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Abstract

This paper proposes a dynamic dual active bridge (DAB) converter and a hybrid phase shift control (HPSC) scheme for a (0.5-1) varia-
tion in the voltage conversion ratio. The proposed HPSC scheme is a combination of extended phase shift (EPS) and triple phase shift
(TPS) modulations. It also provides a simple closed-form implementation for the primary and secondary-side phase-shift angles. During
the light load operation of dynamic DAB converter, the TPS modulation is employed such that the practical zero voltage sequence opera-
tion can be extended to zero load. For heavy loads, the secondary-side phase-shift angle decreases to zero, hence the EPS modulation is
applied. In this paper, the MATLAB Simulink software is used with an input voltage range of (200-400)V and then the output voltage
wave forms are investigated for both EPS and TPS modulations for different operating modes of buck and boost operations.
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1. Introduction

The single phase-shift modulation is simple and easy to implement,
hence it is commonly employed in many applications. However,
the soft-switching range is limited with single phase-shift (SPS)
modulation, and the non-active power also termed as backflow
power or reactive power is high as well. The enhanced phase-shift
methods are generally termed as pulse width modulation plus
phase-shift control [1]. To achieve the best performance of the
dual active bridge (DAB) converter over a wide operating range,
several modulation methods are combined and the hybrid phase-
shift (HPS) schemes are introduced. When considering minimum
inductor current for a short dead time interval, even larger parts of
the theoretical zero voltage sequence (ZVS) region involve the
incomplete commutation due to the parasitic output capacitance of
MOSFETSs, leads to reduced performance and efficiency [2].
However, most of the control schemes so far presented in the liter-
ature on DAB converter only considers the theoretical ZVS con-
straint, i.e., the inductor current at the switching instant should be
of the right polarity (either positive or negative) [3].

In order to achieve practical ZVS of all switches, a commutation
inductor is utilized by decreasing the magnetizing inductance or
placing an external inductor between the two phase-leg midpoints
in a full bridge, thereby, generating sufficient inductive current to
charge and discharge the parasitic output capacitances. The addi-
tional commutation inductance current is uncontrolled, and pro-
cessed by power MOSFETS [4]. An adaptive inductor is used as
the main power transfer element such that the practical ZVS oper-
ation can be achieved at light loads and also the conduction losses
are minimized at heavy loads. However, the voltage conversion
ratio is limited to unity and the adaptive inductor increases the
complexity of implementation. Recently, the variable-frequency
phase-shift control tends to be focused and the soft-switching

range is reduced. In general, the wide frequency variation increas-
es the design complexity of passive components [5].

Reference [6] proposes a dual-bridge series resonant converter
with dual tank to widen the soft-switching range and to improve
the circuit performance. The design of a variable-voltage DC
source using proportional and integral (PI) controller such as
fuzzy logic controller (FLC) is proposed in [7]. Reference [8]
presents advanced power control methods and new isolated bidi-
rectional DC-DC topologies to improve the performance of isolat-
ed bidirectional converters. An overview of dual-active-bridge
(DAB) isolated bidirectional dc-dc converter (IBDC) for high-
frequency-link (HFL) power conversion systems (PCSs) is pre-
sented in [9]. An observer-based digital control system to manage
active and reactive powers in a dual active bridge converter is
proposed in [10]. A single sliding-mode controller (SMC) for
charger/discharger DC/DC converter to provide a stable DC bus
voltage in any operation condition is proposed in [11]. A novel
method for the control of a buck-boost DC-DC converter with
variable input voltage based on sliding mode control technique is
proposed in [12].

The HPS control scheme is a combination of EPS and TPS modu-
lations, and it provides a very simple closed form implementation
for the primary and secondary side phase shift angles. With the
help of MATLAB Simulink software, the output voltage wave
forms are investigated for the characteristic table feedback control
closed loop operation. By using 1D look up table, the proposed
DAB converter provides constant 400V for any given input volt-
age (200-400)V and the ripple factor has been reduced to from 0.8%
to 0.5%.

