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Abstract— The growing demand for behind-the-meter
storage (BTMS) in data centers and high-power EV
charging stations calls for compact, reliable, and efficient
power conversion solutions. To meet these requirements,
the Dual Active Bridge (DAB) converter topology is chosen
for its inherent soft-switching capability, enabling high
efficiency and superior power density. In data center
applications, where dynamic load variations are common,
achieving high-bandwidth control is essential for stable
operation. A critical factor influencing this bandwidth is the
selection of the DC-link capacitor, which directly impacts
system performance. This paper investigates the complex
interplay between input and output DC-link capacitance
and its effect on bandwidth in DAB converters. Through
state-space modeling and state-variable feedback control,
the proposed design and control approach is validated on a
2 kW DAB prototype, demonstrating improved bandwidth
without compromising ripple performance.

Keywords—High bandwidth control, Datacenter, GaN, DAB,
State space modeling, State variable feedback control, BTMS,
DC-DC converter.

L INTRODUCTION

The exponential growth of cloud computing, artificial
intelligence, machine learning, and data-driven applications has
led to an unprecedented increase in data center power
consumption [1], [2]. As modern data centers strive to support
exascale computing while maintaining performance and speed,
power infrastructure must evolve to handle rising loads without
compromising efficiency or thermal management [3]. Behind-
the-meter storage (BTMS) is gaining importance to facilitate
grid integration under these growing electrical demands.
Consequently, the combined demand for efficient, high-power-
density DC-DC conversion architecture has surged to meet these
computing and EV charging requirements.

Among the various DC-DC converter topologies, the Dual
Active Bridge (DAB) converter has emerged as a leading
solution for isolated DC-DC power conversion in data centers
and high-power EV charging applications due to its ability to
deliver high efficiency and superior power density [4]. In rack-
or server-level power supplies, where energy efficiency directly
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impacts operational costs and thermal management [5], the
DAB topology offers distinct advantages, as illustrated in the
example architecture shown in Fig. 1. This architecture employs
a+400 V DC bus for high-voltage distribution while supporting
an inner 48 V DC bus for legacy equipment. Although variations
of 400 V based DC distribution architectures exist for compute
racks or side-car racks [6], [7].

DAB converters provide inherent benefits such as galvanic
isolation, soft-switching capability, and a symmetric structure,
making them well-suited for distributed power architecture,
BTMS, and hybrid energy systems in both edge and centralized
data centers [8]. Furthermore, their ability to operate efficiently
across wide load and voltage ranges enables flexible integration
into modular power supplies and redundancy systems. The
adoption of wide-bandgap (WBG) semiconductor devices,
particularly gallium nitride (GaN) transistors, has further
enhanced converter performance [9], [10]. Compared to
conventional silicon MOSFETs or IGBTs, GaN devices offer
superior switching characteristics, higher breakdown voltage,
and lower gate charge, significantly reducing switching losses
[11]-[12].

High-bandwidth DC-DC converters are essential for
maintaining stability in sensitive systems by providing rapid
response to load or input variations. These converters deliver
fast transient response, improved regulation, and enhanced
efficiency. Additionally, high-bandwidth current synthesis
facilitates rapid performance evaluation, testing, and system
level interaction. While numerous studies have addressed high-
bandwidth controller design for DC-DC converters [13], its
application to DAB converters remains relatively unexplored.
Existing modeling and control approaches are discussed in [14],
yet the relationship between system bandwidth and filter design
for DAB converters has not been thoroughly investigated.
Previous work on full-order continuous-time models using
generalized average modeling focuses on AC transformer
currents [15], neglecting dynamic effects. This paper instead
emphasizes an intuitive representation of bandwidth dependence
on system parameters and explores volumetric downsizing
through additional filtering stages without sacrificing bandwidth
an approach particularly relevant for aerospace applications
[16]- [18].



In this work, a reduced-order state-space model is
developed, and a closed-loop controller is designed to evaluate
the impact of DC-link capacitor selection on system bandwidth.
Model accuracy is verified by comparing the open-loop step
response of the state-space model with that of the circuit-level
model. Subsequently, closed-loop bandwidth is assessed
through frequency response analysis. By incorporating a
harmonic trap filter, ripple current is mitigated, enabling a
reduction in DC-link capacitance while achieving higher
bandwidth. The proposed design achieves a target bandwidth of
5 kHz, with total harmonic distortion (THD) used as a metric for
ripple current estimation.
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Fig. 1: Example power flow diagram for a single datacenter rack.

