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Strong/full-hybrid EV mild-hybrid EV

•Configuration = 198s 2p (LG Chem E66a)
•33module X 12cells/module/(6s 2p)
•Nominal Voltage = 3.657V (724V)
• 2021 Audi e-tron GT quattro - Battery Design

AIR

e-Tron GT

G80 EV

Ioniq 5

•Configuration = 198s 2p (LG Chem E66a)
•33module X 12cells/module/(6s 2p)
•Nominal Voltage = 3.651V (723V)
•2019 Porsche Taycan - Battery Design

SU7 Max

Cybertruck

Taycan

•Configuration = 198s 2p (CATL Qilin CTP 3.0)
•33module X 12cells/module/(6s 2p)
•Nominal Voltage = 3.67V (727V)
•Xiaomi SU7 Max Battery - Battery Design

•Configuration = 192s 7p (Tesla 4680)
•4module X 336cells/module (48s 7p)
•Nominal Voltage = 3.67V (705V)
•TESLA CYBERTRUCK and Battery Pack - Battery Design

EV6 •Configuration = 192s 2p
•32module X 12cells/module (6s 2p)
•Nominal Voltage = 3.63V (697V)
•2022 Kia EV6 - Battery Design480 V to 806 V

•Configuration = 108s 3p

525V to 882V

•Configuration = 210s 24p
•Nominal Voltage = 3.6V (756V)
•Formula E Battery 2019-21 - Battery Design

•Configuration = 144s 3p
•36module X 12cells/module (4s 3p)
•Genesis Electrified G80 Battery Pack Opened Up

576V(528V) to 816 V

594V(544V) to 841 V

594V(544V) to 871 V

610 V to 834 V

On market 800V battery architecture Electric Vehicle

400/800V Battery

Traction
motor

PDU

OBC

APM

APM

Power steering 
LED head 

lamp

Audio system

Active 
suspension

LED tail lamp

9V – 16V Auto Pilot 
HPU system

APM has become 

Heart of today’s Evs’

multifunction system!

All Electric Vehicle

APM APM

*Porsche Newsroom

https://www.batterydesign.net/audi-e-tron/
https://www.batterydesign.net/2019-porsche-taycan/
https://www.batterydesign.net/xiaomi-su7/
https://www.batterydesign.net/tesla-cybertruck-and-battery-pack/
https://www.batterydesign.net/2022-kia-ev6/
https://www.batterydesign.net/formula-e-battery-2019-21/
https://insideevs.com/news/594362/genesis-electrified-g80-battery-pack-opened/
https://newsroom.porsche.com/en/2021/products/porsche-volkswagen-power-day-research-high-performance-batteries-silicon-anodes-own-fast-charging-stations-23907.html
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Challenge 1: High turns ratio & Ultra-Wide Gain range

14.7V
16V

470V

250V

9V

VLVVHV
n = 32:1

288V

16V
800V

500V 10.42V

VLVVHV n = 48:1

768V

9V

330V

240V – 470V 10V – 16V 

DC/DC 14V

400V Architecture APM

VLV

Iout

670V

500V – 800V 10V – 16V 

DC/DC 14V

800V Architecture APM
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Challenge 2: High current stress & turn-off losses issue

GaN can have significant  
turns off loss than Si

𝑬𝒐𝒇𝒇 = 𝑬𝒐𝒔𝒔 + 𝑬𝒐𝒇𝒇𝒍𝒐𝒔𝒔 =
𝟏

𝟐
𝑪𝒐𝒔𝒔𝑽𝟐 + 𝑷𝒐𝒇𝒇𝒍𝒐𝒔𝒔𝑻𝒔

Assuming 3.6kW per module, 

the Secondary output current

can exceed 300A!

670V

500V – 800V 10V – 16V 

DC/DC 14V

800V Architecture APM

For Secondary rectifier, driver loss and conduction loss is a trade off

𝑷𝒐𝒏𝒍𝒐𝒔𝒔 = 𝟎𝑾 (𝒁𝑽𝑺)

