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The Dual Active Bridge (DAB) converter is a popular topology in high-performance bidirectional DC-DC converters
when fast transient response, wide input/output range and high efficiency are required. This paper introduces

the characteristics of the DAB converter, single-phase shift DAB converter operation principles, multiple freedoms
optimization process in DAB converter design, series resonant DAB (SR-DAB) converter features and its control
methods. A SR-DAB converter design based on the Energy Storage Systems (ESS) applications demonstrates the
performance of a SR-DAB converter, which supports wide input/output range and has a high efficiency in full load
range.

Introduction

With the growing development of sustainable energy and electric end-equipment(!), the large-scale application of
bidirectional DC-DC converters continues to grow. Bidirectional DC-DC converters serve widely as power interface
in wind power generation, photovoltaic power generation, Electrical Vehicles chargers, and ESS as shown in Figure
1. Among these applications, this discussion takes ESS as a target application to explain why DAB converter gains
popularity in such applications.

1. Wind
| 2. Solar

3. AC/DC charger
" 4. Onboard charger (OBC)
5. Vehicle-to-grid/home (V2X)
6. Energy storage system (ESS

Figure 2. Block diagram of two stage residential ESS.

Figure 1. Sustainable ecosystem model.

Figure 2 shows a typical residential ESS system, where a high-voltage DC bus interfaces the electric grid and the battery
system. The energy generated by the solar panels is converted by a unidirectional DC-DC converter and fed to the bus,
typically referred to as Maximum Power Point Tracker (MPPT), then connects to the bus. This energy transfers to the
electric grid by an inverter or stores in the battery system. Here, a bidirectional DC-DC converter charges or discharges
the battery. Low voltage batteries (for example, 48V) find wide use in residential ESS because of safety considerations.
Therefore, isolated DC-DC converters must provide galvanic isolation between the high-voltage DC bus and the battery.

As Figure 2 shows, a traditional bidirectional DC-DC converter comprises two stages: a buck-boost converter and an
inductor-inductor-capacitor (LLC) converter. The LLC converter achieves isolation and operates at the converter resonant
point (open loop operation) to achieve high efficiency. The closed loop buck-boost converter adjusts the gain voltage
and meets system dynamic response. A two-stage approach usually has lower power density and higher cost even
though the approach remains easy to design and control.
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Figure 3. Block diagram of one stage residential ESS.

To optimize the performance and cost of this bidirectional isolated block more products implement a one stage approach
as Figure 3 shows. Four isolated DC-DC converter topologies, LLC series resonant converter (LLC)®@, CLLLC series
resonant converter (CLLLC)®), dual active bridge converter (DAB)®), and series resonant dual active bridge converter
(SR-DAB)®, find wide application in battery charger applications today or attract interest because of advantageous
characteristics in certain applications. Key characteristics of these four topologies are summarized in Table 1. Among
these single stage topologies, converters like LLC and CLLLC achieve the full operating range zero voltage switching,
while having low turn-off current in rectifier side. However, when the converter operates in wide input output ratio range
scenario, the converter needs to trade off efficiency and wide gain range, which makes efficiency drop significantly.
Besides, LLC and CLLLC converters use frequency modulation for voltage regulation and have slower response

to load transient. Considering the above challenges, a DAB or SR-DAB converter represents a preferred choice in
applications that need to cover wide input or output ranges without having much efficiency reduction and transient
response degradation. This DC-DC converter requires a more complex control scheme to maintain performance in all
the operating points. More comparison details between different topologies appear in [5]. In this topic, the discussion
describes the fundamentals of a DAB converter including operational principles, multiple freedoms optimization process
and SR-DAB converter overview, along with a SR-DAB converter design example.
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LLC

Benefits:

e Low turn-off current in rectifier
side

e Fullrange ZVS

e High efficiency especially when

operating at resonant frequency

CLLLC

Benefits:

Low turn-off current in rectifier
side

Full range ZVS

Symmetric gain features

High efficiency especially when

operating at resonant frequency

[p).\:]