II.  DUAL ACTIVE BRIDGE CONVERTER MODELING
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Fig. 2. Generic DAB converter [1]

Developing an overall system model of the DAB converter
is essential for achieving the desired bandwidth and ensuring
optimal performance. To accomplish this, a simplified reduced-
order modeling approach is adopted, which omits the detailed
dynamics of the transformer current. This simplification reduces
complexity while preserving the key characteristics of the
system, as described in [14]. In this model, the primary and
secondary bridges of the DAB converter are represented as
dependent current sources, accurately capturing power transfer
between the two sides. These sources are mathematically
defined in Equations (1) and (2). By using dependent current
sources, the representation of power flow becomes more
intuitive, enabling efficient analysis of system behavior under
varying operating conditions. Fig. 2 illustrates the schematic of
a generic DAB converter, while Fig. 3 presents the reduced-
order model, clearly depicting the relationships between the
primary and secondary circuits. This model serves as the
foundation for subsequent control system design and analysis.
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Fig. 3. DAB converter reduced-order model
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Where, ip,, and iy, are the primary and secondary bridge
average current respectively, single-phase shift (SPS)
modulation is employed between the primary and secondary
bridges, denoted as d. The switching frequency is f;,, [Hz], the
transformer leakage inductance is L, [H], and the transformer
turns ratio is n. The state equations are derived below,
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The large-signal state-space model, shown in Equation (7),
is derived from the state equations (3—6) and exhibits
nonlinearity with respect to the control input phase shift, d. To
enable effective analysis and controller design, the model is
linearized using the small-signal perturbation method. In this
process, system states and inputs are expressed as the sum of
their steady-state (DC) and perturbation (AC) components, as
described in [16]. During linearization, DC terms and higher-



order components are neglected, resulting in the simplified
small-signal model presented in Equation (8).
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The derived small-signal model is intended to enable control
of both the server current and the bus current. However, since
the primary objective is server current regulation, the system can
be effectively decoupled, simplifying the dynamics and
reducing the system order. The dynamic response of the battery
side current to a step change in phase shift has been validated
through simulation. Fig. 4 illustrates the transient response, with
simulation parameters summarized in Table I. These results
confirm that the proposed model accurately captures system
behavior, supporting its suitability for achieving the desired
control objectives.

In Fig. 4, the circuit model’s step response exhibits ripple at
400 kHz, corresponding to the 200 kHz switching frequency.
The observed settling time and overshoot are approximately 70
ps and 5%, respectively. The step responses of the circuit model
and the small-signal model closely align, further validating the
accuracy of the reduced-order representation.
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Fig. 4. Server current step response circuit model vs small-signal model

TABLE I. CONVERTER SPECIFICATION
Parameter Value
Nominal Battery Voltage (Vzaet—nom) 48V
DC Bus Voltage (Vgys) 400V
Transformer Turns Ratio (n) 1:8

979-8-3315-8138-1

Switching Frequency (fyy) 200 kHz
Rated Power (Prqteq) 2 kW
HVS DC-Link Capacitance (Cyys) 560 pF
HVS Leakage Inductance (L;) 14.55 yH
LVS Cable Resistance (R;ys) 0.213 mQ
LVS Cable Inductance (L) 105.33 nH
HVS Cable Resistance (Ryys) 1.6 mQ
HVS Cable Inductance (Lyys) 344 nH

III. STATE VARIABLE FEEDBACK CONTROLLER DESIGN

The controller and hardware design are guided by two key
objectives: achieving a target bandwidth of 5 kHz and
maintaining server current THD below 1%. To improve the
system’s dynamic performance, a state-variable feedback
control strategy is implemented. However, due to the system’s
characteristics, an integrator is added to eliminate steady-state
error. The closed-loop control structure is illustrated in Fig. 5.

Frequency response analysis of the closed-loop system
considering only state-variable feedback reveals that increasing
the DC-link capacitance has a significant effect on system
bandwidth. This insight is critical for optimizing both control
performance and component selection.

