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Abstract—Fast dynamic response is an important requirement
for three-phase dual active bridge (3p-DAB) DC-DC converters
under the varied source voltage and load resistance conditions.
In order to enhance the dynamic performance of output voltage
of 3p-DAB, a novel nonlinear controller, which is combined with
the proportional plus derivative (PD) controller and the adaptive
linear element (Adaline), is proposed in this paper. Firstly, a
sliding-mode-learning strategy is presented for the Adaline to
improve the robustness of adaptive learning. Meanwhile, the
output of the Adaline is added to the output of PD controller for
ensuring an outstanding dynamic response of output voltage with
less overshoot. Furthermore, a comparison with the PI controller
based on phase shift modulation is implemented by simulation
tool to validate the utility and effectiveness of the proposed
control scheme. Finally, experimental comparison results on a
laboratory prototype are presented to further verify the theoretic
analysis and the effectiveness of the proposed control method.

Index Terms—Adaptive linear element (Adaline), three-phase
dual active bridge (3p-DAB), sliding-mode-learning, voltage reg-
ulation

I. INTRODUCTION

With the aggravation of the impact of greenhouse gas
emissions on the environment, the reduction of carbon dioxide
emission is obtained increasing attention in public. For this
purpose, more and more countries put more attention on
the electrification evolution. Subsequently, large scales of
renewable energy generation and distribution storage systems
are utilized in the medium-voltage electrical distribution grids.
Bidirectional DC-DC converters are the key components for
these applications. They play as the interface between the
energy sources and the DC micro-girds [1], which requires the
capacity of power flow between different bus voltage levels
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with high efficiency and the voltage/current regulation with
fast response [2].

Among various scenarios, the dual-active-bridge (DAB)
DC-DC converter is a prominent choice due to the soft-
switching capacity, few passive components required and high
power density [3]-[5]. Compared with the single DAB, the
three-phase DAB (3p-DAB) has some outstanding advantages,
such as the better utilization of magnetic material of the high-
frequency transformer and the smaller dc-link capacitors for
the filter [6], [7]. Therefore, it attracts more and more interests
from researchers. The application of DC micro-grids demands
that the interface converter can ensure the fast dynamic re-
sponse for the load disturbance and the voltage regulation. In
order to meet the requirements, numerous control strategies
are proposed for the DAB and 3p-DAB topologies. In [8],
a closed-loop PI controller based on the generalized average
modeling technique is proposed to improve the dynamic
performance of DAB. However, due to the limitation of the de-
signed equilibrium point, the performance will be deteriorated
when the desired operation point is far away from the designed
equilibrium point. In [9], an adaptive dynamic control based on
a novel harmonic modeling strategy is proposed, which adds a
feed-forward to compensate the disturbance. However, a look-
up table is utilized in this method that will occupy the RAM of
micro-processor. Accordingly, it prevents further application in
practice. In [10], an improved model-based phase-shift control
for DAB is proposed to enhance the dynamic performance.
Nevertheless, the uncertainties or disturbance of the system
will impact the performance of the control scheme. In [11],
[12], an instantaneous current control is proposed for 3p-
DAB to improve the dynamic response of system, which can
control the transformer current to steady state in one-third of a



switching period. From the aforementioned research works, it
can be found that most of the control scheme is based on the
linear controller with some compensations. But the dynamic
performance of these control strategies will be deteriorated,
when the application is operated in the wide load range.

In order to address this issue, a novel nonlinear controller,
which is combined with the proportional plus derivative
(PD) controller and the adaptive linear element (Adaline), is
proposed in this paper. First of all, a sliding-mode-learning
algorithm (SMLA) is presented for the training of weight
vector of the Adaline to enhance the robustness of adaptive
learning. Meanwhile, the output of the Adaline is added to the
output of PD controller for ensuring an outstanding dynamic
response of output voltage with less overshoot. Moreover, the
performance of the proposed control algorithm is verified with
different simulations on a 1kW 3p-DAB converter, and a PI
control scheme based on phase shift modulation (PSM) is
also test for comparison. Finally, the experimental comparison
results are provided to confirm the theoretical analysis and the
effectiveness of the proposed solution.