The rest of this paper is organized as follows: Section 2 presents
the description of dual active bridge (DAB) converters. The de-
scription of proposed circuit topology is presented in Section 3.
Simulation results and discussion is presented in Section 4. Finally,
the conclusions are presented in Section 5.
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which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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2. Dual active bridge (DAB) converters

The working principle and different phase shift control techniques
applied to DAB converters is described in this section. The pro-
posed circuit diagram of DAB consists of two inductors and the
derivation process has been explained here. The single-phase full
converters with inductive loads permit solely a two-quadrant oper-
ation. Suppose, if two of those full converters area unit area are
connected back to back, as shown in Figure 1, then the load cur-
rent flow gets reversed. This system provides a four-quadrant
operation and it is termed a dual converter. Dual converters are
normally used in high-power variable-speed drives. If «c;and o,
are the delay angles of converters 1 and 2, respectively, the corre-
sponding average output voltages are Vi, and Vyc,. The delay
associate angles area unit controlled such that one device operates
as a rectifier and another one operates as an inverter. However,
each converter turns out constant average output voltage. The
average output voltage of DAB converter are given by [13],

2v
Vier = T‘“ cos oy

@
2V
Viez = T’“cos a,
)
As mentioned earlier, one converter is rectifying and the other one
is inverting, hence Vg = —Viez OF cosa, = cosay; =

cos(m — oy ). Therefore [14],
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Fig. 1: Dual Active Bridge (DAB) Converter.

Control strategy is one of the important research directions for
dual active bridge (DAB) isolated bidirectional dc-dc converter
(IBDC). For improved topologies and variant, the control methods
may be different. The reader may refer references [15]-[17] for
different phase shift control techniques such as Single phase shift
(SPS) Control, Extended phase shift (EPS) Control, Triple phase
shift (TPS) Control, Hybrid phase shift (HPS) Modulation for dual
active bridge (DAB) converters. In those references, the modula-
tion description of both EPS and TPS modulations, their operating
principles, equivalent circuits and idealized operating waveforms
in different modes with soft switching characteristics has been
presented.

As mentioned earlier, the major objective of this paper is to pro-
pose a modified DAB converter and a simple HPS control scheme.
The HPS control scheme is a combination of EPS and TPS modu-
lations, and it provides a very simple closed-form implementation
for the primary and secondary-side phase-shift angles. When this
modified DAB converter operates at light loads, the TPS modula-
tion is employed such that the practical zero voltage sequence
(ZVS) operation can be extended to zero load. As the load gets
heavy enough, the secondary-side phase-shift angle decreases to
zero, and the EPS modulation is applied to decrease the RMS
current and conduction losses. Therefore, the proposed converter
can operate efficiently over full operating range. Therefore, com-

plete soft switching operation within a short dead time interval can
be a direct optimization objective for DAB converters operating at
high voltage and high frequency.

3. Proposed circuit topology

In this paper, a center tapped transformer (CTT) based DAB con-
verter is proposed, by inserting a small inductor (Lg) between the
transformer center tap and the mid-point of split output capacitors
(Cs; and Cg,) in the conventional DAB converter topology. Here,
the two-inductor CTT based DAB converter is used and it is
shown in Figure 2(a). The turns ratio of CTT is N1:N2 = N1:Ns=n.
A T-type and a A-type primary-referred equivalent circuits of
modified DAB converter are derived with the equivalent transfor-
mation of transformer and impedance. The magnetizing induct-
ance (Ly,) of CTT is neglected in this analysis and transformation,
due to the fact that Ly, is larger than the phase-shift inductors [18].
The CTT associated with two phase-shift inductors driven by three
ac voltages are u1, u’2 and u's. CTT-based ac equivalent can be
directly derived, as shown in Figure 2(a). By replacing the phase-
shift inductor L; with two equal inductors (LY, and L3) connected
in series with the secondary windings, the CTT-based ac equiva-
lent circuit with three phase-shift inductors are derived and shown
in Figure 2(b). The values of the three inductors that are used in
this model are expressed as [19-20],
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Fig. 2: Proposed CTT Based DAB Converter Topologies with (A) Two
Inductors and (B) Three Inductors.