Benefits:

e Wide voltage adjust range
e Low cost

e Fast dynamic response

e High efficiency when voltage

ratio matches transformer ratio

SR DAB

Benefits:

Wide voltage adjust range

Lower turn off current compared

to DAB

Wider ZVS range than DAB

Challenges:

e Narrow gain range (trade off
efficiency and wide gain range)

e Gain below one in reverse mode

e Complex Synchronous
Rectification (SR) control

strategy

Challenges:

Narrow gain range (trade off
efficiency and wide gain range)
Complex Synchronous
Rectification (SR) control
strategy

Potential for more discrete

components

Challenges:

e Low efficiency and high turn off
current with single phase control

e Hard to realize ZVS at light load

e Complex control method to

optimize the performance

Challenges:

Low efficiency with single phase
control
Complex control method to

optimize the performance

Table 1. Summary of different topologies.

DAB Operation Principles and Control Methods Introduction
Single-Phase-Shift (SPS) DAB Operation Principles

Figure 4 shows the circuit topology of DAB converter. This topology consists of two full-bridge structures which

are connected to the input (V4) and output ports (V,). The switching nodes of the two full-bridges are connected

correspondingly to a series inductor (Lg) and to a high-frequency isolation transformer (T+).

Figure 4. Schematic of DAB converter.

Dual Active Bridge Topology Overview
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(a) Forward mode (0 < O < 7). (b) Reverse mode (-im < O < ().

Figure 5. DAB waveforms under SPS contro/

Figure 5 shows the DAB converter waveforms under SPS control, the cross-connected switch pairs in both the full
bridges are switched on to generate phase-shifted square waves with 50% duty ratio at the transformer's primary and
secondary sides. The converter operates with a fixed switching frequency fg, which is equal to 1/Tg (T is the switching
period as shown in Figure 5). The FETs on the high side and low side of each leg are complementary conducting and the
dead time between high-side and low-side FETs are necessary to avoid the shoot-through. By adjusting the phase shift
angle @ between Bridge 1 and Bridge 2, the direction and the amount of transmission power can be controlled. When
the primary switch node voltage (Vp) leads the secondary side voltage (Vs), the power flows from the primary to the
secondary (forward mode). When Vp is lagging the Vs, the power flows from the Bridge 2 to the Bridge 1 and the DAB

is working in reverse mode. By assuming that all the components are ideal and by ignoring the dead time, the transition
power can be calculated using Equation 1.

NXV{XVyx0x(n—0)
P12 =

anzxLSxfs (_T[S@ST[) (1)

where

e N is transformer turn ratio which is equal to N1/N», N4 is the primary winding turns and N, is secondary winding turns

e | is the inductance value of series inductor
The maximum transfer power is achieved when @ is equal to /2, thus achieving:

N X V{ xVy
Pmax_ 8XLSXfS (2)

It is important to notice that the maximum transfer power is limited by the inductance value and the switching frequency.

To better understand the operation principle and the mode under SPS control of a DAB converter let's look at the
waveforms in Figure 6. As depicted in the graph, switches Q1-Q4 form the primary side full bridge of a DAB converter
and are modulated to generate V,,. The secondary side full bridge of the converter consists of Q5-Q8, which are
modulated to generate a voltage Vs. To simplify the analysis process, we assume that the converter is operating in
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steady-state. Based on the time sequence from t0 to t3 in Figure 6, the switching cycle can be divided into five operation

modes in Figure 7, which are explained as follows:

1.

Mode 1 (t0 to t0'): Figure 7(a) shows the equivalent circuit for the mode 1. Just before t0, Q2 and Q3 are conducting.
The current IL is in negative direction and decreases linearly. Q2 and Q3 turned off at t0, and there will be high
turn-off loss on Q2 and Q8, because the turn-off current is at the peak point. During t0 to t0', which is the dead time
in the primary branch, the energy stored in the inductor discharges the output capacitors of Q1 to Q4 and charge the
capacitors of Q2 and Q3. The inductor current is freewheeling through the body diode of Q1 and Q4 on the primary
side. On the secondary side, the current is still flowing through Q6 and Q7.

