link voltage supplied to the DAB converter. Fig.
20(a) illustrates the performance with SM controller, revealing
notable double-line frequency ripple in both the output voltage
and current of the DAB converter. A closer inspection of
the waveforms exposes that the voltage ripple (AV2) 8.4
V, constituting nearly 16% of the output voltage. This level
of ripple can potentially impact the battery’s operational
lifespan. Conversely, the implementation of the proposed LO-
SMC effectively mitigates the double-line frequency ripple,
accomplishing this without the need for additional hardware,
as illustrated in Fig. 20(b). Zooming in on the voltage traces
in Fig. 20(b) the ripple (AV2) significantly reduced and
it is mere 5% of the output voltage. To visually represent
the reduction in double-line frequency ripple in the output
voltage, Fast Fourier Transform (FFT) analysis of the DC-Bus
voltage was performed. Figs. 21(a) and 21(b) showcase the
FFT analyses of the DC bus voltage under SM control and the
proposed control, respectively. These graphs were generated
from MATLAB-based simulation results. Comparing both bar

graphs demonstrates the significant effectiveness of the pro-
posed controller in suppressing double-line frequency ripple.
Furthermore, the suppression of other harmonics, as evident
in Fig. 21(b), serves as compelling evidence of the proposed
controller’s success in enhancing system performance.

F. Comparative Performance

Table II presents a detailed comparison of three control
methods—proportional-integral (PI) based feedback linearized
control method [9], SMC, and proposed LO-SMC—applied
to a DAB converter under different test conditions. The PI
controller has been fine-tuned to achieve a crossover frequency
of 1.5 kHz with a phase margin of 45 degrees to ensure
system stability and responsiveness. This section quantifies
performance in terms of voltage overshoot/undershoot and
settling time, crucial metrics for evaluating control quality. For
load increases from 10 A to 15 A, the LO-SMC outperforms
the others with the least voltage deviation and fastest settling.
When the load decreases from 15 A to 10 A, the differences
are less pronounced, but LO-SMC still leads with minimal
overshoot and quick settling. Notably, the reference voltage in-
crement test highlights LO-SMC'’s superior precision, showing
only a 4V overshoot. Finally, when integrated with an AC/DC
converter, the proposed LO-SMC significantly reduces output
voltage ripple and harmonic distortion, demonstrating its effec-
tiveness in creating a stable and efficient system. Additionally,
Fig. 22(a) illustrates the double line frequency ripple, for three
different controllers operating under capacitance mismatch.
This comparison reveals that the voltage ripples for both PI
and SM controllers are considerably larger than those for the
proposed controller. Fig. 22(b) displays the output voltage
ripple (AV,,) variations for the three controllers when the load
is increased incrementally by 25%, 50%, 75%, and 100%.
In these tests as well, the proposed controller demonstrates a
smaller voltage ripple compared to the traditional ones. Fig. 23
features a bar chart that compares the controllers’ performance
in response to changes in input voltage (AV;), focusing on
convergence time and voltage overshoot / undershoot. Across
these parameters, the proposed controller consistently exhibits
better performance.

V. CONCLUSION

Key challenges in DAB converters, including slow response
to load changes and double-line frequency ripple in single-
phase AC/DC configurations, have been successfully ad-
dressed in this work. A LO-SMC is proposed, eliminating the
need for current sensors and demonstrating superior dynamic
performance even under significant load variations (£50%).
To combat ripple, a notch filter has been integrated into the
current observer loop without compromising system stability.
The ripple in the control law is demonstrably reduced by this
filter, and the designed observer effectively tracks the load
current across different load conditions. The proposed control
method has been shown to outperform traditional PI and
SM controllers in various tests, demonstrating its advantages.
The robustness and effectiveness of our control strategy and
parameter design have been confirmed by real-time hardware
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validation. Integration of DPS or EPS modulation techniques
could be explored in future research for even stricter perfor-
mance demands or dynamic operating conditions. Additional
potential enhancements include extending the observer to han-
dle more sensor input and investigating adaptive gain strategies
for highly dynamic loads.
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