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Abstract—The most advanced control systems for the dual
active bridge (DAB) converter require many high-bandwidth
measurement sensors, additional compensation controllers, and
sophisticated mathematical calculations. Consequently, cutting
down on the total number of sensors and eliminating the need
for additional compensation controllers while preserving
excellent dynamic performance are considered exciting research
areas. Motivated by the abovementioned statements, this paper
proposes an ultra-local model-based extended state observer
(ESO) strategy for the single phase-shift (SPS)-modulated DAB
converter. Because the linear ESO is able to provide accurate
measurements of the current, the proposed method eliminates
the need for two current sensors on either side of the DAB
converter. In addition, only one control parameter is involved in
the ultra-local model, which makes developing the controller
substantially easier. The viability of the proposed method will be
validated by simulations and experiments carried out in various
operating circumstances. In addition, the robustness and
adaptability of the proposed method will be tested under
mismatched parameters.

Keywords—Sensor-reduction control, Ultra-local model,
Extended state observer, Dual active bridge, Single phase-shift.

I. INTRODUCTION

In recent years, the dual active bridge (DAB) converter
has emerged as a viable topological contender and gained a
great deal of scholarly interest due to the merits of galvanic
isolation, high voltage conversion gain, and flexible control
[1]-[4]. In [4], the authors offered a review of several
advanced control methods for controlling the DAB converter,
such as feed-forward control [5]-[7], virtual direct power
scheme [8], moving discretized control set model predictive
control [9]-12], sliding mode control [13]-[15], etc.
However, they require many current and voltage sensors on
both the input and output sides of the DAB converter,
resulting in a substantial cost and hardware size. In addition,
they are complicated and require additional proportional-
integral (PI) controllers for compensation.

Obviously, it is necessary to reduce the number of sensors.
Besides, the observer control method is regarded as one of the
most successful approaches for accomplishing that goal [16].
However, the observer controller also suffers from some
problems because it strongly depends on the accuracy of the
model and controller gain parameters. On the other hand, the
ultra-local model is a workable strategy that can be used to
reduce the impact of unknown external factors when applied
to various practical situations. In addition, the ultra-local
model is a straightforward linear model that is continually
kept up to date, and it is designed to account for the absence
of knowledge concerning the actual plant model and various

kinds of disturbances and uncertainties [17].

By inheriting the merits of the observer and the ultra-local
model, this paper offers a linear extended state observer
(ESO) strategy for the single phase-shift (SPS)-modulated
DAB converter based on the ultra-local model. When
compared to other modulation methods, such as dual phase-
shift (DPS), extended phase-shift (EPS), and triple phase-
shift (TPS), the SPS modulation is regarded as the most
simple, straightforward, and is applied the most frequently
[1]. As aresult, SPS is the modulation utilized to demonstrate
the proposed method’s effectiveness in this paper. In addition
to offering superior dynamic performance, the proposed
method does away with the current sensors. In addition, the
proposed method does not require any additional PI controller
for compensation. Furthermore, the robustness and
adaptability of the proposed method to parameter mismatches
caused by temperature, aging, and manufacturing tolerance
are also taken into account in this paper to show its
effectiveness [18], [19].

This paper is organized into four sections. In Section II,
the operation principles of the proposed method are presented
in detail. In Section III, the simulation and experimental
results of the proposed method in various operating situations
are shown, and then those results are compared to the existing
method’s results to demonstrate the effectiveness of the
proposed idea. Finally, the conclusions of the paper are
presented in Section V.

II. OPERATION PRINCIPLES OF THE PROPOSED METHOD

Fig. 1 shows the typical topology of the DAB converter,
consisting of two active bridges coupled by an inductor L and
a transformer (turn ratio n:1). Ci and C: are the capacitors
responsible for the input and output, respectively. Fig. 2
shows the waveforms of the SPS-modulated DAB converter.
D 1is the phase-shift ratio in the range of [0 ~ 0.5]. Every
switch operates at switching frequency f, and the half-

switching period is 7, =T/2=1/(2f).

It has been demonstrated that the reduced-order model is
more effective in complexity and precision than other models,
as reported in [4]. Consequently, the reduced-order model
will be utilized in this paper to illustrate the proposed idea.
The secondary side current is and the dynamic equation of the
output capacitor C; are as follows

_ nvD(1-D)
j == 7

L (M
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Fig. 1. Topology of the DAB Converter.