3.1. EPS modulation

The gate drive orders of switches and definition of two phase-shift
angles are illustrated in Figure 3, where us=u,+u3= 2ur, and ur
represents the ac voltage applied to the transformer magnetizing
inductance. Ignoring the dead time, the upper and lower switches
in each switching leg are determined complementarily with a duty
cycle of 0.5. The two primary-side switching legs are @, out of
phase, the two secondary-side switching legs are driven synchro-
nously. With the EPS control, u, is characterized as an ac rectan-
gular wave with amplitude V,,, and both u, and us are ac square
waves with the same amplitude Vg (V= nVy) [21].
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Fig. 3: Equivalent Circuits of Modified DAB Converter with EPS Control.

Mode 1 operation is considered as an example to explore the oper-
ation of modified DAB converter with the EPS control, and due to
the symmetry, only three stages over the half switching are de-
scribed. As mentioned earlier, three inductor currents iy, i,, and i
(in Figure 2(a)) can be derived with the superposition of the three
decoupled currents iy,, i,3, and iz; which are determined by the
voltages across three equivalent inductors L;,, L,3, and L3;. Since
the two equivalent ac voltage sources u, and uz are synchronous
always in the EPS control, the voltage across L,3 is zero [22].
Therefore, I (0) equals 0 as well, which means that no current
flows through the inserted secondary-side inductor in EPS control
[23].

3.2. Characteristic table closed loop feedback control

By using characteristic table closed loop feedback control, the
output voltage will be 400V for any given input voltage of (200-
400) V. This method reduces the ripple factor. To control output
voltage with input voltage a tabular form is taken. The n-D
Lookup Table represents function in N factors, and it is represent-
ed by [24],

y= F(X1'X2'X3' ""XN)

U]

Where the capacity F can be exact. The maps contributions to an
output by turning upward or introducing a table of qualities char-
acterize with parameters. In the block, the primary information
recognizes the principal measurement break points, the second
information distinguishes the second measurement breakpoint. For
interpolation and linear modes, the parameters should use the
equal floating type such as breakpoints, output, and fraction.

Determine whether to enter information as breakpoints or as pa-
rameters that create uniformly spaced breakpoints. To expressly
indicate the breakpoint information, set this parameter to explicit
value and enter breakpoint information in box [25]. The block
computes the quantity of points to produce from the table infor-
mation the main point in your equitably separated breakpoint in-

formation. This parameter is accessible when breakpoints deter-
mination is set to even spacing. The dispersing between points in
your equally separated breakpoint information. This parameter is
accessible when breakpoints detail is set to even spacing. The
breakpoint information expressly or as equitably dispersed break-
points [26].

In the event that you set breakpoints determination to even divid-
ing, enter the parameters first point and spacing in each break-
points column to produce uniformly breakpoints in the particular
measurement. This table information decides the quantity of equi-
tably divided points. The breakpoints particular to explicit value,
enter the breakpoint set that relates to each measurement of table
information in each breakpoints row. For each measurement, indi-
cate breakpoints as a 1-by-n or n-by-1 vector whose esteems are
entirely monotonically expanding [27].

4. Results and discussion

In this paper, EPS and TPS modulations are applied and the IBDC
operates in buck or boost operations. In this paper, four modes of
operations are performed. For each mode of operation, MATLAB
simulation circuit, output voltage and power waveforms are pro-
vided. In Mode 1 operation, buck operation wave forms are pre-
sented. In Mode 2 and 3 operations, boost operation wave forms
are presented. In Mode 4, again buck operation wave forms are
presented [28]. The input pulses given to the MOSFET switches
for each mode of operation are presented in this paper. The char-
acteristic table closed loop control method has been used for fur-
ther enhancement in operation. The closed loop MATLAB circuit
and its simulation output waveforms are described. The compari-
son of voltage wave forms with and without closed loop has been
provided for further reference.

4.1. EPS control method

By using the EPS control method, Mode 1 operation will give the
buck operation. The Simulink model of proposed circuit topology
for buck operation (i.e., Mode 1 operation) is depicted in Figure 4.
For the input of 200V, the output voltage has been step downed to
187V and the output power is 220W.

Fig. 4: Simulink Model of Proposed Topology for Buck Operation.