The rest of this paper is organized as follows: Section II
introduces the structure and the principle of PSM for 3p-DAB.
In Section III, The principle and the design of the proposed
control scheme is described in detail. Thereafter, the compari-
son simulation results and the comparison experimental results
are provided in Section IV to validate the improvement of the
dynamic performance of the proposed nonlinear controller for
3p-DAB. Finally, the conclusion is summarized in Section V.

II. PRINCIPLE OF THE 3P-DAB UNDER PSM
A. Introduction of 3p-DAB

The schematic diagram of 3p-DAB DC-DC converter is
given in Fig. 1, where two three-phase active bridges are
connected by a three-phase high-frequency transformer with
turn ratio N : 1. Lg;(i = a,b,c) is the leakage inductance.
The transformer equivalent series resistance and the core losses
are neglected in this paper, and the leakage inductance of each
phase is assumed equal for simplifying the next analysis. C;
and C, are the filter capacitors of input port and output port,
respectively. They can be utilized to reduce the voltage ripple.
Ry, is the load resistor.
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Fig. 1. Schematic diagram of the 3p-DAB.

B. Introduction of PSM for the 3p-DAB

The PSM is the common modulation strategy for 3p-DAB
due to its inherent zero-voltage switching capability and ease

of implementation [13]. In order not to lose generality, a
forward power-flow case is analyzed here, whereas the same
method is also applicable to the backward case. For the PSM,
the outer phase shift ratio Dy with respect to half of switching
period T}, is the only control variable. DyT},, is the phase
shift angle between the two three-phase active bridges, and
its range is [0, %] The square waves of each phase are phase
shifted to each other by %. Therefore, only one phase needs to
be analyzed. According to the characteristics of PSM, the key
steady state waveforms of PSM can be divided into two case:
(@ 0 < Dy < %, (b) 3 < Dy < &, which are shown in Fig.
2. It can be observed that each three-phase bridge produces a
six-step mode square voltage with discrete voltage levels, i.e.
:I:% and j:% for primary bridge, and :I:% and :N:ZE;2 for
secondary bridge. The related transferred power of each case

can be expressed as [14]:
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Fig. 2. Steady state operation of the 3p-DAB under PSM. (a) 0 < Dy < %
(b) 2+ <Dy < 1.



ITI. PRINCIPLE OF THE PROPOSED CONTROLLER

According to the above discussion, it can be learned that
there exists monotonicity between the P; and Dy, and the
desired Dy can be obtained by solve the equation (1). How-
ever, the variance of the system parameters and the load dis-
turbances in practice implementation will affect the accuracy
of the desired Dy and the dynamic performance. Hence, this
paper proposes a novel nonlinear controller that combined the
PD controller and the Adaline to solve the above issues.

A. Introduction of the Adaline based on the sliding-mode-
learning

First of all, the structure diagram of the Adaline is de-
picted in Fig. 3, where x(t) = [z1(t),22(t)...7,,(t),b]"
denotes the time-varying input vector, and w(t) =
[wy (t), wa(t)...wn (t), wn1(t)]T represents the weighting
vector. The boundaries of these vectors can be defined as
follows.

| 2(t) = \/23(0) +a3(0) + .. + a2 (0) + 82 < Vvt @)

| @(t) = \/#3(0) + 33(0) + .. + 32(1) < Vovt )

w(t) = \/w(6) + w3(t) + .+ wd (D) + iy < ViV
“4)

(1)

+

Algorithm

e(t) = ya(1)

Fig. 3. Structure diagram of the Adaline.