𝑷𝒄𝒐𝒏𝒅𝒍𝒐𝒔𝒔 = 𝑰𝒔𝒆𝒄 𝒓𝒎𝒔
𝟐 𝑹𝒅𝒔𝒐𝒏 = 𝟏𝟖. 𝟑𝟐 × 65mOhm/2=10.88W

𝑷𝒐𝒇𝒇𝒍𝒐𝒔𝒔 = 𝟏𝟗. 𝟗𝝁𝑱 −
𝟏

𝟐
∙ 𝟐𝟎𝟕𝒑𝑭 ∙ 𝟒𝟎𝟎𝑽 𝟐 /𝟐𝝁𝒔 = 𝟏. 𝟔𝟕𝑾

Even for GaN, Turn off loss can 

reach 1/6 of conduction loss !!!
J. Oliveira, A. Alhoussen, F. Loiselay, H. Morel, and D. Planson, “Switching Behavior and Comparison of Wide Bandgap Devices for Automotive Applications,” in 2021 23rd European Conference on Power Electronics and Applications (EPE’21 

ECCE Europe), Ghent, Belgium: IEEE, Sep. 2021, pp. 1–10. doi: 10.23919/EPE21ECCEEurope50061.2021.9570434.

80V/48A 80V/187A

6-12 devices is needed to 
handle the current, matrix 

transformer prefer

https://doi.org/10.23919/EPE21ECCEEurope50061.2021.9570434
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Challenge 3: Global efficiency & High power density

Device Vicor Concept Tesla Model X Vitesco 4
th

 Gen Bright Loop DCDC LP

Output Power (W) 4000 @ 13.8V 2300 @ 12 V 3500 @ 14.5V 9600@?

Output Current (A) 290 193 240 480

Weight (kg) 1.4 2.1 2.6 3.5

Footprint (mm2) 24500 30520 50000 70272

Volume (L, w/o 
connectors)

1.1L (245 x 100 x 
40)

1.8L (140 x 218 
x 60)

1.8L (140 x 218 
x 60)

3.0L (192 x 366 x 43)

Efficiency 95% 93% Estimate 96% Estimate Global > 94%

Power Density 
(kW/liter)

3.63 1.3 1.34 3.2

Gravimetric Power 
Density (kW/kg)

2.85 1.1 1.5 2.7

https://www.vicorpower.com/resource-library/articles/automotive/power-modules-for-uncharted-ev-power-challenges
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Comprehensive Review of state-of art APMs

Higher 

Power Density

H. Wouters and W. Martinez, “Bidirectional Onboard Chargers for Electric Vehicles: State-of-the-Art and Future Trends,” IEEE Trans. Power Electron., vol. 39, no. 1, pp. 693–716, Jan. 2024, doi: 10.1109/TPEL.2023.3319996.

Full-automatic literature 

visualizing methodology

Script Version 
Control

Overleaf Auto 
labeling

Zotero reference
management

Excel 
data

Python 
matlplot

output.bbl

betterbibtex.bib
Rawdata.csv

webdav

Plot.py

Datacombiner.py

Gooddata.csv

Data
Visualization

https://github.com/XiangZhangPE/APM_reference_plot

https://doi.org/10.1109/TPEL.2023.3319996
https://github.com/XiangZhangPE/APM_reference_plot
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Comprehensive Review of state-of art APMs

• (FBPS) Full Bridge Phase Shift 
Converter with its rectifier, and 
magnetic integration

• (LLC/CLLC) LLC, multiphase LLC 
converter with variable frequency 
control for wide voltage gain

• (DAB) Non-resonant Dual Active 
Bridge and its variants

• (DAB-SRC) Series Resonant 
Converter with both primary and 
secondary active switch control

• (Current-Fed) Current-Fed DAB 
converter, non-resonant and 
resonant

Five main-stream APM topologies

with the corresponding

improvement are investigated:
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APM topologies: ZVS FBPS + CD/CT/FB rectifier

Identifying Suitable PSFB Topology for HVLV  
Auxiliary Power Supply (APS) Application in EVs

A Topological Evaluation of Isolated DC/DC  
Converters for Auxiliary Power Modules in 

Electrified  Vehicle Applications

- wide range of output voltage
- operates at a fixed frequency, EMI 

can be delt easily
- Widely accepted topology, simpler 

component design
- good efficiency
- synchronous rectification with 

fixed frequency
- Low switch counts, economy for 

EV OEM customers

- ZVS only at heavy load condition
- Duty cycle lost at light load
- High circulating current at primary
- High component stress due to hard 

switch and oscillation

FBPS: main advantages

FBPS: main drawbacks

doi: 10.1109/APEC48139.2024.10509472. doi: 10.1109/APEC.2015.7104525.