Mode 2 (t0' to t1): Figure 7(b) shows the equivalent circuit for mode 2. The current IL is still in the negative direction
during t0' to t1 and decreases to zero at t1. Q1 to Q4 turns on at t0' in the primary side and the voltage across Q1
and Q4 approximates to zero due to the conduction of their body diodes, which means the turn on is done in zero
voltage switching (ZVS). On the secondary side, the current passes through the Q6 and Q7.

Mode 3 (t1 to t2): Figure 7(c) shows the equivalent circuit for mode 3. The current changes to positive direction after
t1 and all switched status are the same as mode 2. This mode ends up when Q6 and Q7 are turned off. During mode
1 to mode 3, the inductor voltage is clamped at V1 + N x V2, the current of Lg is:

I.(t) = I,(t0) + %:Vl X (t - to) (3)

Mode 4 (t2 to t2"): Figure 7(d) shows the equivalent circuit for mode 4. The time interval investigated is when dead
time is applied on the secondary side. Q1 and Q4 is still on in primary side. On the secondary side, Q6 and Q7 are
turned off at 12, there is turn-off loss on Q6 and Q7 because the turn-off current is not zero. During the dead time,
the transformer current charges the output capacitors of Q6 and Q7, discharges the capacitors of Q5 and Q8, then
the current is freewheeling through the body diode of Q5 and Q8.

Mode 5 (t2' to t3): Figure 7(e) shows the equivalent circuit for mode 5. At t2', Q5 and Q8 turns on, the current in
the secondary side switches from the body diode to the channel of Q5 and Q8. The status in the primary side is the
same as before. During mode 4 to mode 5, the inductor voltage is V1 — N x V,, the current of Lg is:

IL(t) = I.(t2) + Vl_L—NSXVZ x (t - t2> @)

Similarly, the same principle can be applied to other FETs during t3 to t6. Therefore, the inductor current and voltage

equation of each stage can be deduced which can be used to analyze this topology.
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I

Figure 6. DAB waveforms under SPS control with all switches driving.

(8) Mode 1 (t0 to t0)). (b) Mode 2 (t0' to t1).

(c) Mode 3 (1 to t2). (d) Mode 4 (12 to t2)).

(e) Mode 5 (t2' to t3).

Figure 7. Operation modes of DAB under SPS control.
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DAB Converter Challenges Under SPS Control

In a DAB converter, SPS control is the easiest control to implement. Conversely, there are some challenges when running
this control. At first, all primary switches turn off at the peak point of inductor current as shown in Figure 8 and this high
turn-off current will increase the turn-off losses. Besides, V, and V are both square wave voltages and their interaction is
through the inductor Lg, so the phase of the primary current is not always the same as the primary voltage. As Figure 8
shows, I _is of the opposite phase from V,, for an interval of t0 to t1 and t2 to t3, that is a portion of the delivered power
that is sent back to the primary voltage source V1. We defined it as backflow power, which is the shadow area in Figure
8. For a given transmission power, the input power increases to compensate the loss caused by backflow power with the
increasing backflow power. Therefore, the circulating power and current are increased, which results in significant losses
in power devices and magnetic components.

Figure 8. Turn-off current and reactive power waveforms.

In addition, the soft switching range of the DAB is also affected by the load. The energy stored in Lg is the key to realize
soft switching on both sides. Especially at light load, less energy is stored in L this is insufficient to discharge the FETs'
output capacitors for soft switching. Equation 5 represents the minimum current required by the topology to discharge
the capacitors.