Figure 5 depicts the switching pulses applied to the power elec-
tronic devices. Figure 6 depicts the output voltage in buck mode
(i.e., Mode 1) operation. For the given input voltage of 200V, the
output voltage is step down to 187V.
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Fig. 5: Switching Pulses Applied to Power Electronic Devices.
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Fig. 6: Output Voltage of Converter with EPS Control (in Mode 1) for the
Input Voltage of 200V.

Figure 7 shows the output power in buck mode operation EPS
control. For the given input voltage of 200V, the obtained output
power is 220W, and it can be observed in Figure 7.
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Fig. 7: Output Power of Converter with EPS Control (in Mode 1) for the
Input VVoltage of 200V.

4.2. TPS control method

The Simulink model of proposed topology for the boost operation
is depicted in Figure 8. In Mode 2 operation, S;; and S,, are
turned ON and this interval ends up with S,,; being switched OFF.
In Mode 3 operation, S, is triggered ON and this interval ends up
with S,,; being switched OFF. In TPS control method (i.e., Mode
2), the boost operation will give 543V output voltage for a given
input voltage of 200V. Then, the output power is 1881W.

Fig. 8: Simulink Model of Proposed Topology for Boost Operation.

Figure 9 depicts the output voltage of the converter in TPS control
boost operation. For the given input voltage of 200V, the obtained
output voltage is 543V, and it can be seen from Figure 9. Figure
10 shows the output power of the converter in boost operation
with TPS control. The obtained power output with 200V input
voltage is 1846W.
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Fig. 9: Output Voltage of the Converter with TPS Control (in Mode 2) for
the Input Voltage of 200V.
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Fig. 10: Output Power of the Converter with TPS Control (in Mode 2) for
the Input Voltage of 200V.

Figure 11 depicts the output voltage of the converter in boost op-
eration (i.e., Mode 3). For the given input voltage of 200V, the
obtained output voltage is 298V, and it can be observed from Fig-
ure 11. Figure 12 depicts the output power of the converter in
boost operation (i.e., Mode 3). For the given input voltage of
200V, the obtained output power is 556W, and it can be observed
from Figure 12.
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Fig. 12: Output Power of the Converter with TPS Control (1.E., Mode 3)
for the Input Voltage of 200V.

Figure 13 depicts the output voltage of the converter in buck oper-
ation (i.e., Mode 4). For the given input voltage of 200V, the ob-
tained output voltage is 77V. Figure 14 depicts the output power
of the converter in buck operation (i.e., Mode 4). For the given
input voltage of 200V, the obtained power output is 37W, and this
can be observed from Figure 14.
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Fig. 14: Output Power of the Converter (I.E., Mode 4) for the Input Volt-
age of 200V.

4.3. Comparison of results

The output voltage waveforms without closed loop feedback and
with closed loop feedback control of characteristic table method
are compared in this section. The ripple factor has been reduced
by using the feedback control. Figure 15 depicts the comparison of
output voltage with and without the feedback control.
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Fig. 15: Comparison of Output Voltage Waveforms for with and Without
the Feedback Control.

Ripple factor without feedback is calculated as,

Ripple Factor = % «100 = 0.8%

(®)

Ripple factor with characteristic table closed loop feedback con-
trol is calculated as,

Ripple Factor = % *100 = 0.5%

©)

From the above equations (8) and (9), it is clear that the ripple
factor without feedback is 0.8% and the with feedback is 0.5%.
From this, it can be observed that the ripple factor has been re-
duced significantly with characteristic table closed loop feedback
control.

5. Conclusions

The hybrid phase shift (HPS) control scheme is a combination of
extended phase shift (EPS) and triple phase shift (TPS) modula-
tions, and it provides a very simple closed form implementation
for the primary and secondary side phase shift angles. By applying
EPS and TPS modulations the isolated bidirectional dc-dc con-
verter (IBDC) operates in both buck or boost operation. Depend-
ing on the application, by changing the phase shift angles, buck or
boost operations can be achieved. With the help of MATLAB
Simulink software, for input voltages of (200-400) V, the output
voltage wave forms have been investigated for both EPS and TPS
modulations for different operating modes of buck and boost op-
erations. The characteristic table feedback control method has
been used for the closed loop operation.
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