https://doi.org/10.1109/APEC48139.2024.10509472
https://doi.org/10.1109/APEC.2015.7104525
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FBPS APM : ZVS and circulating current minimize

Two-Transformer Phase-Shift Full-Bridge 
Converter  With a New Rectifier for 

Reducing Conduction Loss

Wide-Range ZVS Phase-Shift Full-Bridge 
Converter  With Reduced Conduction 
Loss Caused  by Circulating Curren

A Novel ZVZCS Full-Bridge DC/DC 
Converter Used  for Electric Vehicles

doi: 10.1109/TPEL.2023.3303917. doi: 10.1109/TPEL.2012.2227280. doi: 10.1109/TPEL.2011.2178103.

https://doi.org/10.1109/TPEL.2023.3303917
https://doi.org/10.1109/TPEL.2012.2227280
https://doi.org/10.1109/TPEL.2011.2178103
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FBPS APM: magnetics integration

Power Density Optimization of 700 
kHz GaN-Based  Auxiliary Power 

Module for Electric Vehicles

Two Transformers (Center Tap)
2.1kW, 5.2kW/L, 200kHz

Current Doubler
1.8kW, 8.1kW/L, 700kHz

Development of Phase-Shift Full-Bridge 
Converter  With Integrated Winding 

Planar  Two-Transformer for LDC

Single-Stage 48 V/1.8 V Converter 
With a Novel  Integrated Magnetics 

and 1000 W/in3  Power Density

4-matrix-XFMR (Current Doubler)
2.1kW, 63.28kW/L, 600kHz

doi: 10.1109/TPEL.2020.3026328. doi: 10.1109/TTE.2022.3190968. doi: 10.1109/TIE.2023.3310020.

https://doi.org/10.1109/TPEL.2020.3026328
https://doi.org/10.1109/TTE.2022.3190968
https://doi.org/10.1109/TIE.2023.3310020
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Resonant APM : topology modification

Mutli-level  phase-shifting  high 
gain resonant converters

Modified primary/secondary structure 
high gain resonant converters

Y. Wei and P. Sun, “Review of Techniques for Resonant Converters With Wide Voltage Gain Range Applications,” IEEE Transactions on Transportation Electrification, vol. 10, no. 3, pp. 5544–5569, Sep. 2024, doi: 10.1109/TTE.2023.3330488.

https://doi.org/10.1109/TTE.2023.3330488
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𝒇𝟎𝟏 𝒇𝟎𝟐

Resonant LLC APM: multi-resonant and multiphase

Step-Down Impedance Control Network Resonant  DC–DC Converter Utilizing 
an Enhanced Phase-Shift  Control for Wide-Input-Range Operation

High-Order CL-LLC DC/DC  
Converter

Hybrid  Rectifier Plus Phase-Shift  Controldoi: 10.1109/TPEL.2021.3067715.

doi: 10.1109/TPEL.2016.2602545.

doi: 10.1109/TPEL.2015.2507263.

doi: 10.1109/TPEL.2018.2832176.

https://doi.org/10.1109/TPEL.2021.3067715
https://doi.org/10.1109/TPEL.2016.2602545
https://doi.org/10.1109/TPEL.2015.2507263
https://doi.org/10.1109/TPEL.2018.2832176
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Resonant LLC APM : topology morphying and magnetics

Variable ratio matrix transformer [60]

N=4:1:1

Variable ratio matrix transformer [60]

N=6:1:1

Wide Voltage  Gain ISOP-LLC Converter

Z. Hou, D. Jiao, and J.-S. Lai, “An Ultra-Wide Range Pulse Width Modulated LLC Converter with Voltage 

Multiplier Rectifiers,” IEEE Transactions on Power Electronics, pp. 1–14, 2024, doi: 10.1109/TPEL.2024.3519387.