2 2
% . xL Vix|4xC
Lmll’zl S ( 5 055) (5)

where
e C,ss is output parasitic capacitance of Q1

The existing literature [6]-[9] proposes methods to increase the degree of freedom to improve this situation, such as
multiple phase shift control, multiple phase shift plus variable duty, or frequency control methods. However, the increase
in degree of freedoms also leads to more complex system analysis and control.
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Multi-Degree-of-Freedoms (MDOF) Optimization Process

This section introduces how to perform multi-degree-of-freedoms (MDOF) optimization on DAB. MDOF optimization
includes four parts, as shown in Figure 9. We will introduce each part individually by focusing on the DAB modulation
methods, mathematical models, optimization objectives, and optimization algorithm.

Modulation Mathematical Optimization Optimization
Methods Models Objectives Algorithm
Phase shift angles Time- Domain Analysis Soft-switching Range The Karush-Kuhn-
(TDA) Inductor rms Current Tucker (KKT) Conditions
Duty cycle
Frequency Domain Reactive Power Numerical Optimization
Frequency Analysys (FDA) Algorithm

Figure 9. Multiple degrees-of-freedom optimization process.

Modulation Methods

The modulation method is the selection of multi-degree-of-freedoms, typically, it is phase shift angle, duty cycle, and
frequency. We can use one of these methods or combine them to achieve a more advanced control technique. In

this section, we will only introduce the phase shift angles modulation method and explore the relationship between
different multiple phase shift modulation methods for a DAB converter. Multiple phase shift modulation usually includes
dual phase shift control (DPS), extended phase shift control (EPS), triple phase shift control (TPS). Figure 10 gives the
definition of each phase shift angles and shows the relationship of these modulation methods. The left side waveforms
in Figure 10 are the typical waveforms of a TPS control, based on the waveform, there are a total of three phase shift
angles:

e (. is defined as the internal phase shift angle in the primary side (phase shift angle between Q1 and Q4)
* @, is defined as the external phase shift angle between the primary and the secondary side (phase shift angle
between Q1 and Q5)

e (. is defined as another internal phase shift angle in the secondary side (phase shift angle between Q5 and Q8)

The middle figure in Figure 10 shows the relationship between different modulation methods. Observe that SPS, DPS,
and EPS are special modes of TPS. Note that when the @, or @ are equal to 0, the control is operating in EPS mode.
When @, is equal to G, the converter is running in DPS mode. When @a and Jc are equal to 0, the DAB is working

in SPS mode. The previous chapter showed the waveform under SPS control which the square voltage of bridges is a
two-level wave. However, for DPS, EPS, and TPS control, the square voltage of bridges become a three-level wave due
to the inner phase shift angle effect as shown in Figure 10.
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Figure 10. Multiple phase shift overview.

Compared to SPS, the maximum transmission power of multiple phase shift angle control is the same as SPS control.
However, adding a third level on both the H-Bridge converters helps in decreasing current stress, improving efficiency
and expanding the ZVS range. Figure 11 shows the simulation comparison between DPS and SPS control, by changing
the multi-waveform V,, from 2-level to 3-level, the opposite phase between V, and I decrease, which helps reduce the
reactive power. In addition, the inner phase shift angle changes the slope of inductor current which helps decrease the
current stress of Q4 and Q5. For more detailed analysis related to DPS, EPS, and TPS control see [7]-[13].

(a) Reactive power comparison. (b) Current stress comparison.

Figure 11. Comparison waveforms between SPS and DPS.
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Table 2 shows a high-level summary between different control methods. Notice that TPS can achieve the best

performance using the highest control complexity. For more detailed comparisons between different modulation
methods, see [14]-[15].

SPS control EPS and DPS control TPS control
Number of control freedom 1 2 3
Reactive power high medium low
RMS current high medium low
Soft-switching range narrow Wider than SPS Wider than EPS/DPS
Control complexity low medium high
Total efficiency low medium high

Table 2. Different phase shift modulation methods comparison.