Fig. 5. Closed-loop system block diagram

The results in 6 highlight a key trade-off in system
performance. Fig. 6 shows that increasing the DC-link
capacitance reduces system bandwidth, due to the capacitor's
greater energy storage, which slows the system's dynamic
response.
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Fig. 6. Closed-loop system frequency response for varying DC-link
capacitor values



To mitigate ripple current in the server, this study introduces
a harmonic trap filter design. The primary objective of this filter
is to reduce the required DC-link capacitance by attenuating the
dominant harmonic component in the server current. This
approach not only minimizes the need for large capacitors but
also supports achieving the desired system bandwidth while
reducing current ripple. The server current contains a 400 kHz
ripple, originating from the converter’s 200 kHz switching
frequency. To suppress this high-frequency component, a
harmonic trap filter is implemented. Designed as an LC resonant
tank circuit, shown in Fig. 7, the filter is precisely tuned to target
and eliminate the 400 kHz harmonic. This results in improved
current quality and reduced harmonic distortion, thereby
enhancing overall system performance.

o, .
[y

Fig. 7. DAB with LC trap filter at the server side

The relation between trap filter resonance frequency, f, and
the filter capacitance, Cr and inductance, Ly can be expressed
using the following equation (9). From (9) the required
capacitance and inductance to attenuate 400 kHz harmonic is
calculated.

1

The implementation of the harmonic trap filter has led to a
marked improvement in the system’s harmonic performance,
particularly in reducing THD in the server current. This
enhancement in current quality is achieved without increasing
the DC-link capacitance, thereby avoiding additional strain on
the system’s passive components. Moreover, the voltage ripple
at the LVS remains unaffected, as shown in Fig. 8(a) and (b),
ensuring output voltage stability under the new filtering
conditions.

Further insight into the system’s dynamic behavior is
provided by the open-loop pole-zero analysis shown in Fig. 9.
From Fig. 9, the harmonic trap filter introduces two additional
poles to the system which increase system dynamic response and
reduce the requirement of the bulky capacitor. The addition of
the harmonic trap filter not only suppresses high-frequency
distortion but also contributes to improved system dynamics.
The modified pole-zero placements indicate enhanced stability
margins and faster transient response. As a result, the proposed
filter design not only fulfills its primary goal of harmonic
attenuation but also strengthens the overall robustness and
efficiency of the converter system.
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Fig. 9. Open-loop system's pole-zero map with trap filter (red) and without
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IV. SIMULATION RESULTS

A preliminary efficiency evaluation of the DAB stage was
conducted with shown prototype in Fig. 10 for power transfer
from the 48 V DC bus to the 400 V DC bus, with a resistive
load connected at the high-voltage side. The DAB stage
achieved a peak efficiency of 97.8% while processing up to 2
kW of power as represented in Fig. 11. Another key



performance metric is the system’s emulation capability at the
low-voltage bus. A periodic current profile test was conducted
at various magnitudes and frequencies, demonstrating that the
system can effectively synthesize different current waveforms
up to 5 kHz. As shown in Fig. 12, a 15 A sinusoidal waveform
was accurately reproduced at 5 kHz. In addition, triangular and
sawtooth waveforms were synthesized at 1 kHz and 250 Hz,
respectively, each with amplitudes of approximately 6.5 A, as
illustrated in Fig. 13 and 14 respectively.
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Fig. 12. A sinusoidal current waveform (15 A peak, 5 kHz)
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Fig. 13. A triangular current
waveform (6.5 A peak, 1 kHz)

Fig. 14. A sawtooth current
waveform (6.5 A peak, 250 Hz)

V. CONCLUSIONS

In conclusion, this work demonstrates the successful
implementation of high-bandwidth control for a DAB converter
through reduced-order state-space modeling and state-variable
feedback control. The study underscores the critical influence of
DC-link capacitor selection on system bandwidth, highlighting
the importance of precise design for applications with stringent
performance requirements, such as datacenter power
management systems. To overcome the challenge of achieving
the target bandwidth while minimizing bulky DC-link
capacitance, a harmonic trap filter is integrated into the design.
This approach significantly improves system response and
enables downsizing without compromising performance. The
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proposed methodology combining simplified continuous-time
modeling with advanced control has been validated through
simulations on a 2 kW DAB converter. Results confirm the
effectiveness of the strategy, demonstrating its potential for
practical deployment in datacenter applications.

VI. REFERENCES

[1] M. Dayarathna, Y. Wen and R. Fan, "Data Center Energy Consumption
Modeling: A Survey," in IEEE Communications Surveys & Tutorials,
vol. 18, no. 1, pp. 732-794, Firstquarter 2016.