Y. Wang, C. Chen, R. Ji, B. Chen, and L. Tao, “A Novel Integrated Magnetic for Wide Voltage Gain ISOP-LLC 

Converter,” IEEE Transactions on Industrial Electronics, pp. 1–10, 2023, doi: 10.1109/TIE.2023.3319735.

https://doi.org/10.1109/TPEL.2024.3519387
https://doi.org/10.1109/TIE.2023.3319735
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Resonant LLC APM : multiphase and phase-shedding

Efficiency  
contour

X. Zhou et al., “A high-efficiency high-power-density on-board low-voltage DC–DC converter for electric vehicles application,” IEEE 

Transactions on Power Electronics, vol. 36, no. 11, pp. 12781–12794, Nov. 2021, doi: 10.1109/TPEL.2021.3076773.

https://doi.org/10.1109/TPEL.2021.3076773


VII-1515C. Zhang, P. Barbosa, Z. Shen and R. Wang, "A Novel Three-level Phase-Shift Modulation for Serial Half Bridge LLC Resonant Converter," 2021 
IEEE Applied Power Electronics Conference and Exposition (APEC), 2021, pp. 355-362, doi: 10.1109/APEC42165.2021.9487111.

Leg B devices phase-shifted to 3-level primary voltage, can 
expand Vo range by toggling different operating modes

Mode 1: CCM

At fn=1.5fo

Buck Gain with FM and primary 3-level operation

Wide gain implementation of LLC resonant converter

𝑉𝐷𝐶 = 500~675 𝑉, 𝑉𝐵𝑢𝑠 = 600 𝑉, 𝑃 = 30 𝑘𝑊

0.8
1

1.2
1.4
1.6
1.8

0.2 0.6 1 1.4 1.8

𝛽 =
𝑇7

𝑇𝑠
× 360°

Boost Gain with FM and SR Shorting control

C. Zhao, F. Jin, Z. Li, Y.-H. Hsieh, F. C. Lee, and Q. Li, “Design Consideration for CLLC Converter with High Power and Wide Gain Range,” in 2023 IEEE 

Applied Power Electronics Conference and Exposition (APEC), Orlando, FL, USA: IEEE, Mar. 2023, pp. 1–6. doi: 10.1109/APEC43580.2023.10131583.

https://doi.org/10.1109/APEC43580.2023.10131583
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PWM LLC control patent review (primary phase shift 3level)

W. Hu and C. Lu, “DC/DC converter and control method 

thereof,” US11063523B2, Jul. 13, 2021. [Online]. Available: 

https://patents.google.com/patent/US11063523B2/en?oq=US2

0150229225A1

C. Zhang and P. Barbosa, “Isolated DC/DC 

converters for wide output voltage range and 

control methods thereof,” US11901826B2, 

Feb. 13, 2024. [Online]. Available: 

https://patents.google.com/patent/US1190182

6B2/en?oq=US20150229225A1

M. Jia, H. Sun, C. Zhang, J. Zhang, and P. M. BARBOSA, “Three-level rectification 

dc/dc converter,” US20230179108A1, Jun. 08, 2023. [Online]. Available: 

https://patents.google.com/patent/US20230179108A1/en?oq=US20150229225A1

Y. Nishikawa, “Power conversion device,” 

US20210399644A1, Dec. 23, 2021. [Online]. Available: 

https://patents.google.com/patent/US20210399644A1/e

n?oq=US20150229225A1

Delta Electronics Inc
Delta Electronics Inc

Delta Electronics Inc
Fuji Electric Co Ltd

https://patents.google.com/patent/US11063523B2/en?oq=US20150229225A1
https://patents.google.com/patent/US11063523B2/en?oq=US20150229225A1
https://patents.google.com/patent/US11901826B2/en?oq=US20150229225A1
https://patents.google.com/patent/US11901826B2/en?oq=US20150229225A1
https://patents.google.com/patent/US20230179108A1/en?oq=US20150229225A1
https://patents.google.com/patent/US20210399644A1/en?oq=US20150229225A1
https://patents.google.com/patent/US20210399644A1/en?oq=US20150229225A1
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PWM LLC control patent review

P. REHLAENDER, F. Schafmeister, and J. Boecker, “Power balancing in 

interleaved llc converters via duty cycle variation,” EP3965279A1, Mar. 09, 

2022. [Online]. Available: 

https://patents.google.com/patent/EP3965279A1/en?oq=US20150229225A1

H. Liu, B. SONG, S. OUYANG, and C. Lu, “Resonant 

converter, and controlling method for the same,” 

EP4322382A1, Feb. 14, 2024. [Online]. Available: 

https://patents.google.com/patent/EP4322382A1/en?oq=U

S+Patent+10%2c756%2c617+

王璟, “混合模式控制方法,” TWI816617B, Sep. 21, 

2023. [Online]. Available: 

https://patents.google.com/patent/TWI816617B/en?oq=U

S20240333141A1

Delta Electronics Inc

CPES@VT

K. D. T. Ngo, X. Cao, and Y. Wang, “Pulse width 

modulated resonant power conversion,” 