Mathematical Models

As described in Modulation Methods, when adopting multiple phase shift control, there are multiple operation modes
due to the different combinations of phase shift angles. For example, there are a total of six operation modes for TPS
control when there is unidirectional operation as mentioned in [16]. The transferred power, reactive power, and current
stress are different under different modes. Therefore, to describe these features based on quantitative analysis under
different modes, we need to build mathematical models based on different modes. The complexity of the model also
determines the construction of objectives and the choice of algorithms. The general mathematical models are based
on Time-Domain Analysis (TDA) and Frequency-Domain Analysis (FDA). We will use one of the TPS operation mode to
briefly explain these mathematical models.

TDA Model Analysis

For TDA models, deducing the voltage and current expression during different time intervals is necessary. Figure 12 is
one of the TPS operation modes and Figure 13 is a simplified model of the DAB, which actually shows two square waves
(Vp and V) across the inductor. Therefore, the inductor voltage and current equation across the inductor can be written
as:

VL) = Vp = N X Vg 6)
1) = I(tem 1) + 2 x Jib Vi x de ™

where

e t,_1 denotes the initial moment of the working mode

¢ t, denotes the final moment of the working mode
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Vp — N*Vs
| | Vi I |

Figure 13. Simplified DAB model.

Figure 12. Operation waveforms under TPS.

At the same time, we can also calculate the expression for the effective value of the series inductor current as:

fto +Tsp2 £ x dt
Iy e ) = | -2 @®)

After having the expressions of current and voltage, we can easily calculate the expression for instant power.
Additionally, by performing integration, we can get the expression of average power in Equation 9 and Equation 10.
Based on these equations, we can obtain the magnitude of the transmission power in different modes, as well as the
expressions for the corresponding node currents.

+T
\/fto Svp X I1,(t) x dt

P1(t) = ©)

to+ T
\/fto SN ><VS X I1,(t) x dt

Po(t) = (10)

FDA Model Analysis

Another mathematical analysis method is FDA. For better analysis, we redefine phase shift angles like Figure 14 and this
could simplify the math process. The blue waves in Figure 14 are the equivalent components of V, and Vs, which means
the fundamental component. Based on the V, and Vg square waves, we can write the expression of its fundamental
wave as shown Equation 11 in and Equation 12, thus we can easily derive the expression for the current.

4 X Vp x cosa X sin(w X t)

Vp_rpa(D) = = (11)
4 X N X Vg X cosy X sin(w X t — B)
Vs_ppa(t) = — (12)

Note that the above expressions only consider the fundamental component; some FDA analysis also consider higher
harmonics, which can increase the accuracy of the analysis but will greatly increase the complexity.
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Figure 14. Operation waveforms under TPS.

Previously, we provided a brief introduction to the mathematical methods used when analyzing the converter. Table 3
summarizes these mathematical modeling methods. Generally, TDA has the highest complexity because it produces
more operating intervals and operating modes, while FDA only considers the fundamental wave is simplest. For the
accuracy, both TDA and FDA considering higher harmonics have high accuracy, while FDA that only considers the
fundamental wave has the lowest. The generality of FDA methods is usually good, which means it is more flexible to use
this method to analyze other DAB structures without considering each time interval, overlap range, or working mode. In
contrast, TDA is difficult to expand directly to other structures. The working mode and expression derivation need to be
modified if the topology is changed.

Mathematical models Complexity Generality Accuracy
TDA High Low High
FDA Fundamental component only Low Medium Low
Consider multiple harmonics Medium High Medium

Table 3. Different mathematical model comparison.