[2] Huigui Rong, Haomin Zhang, Sheng Xiao, Canbing Li, Chunhua Hu,
"Optimizing energy consumption for data centers,” in Renewable and
Sustainable Energy Reviews," Volume 58, 2016, Pages 674-691, ISSN
1364-0321.

[3] Ahmed A. Alkrush, Mohamed S. Salem, O. Abdelrehim, A.A. Hegazi,
"Data centers cooling: A critical review of techniques, challenges, and
energy saving solutions," in International Journal of Refrigeration,
Volume 160, 2024, Pages 246-262, ISSN 0140-7007.

[4] A. S. Babokany, M. Jabbari, G. Shahgholian, and M. Mahdavian, "A
review of bidirectional dual active bridge converter," in Int. Conf. Elect.
Eng./Electron., Comput., Telecommun. Inform. Technol., 2012, pp. 1-4.

[5] Chayan Nadjahi, Hasna Louahlia, Stéphane Lemasson, "A review of
thermal management and innovative cooling strategies for data center," in
Sustainable Computing: Informatics and Systems, Volume 19, 2018,
Pages 14-28, ISSN 2210-5379.

[6] Xiong Li, Krishnanjan Gubba Ravikumar, Christina Peabody, "+/-
400Vdc Rack for AI/ML Applications" APEC 2025 Industry Presentation
by Google.

[7] Thomas Neyer, "Improving cloud computing and Al power delivery
efficiency with a holistic semiconductor approach” APEC 2025 Industry
Presentation by Infineon Technologies.

[8] I Khan, S. Rahman, M. A. Ayaz, M. Amir, and H. Shehada, “Review of
Isolated DC-DC Converters for Application in Data Center Power
Delivery,” in IEEE Transactions on Industry Applications, vol. 60, no. 4,
pp. 54365446, 2024.

[91 R. Sun,J. Lai, W. Chen and B. Zhang, "GaN Power Integration for High
Frequency and High Efficiency Power Applications: A Review," in [IEEE
Access, vol. 8, pp. 15529-15542, 2020

[10] Ma C-T, Gu Z-H. "Review of GaN HEMT Applications in Power
Converters over 500 W," in Electronics. 2019; 8(12):1401.

[11] S.I. Hasan, A. Uzum, M. E. Haque, M. A. Rahman, A. Siddiquee, M. J.
Kisacikoglu, and Y. Sozer, "Design, Optimization, and Validation of
GaN-Based DAB Converter for Active Cell Balancing in BTMS
Applications," in 2023 IEEE Energy Conversion Congress and
Exposition (ECCE), Nashville, TN, USA, 2023.

[12] R. R. Schmidt, E. E. Cruz and M. Iyengar, "Challenges of data center
thermal management," in IBM Journal of Research and Development,
vol. 49, no. 4.5, pp. 709-723, July 2005

[13] S.Buso and T. Caldognetto, "A non-linear wide bandwidth digital current
controller for DC-DC and DC-AC converters," IECON 2014 - 40th
Annual Conference of the IEEE Industrial Electronics Society, Dallas,
TX, USA, 2014, pp. 1090-1096.

[14] S. Shao, L. Chen, Z. Shan, F. Gao, H. Chen, D. Sha, and T. Dragicevic,
"Modeling and Advanced Control of Dual-Active-Bridge DC-DC
Converters: A Review," in IEEE Transactions on Power Electronics, vol.
37, no. 2, pp. 1524-1547, Feb. 2022.

[15] H. Qin and J. W. Kimball, "Generalized Average Modeling of Dual
Active Bridge DC-DC Converter," in [EEE Transactions on Power
Electronics, vol. 27, no. 4, pp. 2078-2084, April 2012, doi:
10.1109/TPEL.2011.2165734.

[16] K. Zhang, Z. Shan, and J. Jatskevich, "Large- and Small-Signal Average-
Value Modeling of Dual-Active-Bridge DC-DC Converter Considering
Power Losses," in IEEE Transactions on Power Electronics, vol. 32, no.
3, pp. 1964-1974, March 2017.



	I. Introduction
	II. Dual Active Bridge Converter Modeling
	III. State Variable Feedback Controller Design
	IV. Simulation Results
	V. Conclusions
	VI. References



