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ABSTRACT

The growing interest towards high efficiency, wide input/output range bidirectional DC-DC converters for energy
storage systems (ESS) applications attracts more research of different topologies and control methods. This
document focuses on the series resonant dual active bridge (SR-DAB) converter. The design considerations
and optimization control scheme of the SR-DAB converter is discussed, which includes the reactive power
optimization, zero voltage detection method and turn off current optimization. Furthermore, a 3.6kW SR-DAB
prototype is built to evaluate performance.
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1 Introduction

With the maturity of Lithium-ion battery technologies 1 and the exponential increase of the numbers of electric
vehicles and energy storage systems 2, efficient power conversion interface becomes more and more important
to those battery charger applications. Four isolated DC-DC converter topologies, LLC series resonant converters
(LLC) [3], CLLLC series resonant converters (CLLLC) 4 , dual active bridge converter (DAB) and series
resonant dual active bridge converter (SR-DAB) 5, 6 are either widely applied in today's ESS applications or

are of interest because of advantageous characteristics in certain applications. Figure 1-1 illustrates these four
topologies of options. Key characteristics of these four topologies are summarized in Figure 1-2. Based on the
summary in the table, both LLC and CLLLC use frequency modulation control (FMC) and the energy stored in
the magnetizing inductor (L) of the transformer to achieve zero voltage switching (ZVS) of the primary side
switches. Therefore, both LLC and CLLLC are able to achieve full range ZVS regardless of the load current
condition. However, most battery charger applications, such as ESS, usually need wide gain range. It is difficult
for LLC/CLLLC to cover such wide gain range while remaining a high efficiency. DAB using phase-shift control
(PSC) instead of FMC which allows faster and uninterrupted power transition between forward and reverse
power flow, besides, it allows wider voltage adjust range. However, DAB uses the energy stored in the series
inductor to achieve primary side switches' ZVS, the primary side switches ZVS are load current dependent.
Moreover, the turn-off current in low voltage side increased dramatically with power level increasing if the voltage
gain is far away from one under single-phase shift control, which leads to high turn-off loss. By inserting a series
resonant tank in the DAB converter, it forms the SR-DAB. This topology keeps the wide voltage adjust range
feature and due to the resonance feature, the inductor current in SR-DAB is almost sinusoidal, which will lead to
smaller turn off current compared with DAB. In addition, the SR-DAB normally operates higher than the resonant
frequency, which supplies the necessary condition to realize ZVS. Therefore, SR-DAB is a better choice for

ESS applications. Table 1-1 shows the key system specifications targeting a popular 3.6kW ESS application.
The next section discusses the key design considerations and optimization control scheme of SR-DAB in ESS
applications. A SR-DAB prototype has been made to verify the analysis in final section.

Figure 1-1. Topology Diagram (a) LLC. (b) CLLLC. (c) DAB. (d) SR-DAB
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Challenges:

+  Simple control method

+ Narrow voltage adjust range

+ (Gain below 1 in reverse mode

= Slow dynamic response and
bidirectional power transition

+  Simple control method

Challenges:

+ Marrow voltage adjust range

+ High cost due o secondary
resonant tank

- Slow dynamic response and
bidirectional power transition

= Fast dynamic response and
bidirectional power transition

Challenges:

= Low efficiency and high turn off
current with single phase control
Hard to realize ZVS at light load
Meed complex control methad to
optimize the parformance

LLC CLLLC DAB DABSRC

Benefits: Benefits : Benefits: Benefits:

= Full range ZVS = Full range ZV3 = Wide voltage adjust range + Wide voltage adjust range
+ Low cost +  Symmetric gain features = Lowest cost

+  Wider ZVS range than DAB
Lower RMS current and turn off
current than DAB

Challenges:

«  Low efficlency with single phase
shift control

»  Meed complex control method to
optimize the performance

Figure 1-2. Summary of Different Topologies

Table 1-1. System Specifications

Rated Power (P)

Input Voltage (Vi)

Output Voltage (Vo)

3.6kwW

350V to 550V

40V to 60V
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2 Detailed Description

1

Figure 2-1. Schematic of SR-DAB

The schematic of SR-DAB is in Figure 2-1 The switches Q1 —Q4 form the primary side full bridge and are
modulated to generate Vp. The secondary side full bridge of the converter consists of Q5 —Q8, which are
modulated to generate a voltage Vs. In this phenomenon, there is higher turn off loss if the turn off current in low
voltage side is high. Therefore, knowing how to minimize the turn-off current in low voltage side is important. In
this section, a turn-off current and reactive power optimization method is proposed to improve system efficiency.