In Fig. 3, the scalar signals y4(¢) and y(t) are the time-
varying desired output and the actual output of the Adaline,
respectively. We assume that y4(t) and y(¢) are bounded
signals, and their boundaries condition can be described as

follows.
lyalt)] < Vvt

. ®)
[ya(t)] < Vvt
Then, the expression of y(t) can be obtained as:
y(t) = w"z = wi(t)zi(t) + wnpab (6)

i=1

where b is a constant positive input, which can affect the
threshold weight w,,11(¢) in the Adaline.

Finally, the definition of the learning error e(¢) is presented
as follows.

e(t) = ya(t) —y(b). (7

B. Principle of the proposed controller combined with PD
controller and the adaptive Adaline

The control diagram of the proposed nonlinear controller is
presented in Fig. 4. In this paper, an SMLA 1is proposed to
train the weighting vector of Adaline. In order to eliminate
the voltage tracking error, two sliding surfaces are needed to
be designed. One is the sliding surface s, of the weighting
vector training, the other is sliding surface s. of the system
control. The s, can be designed as follows.

11~826

e(t) PD
Controller
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V2 (t)
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Fig. 4. Control diagram of the proposed nonlinear controller.
Sa=D,+Dy=D,=0 (8)
where
D, = Kpe + K4é 9)
D, =wlz (10)

where K, is the proportional gain, and K is the derivative
gain.

The adaptation law based on SMLA for the weighting vector
training can be designed as

: T
W = —(T/Tj)ksmn(sa)

(1)

where e = [e,é,b]T and w = [wy, ws, w3]T. The expression
of signum function is defined in (11), and the coefficient &
should satisfy the inequality (12).

1, for sa >0
sign(sq) =< 0, for sq =0 (12)
—1, for sq <0
k>VIVe+Vy+n (13)

where 7 is designed as positive constant.

In order to reduce the impact of the chatting, a saturation
function is designed to replace the signum function, the
designed saturation function is given by

sign(sq), for |sq| > A
sat(sq) =

14
2, for lsa <A (1



where A is the width of the boundary. In this paper, A is set
as 0.02;

The sliding surface s, can ensure the voltage tracking error
converged to zero in finite time, and its design can be written
as:

se=uae+¢é=0. (15)

Let the coefficient a = K, /K. Then, the sliding surface
se will directly relate to the sliding surface s,, and their
relationship can be obtained as:

iy DC Sq
Se = —Le = —.
Ky T Ky Ky

Hence, the designed sliding surfaces s, and s. can simul-
taneously reach the designed sliding planes in finite time.

(16)

IV. SIMULATION AND EXPERIMENTAL RESULTS

To validate the effectiveness and superiority of the proposed
control scheme, the simulation and the experimental com-
parison results are given in this section. The simulations are
implemented with PLECS toolbox for MATLAB. The speci-
fications and system parameters of the 3p-DAB prototype are
listed in Table I. To outstand the dynamic performance of the
proposed scheme, the reference output voltage variance and
the constant power load (CPL) conditions are also considered.
In order to highlight the dynamic performance of the proposed
control strategy, comparative studies between the proposed
control scheme and the PI control based on PSM are given in
this section. The PI controller is designed based on the ideal
math model under the equilibrium point 100V/80V 320W.
The design method of the PI controller is depicted in [15].

TABLE I
SYSTEM AND CONTROL PARAMETERS OF THE PROTOTYPE

Parameter Value
Input DC voltage (V1) 100V
Output DC voltage (V2) 60 ~ 120V
Transformer turn ratio (V) 1:1
Switching frequency (fs) 20kHz
Equivalent series inductance (L) 27uH
Input DC capacitor (C;) 200uF
Output DC capacitor (Cy) 200uF
Proportional coefficient (Kp) 0.05
Derivative coefficient (K ) 0.001
The coefficient of SMLA (k) 600
Proportional coefficient (kp) 0.03
Integral coefficient (k;) 46.6
Rated power 1kW