US20120014138A1, Jan. 19, 2012. [Online]. Available: 

https://patents.google.com/patent/US20120014138A1/en?

oq=US+Patent+10%2c756%2c617+

Delta Electronics Inc

Delta Electronics Inc

https://patents.google.com/patent/EP3965279A1/en?oq=US20150229225A1
https://patents.google.com/patent/EP4322382A1/en?oq=US+Patent+10%2c756%2c617+
https://patents.google.com/patent/EP4322382A1/en?oq=US+Patent+10%2c756%2c617+
https://patents.google.com/patent/TWI816617B/en?oq=US20240333141A1
https://patents.google.com/patent/TWI816617B/en?oq=US20240333141A1
https://patents.google.com/patent/US20120014138A1/en?oq=US+Patent+10%2c756%2c617+
https://patents.google.com/patent/US20120014138A1/en?oq=US+Patent+10%2c756%2c617+
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APM topologies: Non-resonant DAB converter

F. Krismer and J. W. Kolar, “Accurate power loss model derivation of a high-current dual active bridge converter for an automotive application,” IEEE Transactions on Industrial Electronics, vol. 57, no. 3, pp. 881–891, Mar. 2010, doi: 10.1109/TIE.2009.2025284.

Modeling and Optimization of Bidirectional Dual Active 

https://doi.org/10.1109/TIE.2009.2025284
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Three-phase Non-resonant DAB APM

Enhanced Modulation Strategy for a Three-Phase  Dual Active Bridge—Boosting Efficiency of an  Electric Vehicle Converter

H. van Hoek, M. Neubert, and R. W. De Doncker, “Enhanced modulation strategy for a three-phase dual active bridge—boosting efficiency of an electric 

vehicle converter,” IEEE Transactions on Power Electronics, vol. 28, no. 12, pp. 5499–5507, Dec. 2013, doi: 10.1109/TPEL.2013.2251905.

G.-J. Su and L. Tang, “A three-phase bidirectional DC-DC converter for automotive applications,” in 2008 

IEEE Industry Applications Society Annual Meeting, Oct. 2008, pp. 1–7. doi: 10.1109/08IAS.2008.286.

https://doi.org/10.1109/TPEL.2013.2251905
https://doi.org/10.1109/08IAS.2008.286
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DAB-SRC: achieve full power range ZVS

Y. Gao et al., “Hybrid-Level Modulation Scheme for Dual-Bridge Series-

Resonant Converter,” IEEE Transactions on Industrial Electronics, vol. 70, no. 

11, pp. 11205–11215, Nov. 2023, doi: 10.1109/TIE.2022.3225810.

Frequency Domain 
model based SPS 

controlled DAB-SRC 
ZVS operation

Frequency Domain model based VFM+PSM 
controlled half bridge DAB-SRC ZVS operation

Time Domain model 
based DALM scheme 

DAB-SRC ZVS operation

For Voltage Source Load

Fig. 9. Soft-switching range of (a) the 

primary-side converter and (b) the 

secondary-side converter.

For Resistive Load

Xiaodong Li and A. K. S. Bhat, “Analysis and Design of High-

Frequency Isolated Dual-Bridge Series Resonant DC/DC 

Converter,” IEEE Trans. Power Electron., vol. 25, no. 4, pp. 850–

862, Apr. 2010, doi: 10.1109/TPEL.2009.2034662.

W. Han and L. Corradini, “Wide-Range ZVS Control Technique for 

Bidirectional Dual-Bridge Series-Resonant DC–DC Converters,” 

IEEE Transactions on Power Electronics, vol. 34, no. 10, pp. 

10256–10269, Oct. 2019, doi: 10.1109/TPEL.2019.2893282.

Fig. 6. ZVS range comparison between MCT modulation (r = 0.85) and 

VFM + PSM (Jsw = −0.1, rH = 0.85, and rL = 0.2).

https://doi.org/10.1109/TIE.2022.3225810
https://doi.org/10.1109/TPEL.2009.2034662
https://doi.org/10.1109/TPEL.2019.2893282
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DAB-SRC: tank current RMS minimizing control

L. Corradini, D. Seltzer, D. Bloomquist, R. Zane, D. Maksimović, and B. 

Jacobson, “Minimum Current Operation of Bidirectional Dual-Bridge Series 

Resonant DC/DC Converters,” IEEE Transactions on Power Electronics, vol. 