3 Achieving Minimum Turn Off Current in Low Voltage Side

To optimize the performance of the SR-DAB design, the control strategy is based on Multiple-Degrees-of-
Freedom Modulation, which is multiple phase shift with a variable frequency modulation. Figure 3-1 shows the
typical waveform when the voltage gain M<1 (M is defined as N4 x V5/N5 x V4). In this case, the topology
operates in EPS (extended phase shift) modulation mode, there is an inner phase shift angle @a on the primary
side, and as a result, the measured voltage Vp of the primary side bridge is a three-level square wave, while the
secondary side voltage Vs is a two-phase square wave. Additionally, there is also an external phase shift angle
@b between the primary and secondary sides. By performing FHA analysis on Vp and Vs, the user can obtain
the expressions of Vp and Vs after normalization:

Vp_pu(t) = LT(fmlsinwt (1)

Vs_pu(t) = %sin(wt - Q)b) (2)
Figure 3-2 shows the simplified schematic of LC series resonant tank of SR-DAB. Operating the switching
frequency fs higher than the resonant frequency fr makes the resonant tank located in the inductive region.
Therefore, the resonant voltage Vs is 90° ahead of the current iL. Based on this constraint, achieving the

minimum turn-off current on the low-voltage side, that is iL (db) = 0. The constraint equation is given as
Equation 3

iL(®D) = Vyes pu(5 +8b)/Zr =0 (3)

Vres pu(5 +9b) = Vpp pu(5 +9b) = Vs pu(5 + 8b) =0 (4)
Where Zr is the impedance of the resonant tank. By solving above equations, Equation 5 is obtained.
cos(@a) - cos(@b) = M(M < 1) (5)

Figure 3-1 shows the typical waveforms when voltage gain M=1. In this case, the topology also operates in EPS
modulation mode. There is an inner phase shift angle Jc on the secondary side, hence the measured voltage Vs
of secondary side bridge is a three-level square wave, while the primary side voltage Vp is a two-phase square
wave. Additionally, there is also an external phase shift angle @b between the primary and secondary sides.
Similarly, by using the FHA analysis, the user can obtain the expressions of Vp and Vs after normalization:

Vp_pu(t) = %sinwt (6)
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Vs_pu(t) = Msin(wt - (Z)b) (7)

Note that only one leg (leading leg) in secondary side can achieve minimum turn-off current because of the inner
phase shift angle @c on the secondary side. And this minimum turn-off current is achieved when iL (db — dc) =
0. The constraint equation is shown as Equation 8 and Equation 9

iL(Pb — Bc) = Vrespu(% +0b— @c) JZr =0 (8)

Vres (5 + 0b — 0c) 9)

respu<
By solving previous equations, the user obtains Equation 10

cos(@c) - cos(@c) - M = cos(@b — Bc)(M = 1) (10)

Figure 3-1. Typical Waveforms of SR-DAB (a) M <1 (b) M 21

Figure 3-2. Simplified Schematic of the Resonant Tank
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4 Minimum Reactive Power

Figure 4-1 shows a waveform of the primary side that generates reactive power. At this point, the voltage Vp is
positive, but the resonant tank current is negative, resulting in negative instantaneous power. This means that
power is not be transferred to the secondary side, and this energy circulates internally within the primary side,
causing additional losses. Preferably, the reactive power in this part is zero, which means the region where Vp
is positive, and current in the resonant tank is also positive. Therefore, to realize zero reactive power when M <
1, the user only needs to make @a = @b as shown in Figure 4-1. Similarly, for the case when M = 1, calculate
@c = @b to realize zero reactive power. Referring to the analysis in Figure 4-1, the constraint of Equation 5 and