Fig 2. Waveforms of the DAB converter under SPS modulation.
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Meanwhile, the first-order ultra-local model of a single-
input single-output system is as follows [17]

y=au+F, 3)

where y and u are the output and control variables,
respectively. Constant « represents the input gain, and F is an
unknown component that could be continuously updated and
represents the system disturbances and uncertainties.

By comparing (2) and (3), the ultra-local model of the
SPS-modulated DAB converter can be set up as follows

dv,
—=au, +F, 4
0t P “4)

ny,
a= ,

27LC,

u, =D(1-D), (5)
o

G

Finally, if v2 and F' are regarded as the state variables, a
linear ESO is constructed as follows

ev = Zl _VZ’
z, =z, +au, - fe,, 6)
Z, :_ﬂZev’

where z, =V, and z, = F are the observer values of v2 and
F, respectively [20], [21].

Meanwhile, the characteristic equation of the linear ESO can
be deduced as follows

A(s)=|sI—(@-PT) =5+ s+, (7
5ol
@ = ,
0 0
r=[ o, ®)

T ) {ﬁl }’
Iz
where I is the identity matrix, 4 =2e@,, B, =2, , and @,
is the observer bandwidth [22]-[24].
In order to achieve system stability, robustness, and

adaptability, the observer bandwidth @, must be suitably

selected. For all simulation and experimental results in this
paper, the observer bandwidth a, is selected as 4000 rad/s by

considering its inevitable trade-off. When the output voltage
va[k + 1] at the (k +1)" sampling cycle is set to the reference
value varer, the value of u,, can be calculated from (4) and (6)

as follows
v, [k+1]—v2 [k] B ﬁ'[k] _ Vg~V [k] B I:"[k]
Talk] alk] Talk] alk]
©)

Accordingly, the phase-shift ratio D in the proposed
method can be directly obtained as follows

up [k]=

1

D[k]==- 7 [£]. (10)

_1
2
Fig. 3 shows the block diagram of the proposed method.
Firstly, the value of « is calculated from (5), whereas the

observed value F is obtained from the linear ESO as
expressed in (6). Following that, the value of u,, is calculated

based on the constraint expression (9). Finally, the phase-
shift ratio D in the proposed method is calculated from (10).

III. SIMULATION AND EXPERIMENTAL RESULTS

In order to demonstrate the effectiveness of the proposed
method, the methods to be compared were selected carefully.
Since the improved model-based phase-shift (MPS) method
presented in [7] has already demonstrated its superior
dynamic performance over the conventional PI and MPS
methods, simulation and experimental results are only
compared to the improved MPS method in this paper. For the
purposes of making fair comparisons, the control parameters
of both the improved MPS and the proposed methods have
been determined to be optimal. The system parameters are
shown in Table I.

Fig. 4 shows the simulation results of the two methods
under the load current iz steps up and down between 1.6 A
and 3.2 A when the values of the plant parameters L and C2
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Fig 3. Block diagram of the proposed method.

TABLE I. SYSTEM PARAMETERS

Parameter Symbol Value
Input voltage Vi 100 V
Reference value of the output voltage Varef 80V
Switching frequency f 10 kHz
Transformer turn ratio n 1
Inductance L 50 uH
Input capacitance C 440 pF
Output capacitance G 220 uF

are accurate. The simulation results are shown in Fig. 5 under
the same load current condition when the plant parameters L
and C2 have been mismatched by a 20% increment from the
accurate plant values. It is clear that both methods are capable
of producing stable output voltages, and their dynamic
performances are excellent.

Fig. 6 shows the simulation results of the estimated output
current izeso of the proposed method and the actual output
current measured by the sensor izsensor under the load step
change when the output voltage C> has mismatched values
(Figs. 6(a) and (c)) and accurate value (Fig. 6(b)). Evidently,
i2eso and ixsensor are similar in each instance of Cz. This
illustrates that the proposed method has excellent observer
performance for the load step change. Moreover, this also
demonstrates the robustness and adaptability of the proposed
method when dealing with parameter mismatches.