27, no. 7, pp. 3266–3276, Jul. 2012, doi: 10.1109/TPEL.2011.2181421.

F. Bez, W. Han, and L. Corradini, “A Low-Complexity Trajectory 

Controller for Reduced Conduction Losses in Series-Resonant Dual Half-

Bridge Converters,” IEEE Transactions on Power Electronics, vol. 33, no. 

11, pp. 9963–9974, Nov. 2018, doi: 10.1109/TPEL.2018.2796141.

Fig. 2. (DA , Φ) plane (DB = 0.5) for M = 0.72: (a) normalized output power contours 

Po,N = Po /Po ,m ax , and (b) normalized tank rms current IT ,N = IT /IT ,m ax and 

MCT together with a single power contour Po ,N = 0.4.

Fig. 4. Normalized rms current |I|/Irm s,m ax over the φD C = 

180◦ plane for (a) M = 1 and (b) M = 0.5.

First-harmonic model based  min 
RMS current trajectory of  DAB-SRC

First-harmonic model based  min RMS 
current trajectory of  half bridge DAB-

SRC

Time domain model based 4-DoF min RMS 
current control of  half bridge DAB-SRC

J.-S. Hong, S. Choi, and J.-I. Ha, “Modulation Method of Series-Resonant 

Dual-Active Half-Bridge Converter for ZVS and Minimum RMS 

Current,” IEEE Transactions on Industry Applications, vol. 60, no. 1, pp. 

694–708, Jan. 2024, doi: 10.1109/TIA.2023.3324316.

Comparison of rms current and ZVS boundaries in various modulation methods: (a) single phase shift 

modulation, (b) minimum current trajectory modulation, and (c) 4DOF modulation. The shaded contour 

illustrates the rms current, while the colored lines represent the boundary between complete ZVS and 

iZVS for each corresponding switch. The colored arrows indicate the ZVS operating regions.

https://doi.org/10.1109/TPEL.2011.2181421
https://doi.org/10.1109/TPEL.2018.2796141
https://doi.org/10.1109/TIA.2023.3324316
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DAB-SRC: reactive power elimination optimization

Y. Deng, W. Song, S. Yin, M. Zhong, J. Chen, and X. Feng, “Zero-Backflow Power Control Scheme of Dual Bridge Series 

Resonant DC–DC Converters With High-Accuracy Time Domain Modeling,” IEEE Transactions on Power Electronics, 

vol. 38, no. 9, pp. 10985–10996, Sep. 2023, doi: 10.1109/TPEL.2023.3279435.

𝐾 < 1, 𝑖𝑟(𝜃)  =  0

𝐾 > 1, 𝑖𝑟(0)  =  0Mode III IV

Mode I II

Time domain model based reactive power 
elimination for EPS controlled  DAB-SRC

A. Conditions for Achieving a Minimum Tank Current

C. Reactive Power Elimination

M. Yaqoob, K. H. Loo, and Y. M. Lai, “A Four-Degrees-of-Freedom Modulation Strategy for Dual-Active-

Bridge Series-Resonant Converter Designed for Total Loss Minimization,” IEEE Transactions on Power 

Electronics, vol. 34, no. 2, pp. 1065–1081, Feb. 2019, doi: 10.1109/TPEL.2018.2865969.

First-harmonic model based reactive 
power elimination for  4-DoF DAB-

SRC

Operating waveforms for the case of M > 1 with complete soft-

switching transitions, minimum-tank-current operation, and reactive-

power elimination. (a) Forward power flow. (b) Reverse power flow.

Operating waveforms for the case of M ≤ 1 with complete soft-

switching transitions, minimum-tank-current operation, and reactive-

power elimination. (a) Forward power flow. (b) Reverse power flow.

https://doi.org/10.1109/TPEL.2023.3279435
https://doi.org/10.1109/TPEL.2018.2865969
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DAB-SRC: load transient optimization with trajectory control