Considerations of Optimization Objectives

After building mathematical models, we need to choose optimization objectives. To optimize the efficiency of the DAB
converter, it is important to understand the different types of losses that contribute to the overall loss. The losses in

the DAB can be classified into two main categories: power switch device losses and magnetic device losses. Figure

15 shows the main loss distribution of a DAB converter. The power switch device losses include switching losses

and conduction losses, while magnetic device losses include copper losses and core losses, as shown in Figure 15.
Switching losses include the turn on losses and turn off losses. Turn on loss depends on whether the switches can
achieve ZVS. However, ZVS range has a boundary under different conditions [17]. Turn off loss is related to current value
when switches are turned off. Both conduction loss and copper loss are directly affected by the inductor RMS current.
Core loss is mainly depending on the operating frequency, magnetic flux density as well as core material and this loss
tends to be a uniform loss that does not vary significantly with power when operating conditions are specified. Therefore,
the optimization objectives can be divided into ZVS range, turn-off current, effective value of inductor current. Optimizing
all of these objectives will greatly increase the complexity of building the mathematical model. Therefore, we usually
choose one or two main objectives, such as ZVS range, inductor current stress or reactive power as the optimization
path in practical applications.

Dual Active Bridge Topology Overview 13 May 2026



Power Supply Design Seminar

Figure 15. Loss distribution of DAB.
Selection of Optimization Algorithms

Selecting the optimization algorithm to better match the objectives is the final step of the MDOF optimization process.
In the case of multi-degree of freedoms control, there is often strong coupling between various degrees of freedom,
so some algorithm methods are proposed to help calculate the optimal solution. This paper does not describe those
methods but more details are in the reference [18].

Series Resonant DAB (SR-DAB) Overview and the Control Method
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Figure 16. Schematic representation of an SR-DAB converter. Vs : -
I
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Figure 17. Waveforms of SR-DAB converter.
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By inserting a series resonant tank in the DAB converter, it forms the SR-DAB as shown in Figure 16. The resonant tank
can be placed in primary or secondary side. And the resonant capacitor can also be split in both sides [19]. Placement
of capacitances in primary and secondary prevents dc injection from both the active bridges thus avoiding transformer
saturation. However, it will increase the total system cost.

As depicted in Figure 16, switches Q1 -Q4 form the primary side full bridge and they are modulated to generate V,,.
The secondary side full bridge of the converter consists of Q5 —-Q8, which are modulated to generate a voltage V.
As mention in Single-Phase-Shift (SPS) DAB Operation Principles, the external phase shift @ between V, and Vs
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determines the direction of the power flow, with positive @ meaning the forward operation which corresponds to the
case where V,, leads V.

Figure 17 shows the basic operation waveform under SPS control. Similar as the series resonant converter, the SR-DAB
converter needs to operate at frequency higher than resonant frequency to make sure the converter operates in the
inductive region. Due to the resonance features of the circuit, the inductor current of SR-DAB is almost sinusoidal, which
will lead to a smaller turn-off current and rms current compared to a traditional DAB. Since the fundamental components
of the resonant tank current and bridge voltages are the main sources of the power transfer, the FDA method can be
used to build its mathematical models. By using the First Harmonic Analysis (FHA), the normalized average transition
power P, is expressed in Equation 13. Find more details in the reference [4].

P, = 28Xstin®1 —n<d<m (13)
T XQX(F_F)
where
M=N1><V2F=f_sf _ 1 f:invLS/ch=2
Ny X Vq frr 2 X Tt X ”—‘chrs Tg R Iy

Similar to the traditional DAB converter, the multiple degree of freedom control method is also available for SR-DAB
converter. Table 4 summarizes the common used control methods in SR-DAB. It is concluded that better performance is
achieved when the numbers of controlled variables is increased. TPS control with a fixed frequency can achieve better
performance compared to the SPS control. Conversely, it cannot achieve full load range soft-switching except the light
load condition. By introducing the switching frequency as another control freedom, frequency is used to control the
power transfer amount, while the phase shift angles can be used as constraint conditions to optimize the current stress,

soft-switching range, and reactive power [20].

SPS + fix frequency ‘ SPS + variable frequency TPS + fix frequency TPS + variable frequency
l(;l:g:::rs of freedom 1 2 3 4
Soft-switching Not below half load Not at light load Not at light load Yes
RMS current high medium low low
Control complexity low medium high high
Total efficiency low medium high highest

Table 4. Different SR-DAB control methods comparison.