A. Simulation results

First of all, Fig. 5 displays the simulation comparison results
when the reference output voltage steps from 60V to 80V at
time 0.1s. The load resistance is set as 20€2. From the results,
it can be observed that the overshoot voltage of the proposed
control strategy is less than that of PI control, and the settle
time of the proposed control strategy is also less than that of PI
control. Next, the CPL is tested, and the desired transmission
power is 180W, and the reference output voltage is 60V. In

the practice application, the point-of-load (POL) converters are
referred to as CPL. In this paper, we use the buck converter
to simulate the CPL. The comparison results are presented
in Fig. 6. It can be found that the dynamic performance of
the proposed control strategy is better than PI control, which
verifies the effectiveness and the salient performance of the
proposed control strategy.
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Fig. 5. Comparison results for the step of the reference output voltage.
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Fig. 6. Comparison results for the constant power load.

Finally, the load disturbance rejection ability is validated
by measuring the output impedance. In order to evaluate
the output impedance of the 3p-DAB, the perturbation AC
current is injected to load. The output impedance evaluation
circuit diagram is given in Fig. 7, which is implemented by
the Simulink software. The 3p-DAB can be equivalent to
a voltage source V,,; and an output impedance Z,,;. The
steady-state load current [y, is set as the equilibrium point. 4
represents the small-signal perturbation. The output voltage



V5 is measured at each frequency of ¢,.. Hence, the output
impedance Z,,; can be expressed as:

v
Zout(f) = i 2((§)> . (17)
3p-DAB converter Irtlflegtic.l
______ ______ perturbation
| z | | ! !
out | |
| I— |
| | I+ | |
| l ' |
I : I A IL I A iac I
I + Vout | I VZ I I
| | |
| | |
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Measured voltage

Fig. 7. Evaluation circuit of output impedance.

The comparison result of output impedance is shown in Fig.
8. It is easy to found that the proposed control scheme can keep
low output impedance for the 3p-DAB in a wide frequency
range, which demonstrates that the proposed control strategy
has strong load current disturbance rejection ability.

0 T
—6— PI control based on PSM
—©— The proposed control scheme

Magnitude (dB)

10! 10° 10°
Frequency (Hz)

Fig. 8. Output impedance comparison results for PI control based on PSM
and the proposed control scheme.

B. Experiment results

To demonstrate the theoretical analysis of the proposed solu-
tion and the above simulation comparison results, comparative
experiments with PI control based on PSM are conducted in
a prototype of the 3p-DAB converter. The photograph of the
experimental setup is presented in Fig. 9. A DSP evaluation

board is employed to implement the proposed control strategy.
The output voltage is sampled by the LV-25P.
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Fig. 10. Related waveforms of 3p-DAB for the step change of the reference
output voltage. (a) PI control based on PSM. (b) Proposed control scheme.

The experiment comparison of the step change of the
reference output voltage are conducted in this section. The
voltage voltage reference is varied from 60V to 80V, and the
load resistor is maintain as 20€2. The comparison results are
shown in Fig. 10. It can be found that the transition time is



decreased from 5.6ms by PI control based on PS modulation
to 1.6ms by the proposed control strategy, and the overshoot
voltage is reduced from 14V by PI control based on PSM to
2V by the proposed control strategy. The above experimental
comparison result further verifies the theoretic analysis and the
effectiveness of the proposed control scheme.

V. CONCLUSION

In this paper, a novel nonlinear controller combined with
the PD controller and the Adaline is proposed to improve the
dynamic performance of the 3p-DAB. Firstly, an SMLA is
presented to renew the weighting vector of the Adaline for
enhancing the robustness of adaptive learning. Meanwhile,
the output of the Adaline is added to the output of a PD
controller to maintain an excellent dynamic performance for
output voltage regulation. Then, the comparison simulation
results are shown to validate the theoretic analysis and the
effectiveness of the proposed control scheme. Finally, the
experimental comparison results on a laboratory prototype are
provided to further verify the effectiveness and superiority of
the proposed control strategy.
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