C. Sun, X. Jiang, L. Cao, and K. H. Loo, “Total Suppression of High-Frequency Transient Oscillations in 

Dual-Active-Bridge Series-Resonant Converter by Trajectory-Switching Modulation,” IEEE Transactions 
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DAB-SRC control patent review
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Current Fed APM : non-resonant current fed converter
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Current Fed APM : resonant current fed converter
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CF-SR BDC in Boost Mode. (a) Forward Mode. (b) Backward Mode.CF-SR BDC in Buck Mode. (a) Forward Mode. (b) Backward Mode.
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Over a Wide Voltage Gain Range

Hybrid-PWM-Controlled Current-Fed  Bidirectional Series Resonant 
Converter With  Low Current Ripple and Wide Voltage Gain
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Current Fed APM : modified resonant current fed converter
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Current Fed APM : Direct Power Transfer (coupled boost inductor)
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PD = 3.63 kW/L
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Two-stage APM: Regulated DC/DC + isolated LLC
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HV range 800V

LV range 13.8V

Switch Freq. --

Peak Eff. >0.95

Power Density 3.63 kW/L

Boost regulated stage + LLC isolated stage Buck regulated stage + LLC isolated stage

LLC isolated (SAC) + non-isolated 48-12V regulator

DCM3735 48V to PoL DC-DC 

Converter - Vicor | Mouser
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Vin=380-400V, Vo=24-28V

P. R. Prakash, A. Nabih, S. Wang, P. P. Hieu, Y. Ruan, and Q. 

Li, “GaN-Based 400V/48V DC-DC Converter with 97% 

Efficiency and PCB Magnetics for Automotive Applications,” 

in 2023 IEEE Applied Power Electronics Conference and 

Exposition (APEC), Mar. 2023, pp. 3201–3208. doi: 

10.1109/APEC43580.2023.10131189.

Vin=200-470V, Vo=36-48V

Power=2kW, PD=5kW/L, Eff_pk=0.966

J. Park and S. Choi, “Design and control of a bidirectional resonant DC–DC 

converter for automotive engine/battery hybrid power generators,” IEEE 

Transactions on Power Electronics, vol. 29, no. 7, pp. 3748–3757, Jul. 2014, doi: 
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A Giant leap from 400 to 800V  architecture

*Cooling case included in industry products

BrightLoop

Delta

Eaton

200-950V

200-480V

225-455V

450-900V

4kW

2.5kW

3kW

9.6kW

Target
Power Density

>10kW/L

560-800V

3.3-4.8kW/module

EV DC-DC APM Performance Map – Product

Tesla Model X

1 kW
140-260V

Vicor

800V

4kW

Toyota R&D

Ev mobility

1.5kW
200-420V

Navitas

3.6kW

OBC APM 2in1

250-500V

3.5kW

BRUSA 
HyPOWER

220-450V

200-950V
1.9kW

BrightLoop

240-430V
4kW

225-455V

1.2kW

BorgWarner

24262765

Bel Fuse

Bel Fuse

AstrodyneTDI

290-430V 4kW

BrightLoop

200-950V
4.8kW
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EV DC-DC APM Performance Map – Research

ETH

Queen’s

Seoul Tech

Mcmaster

400-800V

200-310V

250-430V

100-320V

1.8kW

2.1kW

3kW

3.5kW

0.72kW

Supélec

3.5kW

UTK

RWTH

260-450V
3kW

ETH

300-430V
3kW

2.5kW
330-410V

NITech
200-310V1.8kW

1 kW 140-260V

240-420V
3.6kW

Paderborn

2kW
250-450V

Inha U
180-900V

240-450V

UTK

Queen’s

350-440V

3kW

Vicor

800V
4kW

Toyota R&D

CPES

2kW 200-470V

*Cooling case not included in research demos
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Topology Comparison – perspective of Peak Efficiency

Topology
Aux-inductor ZVS Full bridge 

Phase shift
3-phase SCC balanced 

interleaved LLC converter
Series-Resonant DAB

Current-Fed with 
Direct Power Transfer

Non-resonant 3-phase 
interleaved DAB

2-stage
 (Interleaved Buck + LLC)

Rated 
Power

3kW 3phases x 1kW 3kW 2phases x 1.5kW 3kW 6kW

HV range 235-431V 250-430V 250-450V 350-450V 260-450V 250-450V

LV range 11.5-15V 9-16V 9.5-15.5V 45-60V 10-16V 10-16V

Switch 
Freq.