Figure 18 shows the simulation results which compare the TPS control DAB and TPS control SR-DAB when having a
variable frequency. It is obvious to see the SR-DAB has lower peak current, which decreases 11% compared to DAB. As
a consequence, the turn off loss is decreased, thus improving the system efficiency and decreasing the current stress in

switching devices.
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Figure 18. Simulation waveforms of DAB and SR-DAB.

DAB Design Example
SR-DAB Design Features

To demonstrate the theory explained thus far, a 3.6kW SR-DAB reference design [21] targeting ESS applications with
battery voltage ranging from 40VDC to 60VDC is used as a reference. Figure 19 and Figure 20 show the block
diagram and board photo of this reference design, respectively. The reference design uses the TMS320F28P55 C2000™
microcontroller to control the SR-DAB on both sides, and silicon carbide FETs for high input voltage applications
(550VDC maximum). The resonant capacitors are split to both sides which will help to block the DC components. The

total power-stage dimensions are 250mm x 130mm x 50mm. The peak efficiency of this design is 98.5%.

Figure 19. 3.6kW SR-DAB reference design block diagram.
Figure 20. 3.6kW SR-DAB reference design.

SR-DAB Design Process

This chapter introduces how to use MDOF optimization process discussed in Multi-Degree-of-Freedoms (MDOF)
Optimization Process to design an SR-DAB converter. As we already compared the performance of different SR-DAB
control methods, we choose the TPS + variable frequency as the modulation method to achieve the best performance.
We decouple frequency from the phase shift angle, using frequency to control power and using the phase shift angle
to optimize the performance. For the design with multiple degrees of freedom, we need to choose the optimization
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targets. Because this design is targeting the ESS applications, the current is high in the low-voltage side with the power
increasing. In this phenomenon, there will be higher turn off loss if the turn off current in the low-voltage side is high.
Therefore, the targets we hope to optimize in this design is turn-off current in the low-voltage side and the reactive
power. After confirming the optimization targets, by performing the FDA, we can obtain the expressions of Vp and Vs
after normalization:

4 % cos(@,) X sin(w X t)

Vp_pu(t) = s (1 4)

Vs pul®) = 4 XM X% sin1(Tm X t—Qp) (15)

Because the converter is operating higher than the resonant frequency to make the resonant tank located in the
inductive region, the resonant voltage Vres is 90° ahead of the current IL. In addition, based on the constraints, achieving
the minimum turn-off current on the low-voltage side, that is IL (&) = 0. Equation 16 and Equation 17 show the
constraint equations.

Vres (wb + %)
Tresp ™ 2) 1) = 0 {16)

Vrespu(q)b + %) = VP_PU(% + qu) - vspu(% + Q)b) =0 (1 7)

where
e Zris the impedance of the resonant tank

Based on Figure 21 and to realize the zero reactive power, we only need to make @, = @,. According to these constraint
equations, the corresponding phase shift angles can be calculated using Equation 18 and Equation 19:

cos(@,) x cos(@y) =M (18)

B, =0y (19)

The simulation waveforms in Figure 21 show the result that uses the proposed optimization methods. As shown in the
figure, reactive power is eliminated and the low-voltage side is turned off when the current is 0, which greatly optimizes
the conduction loss and switching loss. Figure 22 shows the experimental test waveforms under steady state with

bidirectional operation.

Reactive power

Figure 21. Simulation waveforms based on proposed method.
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Figure 22. Experimental waveforms.

Conclusions

This paper describes DAB fundamentals including operational principles, design challenges under SPS control, multiple
degree of freedoms optimization processes, and SR-DAB overview and its control method. We have observed that
DAB is a good candidate for applications that require a wide input/output voltage range. Conversely, we observed that
SR-DAB is a better candidate because switching current and RMS can significantly decrease. This allows an increase
in the efficiency and a reduction in the EMI with respect to the DAB converter. A design of SR-DAB is built to verify the
performance under wide gain range applications.
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