0.01 0.02 0.03 0.04 0.05
Time (s)
(a) Improved MPS method

0.01 0.02 0.03 0.04 0.05
Time (s)
(b) Proposed method

Fig. 4. Simulation results under the load current iz steps up and down
between 1.6 A and 3.2 A when L and C> have accurate values.

method and the proposed method when the reference value
varer steps up and down between 80 V and 85 V while the
values of the plant parameters L and C> are accurate. When
the output voltage increases, the improved MPS method has
a settling time of 2.3 ms, and the overshoot value of v2is 1 V.
Meanwhile, the settling time is cut down to 1 ms, and the
overshoot value of vz is brought down to 0.5 V in the proposed
method. It is abundantly evident that the proposed method has
superior dynamic performance compared to the improved
MPS method. Similarly, the effectiveness of the proposed
method is also demonstrated in comparison to the improved
MPS method when the output voltage decreases. Also, in the
proposed method, izeso and #2sensor are consistent. This proves

that the proposed method has excellent observer
Fig. 7 shows the simulation results of the improved MPS ~ performance.
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0.01 0.02 0.03 0.04 0.05
Time (s)
(a) Improved MPS method

8
0.01 0.02 0.03 0.04 0.05
Time (s)
(b) Proposed method

Fig. 5. Simulation results under the load current 72 steps up and down
between 1.6 A and 3.2 A when L and C; are mismatched by 20%
increment.

In order to check the audio-susceptibility, simulation
results of the improved MPS method and the proposed
method are shown in Fig. 8 when the input voltage vi is varied
in steps between 100 V and 70 V while the values of the plant
parameters L and C: are accurate. In this scenario, the
improved MPS method has a settling time of 1.5 ms when v
is altered. In addition, the overshoot value of v2is 0.7 V when
v1 steps down, and the undershoot value of v2 is 0.9 V when
vi steps up in the improved MPS method, respectively.
Meanwhile, the proposed method has a settling time of 1 ms
when v1 is altered. When vi1 steps down or up, the proposed
method has an overshoot and undershoot value of v that is
only 0.5 Vand 0.6 V, respectively. It is clear that the proposed
method demonstrates better dynamic performances compared
to the improved MPS method.

3 1 1
< l-
LS I S A .2eso 77777 N
lZsensor
1 i i i
0.01 0.02 0.03 0.04 0.05
Time (s)

(a) C2=80%

T ‘, T
3 1
2 i
JESI) S - '2eso 77777777777777777 B

l2sens0r
1 i i i
0.01 0.02 0.03 0.04 0.05
Time (s)

(b) C2=100%
3 1 .
< i
B e B _26'90 ,,,,, [N u

lZsensor
1 I i I
0.01 0.02 0.03 0.04 0.05
Time (s)

(c) C2=120%
Fig. 6. Comparisons of the estimated output current i2eso and the
value measured from the sensor i2sensor.

In order to provide additional verification that the
simulation results are accurate, an experimental prototype
hardware is developed with similar values for all of the
system parameters presented in Table I. The experimental
results of the improved MPS method are shown in Figs. 9(a)
and (b) under the step load current between 1.55 A and 2.3 A
when L and C> have accurate values. Figs. 9(c) and (d) show
the experimental results of the proposed method in the same
scenarios. Clearly, the dynamic performances of the output
voltage v2 in both methods are highly similar and excellent,
which confirms the simulation results as shown in Fig. 4. In
the proposed method, the value of iz is entirely consistent
with the value of i2sensor in every respect of the load change.
This result proves that i2sensor is observed accurately, resulting
in an excellent observer performance.

Table II compares the two methods. Two control
parameters for the additional PI controller must be designed
in the improved MPS method. Meanwhile, in the proposed
method, only one control parameter of observer bandwidth
needs to be designed. For dynamic performance, the proposed
method shows better than the improved MPS method in most
operating conditions. Finally, when comparing the number of
sensors required in bidirectional mode, it is worth noting that
the proposed method eliminates two current sensors, whereas
the improved MPS method requires two sensors to measure
currents. Obviously, reducing the number of sensors is the
most significant advantage of the proposed method compared
to the improved MPS method.
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0.01 0.02 0.03 0.04 0.05 0.01 0.02 0.03 0.04 0.05
Time (s) Time (s)
(a) Improved MPS method (a) Improved MPS method
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0.01 0.02 0.03 0.04 0.05 0.01 0.02 0.03 0.04 0.05

0.01 0.02 0.03 0.04 0.05
Time (s)
(b) Proposed method

Fig. 7. Simulation results under the reference value vz steps up and
down between 80 V and 85 V when L and C; have accurate values.

IV. CONCLUSIONS

This paper presented an ultra-local model-based ESO
method to reduce the number of sensors for the SPS-
modulated DAB converter. Compared to the existing method,
the contributions of this paper can be summarized as follows

1. Eliminating two current sensors can reduce system cost
and hardware size.
2. The observer bandwidth is the only control parameter

0.01 0.02 0.03 0.04 0.05
Time (s)
(b) Proposed method

Fig. 8. Simulation results under the input voltage v is varied in steps
between 100 V and 70 V when L and C> have accurate values.
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