220kHz 260-400kHz (fr=546kHz) 300-400kHz (fr=270kHz) 200kHz 100kHz 140-400kHz buck/ 200kHz LLC

Peak Eff. 0.975 0.969 0.961 0.981 0.956 0.962

Power 
Density

--(very low) 3kW/L -- 2.648kW/L 1kW/L 2.22kW/L

H. van Hoek, M. Neubert, and R. W. De L. Zhu, H. Bai, A. Brown, and M. 

doi: 10.1109/TPEL.2011.2178103. doi: 10.1109/TPEL.2021.3076773. doi: 10.1109/APEC.2019.8722067. doi: 10.1109/JESTPE.2024.3439098. doi: 10.1109/TPEL.2013.2251905. doi: 10.1109/TPEL.2020.3028361.

Advantage
• Good efficiency
• Neat control principle
• Full pri ZVS and sec ZCS

• Flat efficiency by phase-shedding
• Good efficiency even at light load
• Low turn-off loss, pri ZVS + sec ZCS

• Very wide 3-L or FB/HB operation
• Inherent bidirectional operation
• Narrow frequency vs traditional LLC

• Flexible voltage regulation
• Good overall efficiency 

over wide load range

• Very wide voltage regulation
• Inherent bidirectional 

operation

• wide voltage regulation
• Possibly higher efficiency 

if well designed

Drawbacks

• Excessive components, 
low power density

• Triangular current, high 
stress

• Wide freqency range, bad 
regulation

• Extra phase balancing required

• Relative high turn-off current at 
high input volt (triangular current) 

• Complex control principle

• Complex control principle
• Relative high turn-off 

current

• High turn-off current
• Complex control principle
• Bad light load efficiency

• Higher cost

Queen’s U Queen’s U Delta RWTHQueen’s U UTK

https://doi.org/10.1109/TPEL.2011.2178103
https://doi.org/10.1109/TPEL.2021.3076773
https://doi.org/10.1109/APEC.2019.8722067
https://doi.org/10.1109/JESTPE.2024.3439098
https://doi.org/10.1109/TPEL.2013.2251905
https://doi.org/10.1109/TPEL.2020.3028361
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Topology Comparison – perspective of Power Density

Topology
S

2 xfrm full bridge phase shift LLC resonant converter Series-Resonant TAB Non-resonant Current-Fed Non-resonant DAB 2-stage (Interleaved Buck + LLC)

Rated 
Power

2.1kW 3kW 1.5kW 3.2kW 2kW 2kW

HV range 400-800V 300-430V 250-500V 180-900V 240-450V 200-470V

LV range 13-15V 12V 10.5-15V 6-16V 11-16V 36-48V

Switch 
Freq.

200kHz 320-500kHz (fr=300kHz) 155-750kHz (fr=430kHz) 80kHz 100kHz 200kHz buck/ 500kHz LLC

Peak Eff. 0.954 0.94 0.966 0.97 0.95 0.966

Power 
Density

5.2kW/L 21.35 kW/L 8.2kW/L 2.66 kW/L 1.535kW/L 5kW/L

H = 25mm

doi: 10.1109/TTE.2022.3190968.

Twisted end 

turns

[Online]. Available: 

https://ieeexplore.ieee.org/document/9861943

doi: 10.1109/APEC39645.2020.9124410. doi: 10.1109/TPEL.2023.3337712. doi: 10.1109/TIE.2009.2025284. doi: 10.1109/APEC43580.2023.10131189.

ETH ETH ETHUTK CPESInha U

https://doi.org/10.1109/TTE.2022.3190968
https://ieeexplore.ieee.org/document/9861943
https://doi.org/10.1109/APEC39645.2020.9124410
https://doi.org/10.1109/TPEL.2023.3337712
https://doi.org/10.1109/TIE.2009.2025284
https://doi.org/10.1109/APEC43580.2023.10131189
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Conclusion

• (FBPS) Full Bridge Phase Shift 
Converter with its rectifier, and 
magnetic integration

• (LLC/CLLC) LLC, multiphase LLC 
converter with variable frequency 
control for wide voltage gain

• (DAB) Non-resonant Dual Active 
Bridge and its variants

• (DAB-SRC) Series Resonant 
Converter with both primary and 
secondary active switch control

• (Current-Fed) Current-Fed DAB 
converter, non-resonant and 
resonant

Five main-stream APM topologies

with the corresponding

improvement are investigated:

Among the five mainstream topologies, DAB-SRC and 

Current-Fed have been gaining more awareness in recent years

Possible candidates for future study!
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