Equation 10 are obtained. Based on this, derive the expression for the two-phase angles when M <1and M = 1,
which are:

Pa = @b = arcsin(y1—M)(M < 1) (11)
@c =0b = arcsin( 1- %)(M > 1) (12)

Figure 4-1. Reactive Power Waveforms (A) With Reactive Power (B) Without Reactive Power
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5 Control Scheme of SR-DAB Combined With ZVD

The control block diagram is shown in Figure 5-1. A variable frequency with EPS modulation is used in the
design. The switching frequency fs is determined by the feedback loop to regulate the output current, while using
the phase angles calculated above to optimize the reactive power and turn-off current. It is worth noting that
the analysis in the above sections only considers the zero turn-off current and zero reactive power, but does
not consider the margin required to achieve ZVS, particularly for the primary-side devices. In practice, a certain
amount of negative current is required to help achieve ZVS, as shown in Figure 5-2. Therefore, the converter
cannot operate under completely zero reactive power conditions and the reactive power must be appropriately
provided especially on light load conditions. Typically, for such cases, fine adjustments can be made to the
phase angle based on experience, but there is an issue regarding the amount of reactive power that is supplied
to achieve ZVS. Providing too many results in a larger turn-off current and higher circulating current, while
providing a small amount can make it unable to fully achieve ZVS.

In fact, the problem becomes how to determine the current required to achieve ZVS. Actually, use time-domain
analysis to obtain the corresponding current magnitude and then calculate the phase-shift angle. However, this
method is affected by circuit parameters, which cannot remain constant, so the accuracy of this method is also
impacted. This article proposes a method that uses the gallium nitride (GaN) with the integrated zero-voltage
detection (ZVD) function to achieve adaptive adjustment of the phase-shift angle, thereby helping realize ZVS

in the primary side. This ZVD feature provides a pulse output when ZVS is realized, which helps optimize
performance of GaN devices. Based on this, a simple logic is implemented: reducing the reactive power (used to
supply ZVS current) when the ZVD signal is received; when the ZVD signal is lost, increasing the reactive power
again. By using this method, the current for achieving ZVS can always remain at an optimal level while verifying
ZVS implementation without increasing additional losses, which helps optimize the efficiency. The complete
Z\V/D-based control block diagram is shown in Figure 5-3.

Figure 5-1. Control Block Diagram
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Figure 5-2. Operating Waveform with Negative Current to Help Realize ZVS

Figure 5-3. Control Block Diagram Combined With ZVD Function

8

Single Stage SRC-DAB Design for Low Voltage Residential ESS Application SDAA339 — APRIL 2026
Submit Document Feedback
Copyright © 2026 Texas Instruments Incorporated


https://www.ti.com
https://www.ti.com/lit/pdf/SDAA339
https://www.ti.com/feedbackform/techdocfeedback?litnum=SDAA339&partnum=

13 TEXAS
INSTRUMENTS

www.ti.com Summary

6 Summary

To validate the proposed optimization modulation scheme, a 3.6kW SR-DAB converter is designed to charge
and discharge a battery with a voltage variation of 40-60 VDC, the transformer ratio in this design is 8.33. Figure
6-1 shows the experimental efficiency curve under 400Vin, 40Vout and 52Vout. Figure 6-2 shows the operation
waveforms at half load with 400Vin and 40Vout (that means M < 1) and the turn-off current is controlled at a low
value. Figure 6-3 shows the waveforms at half load with 400Vin and 40Vout which uses the ZVD function of GaN
in high voltage side. The high voltage side achieve ZVS while the turn-off current is controlled at a low value in
the low voltage side.

99.00%
98.50%
98.00%
97.50%
97.00% 40Vo
96.50% 52Vo
96.00%
95.50%

95.00%
500W 600W 1000W 1400W 1800W

Figure 6-1. Efficiency Curve of SR-DAB

Figure 6-2. Experimental Waveform at 1800W

Figure 6-3. Experimental Waveform Combined With ZVD Function
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