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Introduction

A loss of power in data center server power-supply units
can interrupt everything from entertainment to financial
transactions to home security systems. Specifications
such as the V2 Power Shelf Specification from the

Open Compute Project (OCP) [1] emphasize the need

to reduce server downtime with robust AC dropout
control algorithms. In addition, the need for cost-effective
solutions in data centers to improve power factor
correction (PFC) light load and peak efficiency while
shrinking passive components is becoming difficult with
conventional continuous conduction mode control [2-8].

To address this problem, Tl developed a gallium

nitride (GaN)-based high-density design using two-phase
integrated triangular current mode (iTCM) PFC (Figure 1)
[9]. Low-value inductors operating at a high frequency
have enabled the high efficiency (>99%) and power
density (120 W/in3) of this design. These small inductors
present a unique problem to AC dropout recovery in that
only a few microseconds of switch on-time can result

in over 70 A of switch current. In addition, any delays

in timing can also result in significant reverse current,
further exacerbating PFC recovery. Keeping the current
levels at a safe magnitude and preventing reverse current
required the development of a new solution to the AC
dropout and recovery problem. This article discusses this
solution with lab verification data based on the Variable-
Frequency, ZVS, 5-kW, GaN-Based, Two-Phase Totem-
Pole PFC Reference Design [10], for which Table 1 lists
the primary components and system specifications.
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Figure 1. ;TCM topology with inductor and current envelopes.

Parameters Value

AC input 90 V-264 V
Line frequency 50-60 Hz
DC output 400V
Maximum power 5 kW
Holdup time at full load 20 ms
Lg, low-frequency inductor 140 pH
Ly, high-frequency inductor 14 pH
Cy, high-frequency blocking 1.5 yF
capacitor
Total harmonic distortion (THD) OCP v3
Electromagnetic interference (EMI) | European standard (EN) 55022
Class A

Operating frequency

Variable, 75 kHz-1.2 MHz

Microcontroller

TMS320F280049C [11]

High-frequency GaN field-effect
transistors (FETS) (S11, S12, Soo,
S21)

LMG3526R030 [12]

Low-frequency silicon FETs (S3,
S4)

IPT60R022S7XTMA1

Dimensions

38 mm “65 mm 263 mm

Power density

120 W/in3

Table 1. ;TCM topology with inductor and current envelopes.

Topology overview

The topology uses two phases operating 180° out of

phase with a single DC blocking capacitor, Cy, taking

advantage of the ripple current cancellation provided by

the two-phase architecture and reducing the root-mean-
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square (RMS) current stress in Cy,. Lp1 and Ly, are

sized to process the high-frequency AC ripple current
necessary for TCM operation, removing the DC bias
burden required for the inductor used in TCM, as defined
in [5]. Using ferrite cores for L4 and Ly, ensures low

loss in the presence of the high flux swings necessary
for zero voltage switching (ZVS). Ly and Ly, are larger in
value than Lp¢ and Ly, (approximately 10 times larger),
preventing most of the high-frequency current from
flowing into the input source and subsequently improving
EMI. In addition, the reduced ripple current in Lgy and Ly
enables the possible use of lower-cost core materials.
Figure 1 also illustrates the ripple current envelopes for
the inductors and switch nodes.

AC dropout technical challenges

The first challenge that | want to highlight is
reverse-current generation when the AC input voltage
disappears. Since all of the switches in the totem-

pole PFC topology are bidirectional, it is essential

that the FETs operating as synchronous rectifiers shut
off as quickly as possible when removing AC. This
shutoff prevents the generation of a negative current
that will cause the output voltage to discharge and
reduce the available holdup time. Figure 2 illustrates
the path for generating this negative current for the
synchronous conduction interval during the positive half
cycle. In addition, any substantial delays in turning off
the synchronous rectifiers can also result in a large
current spike capable of activating overcurrent protection
(OCP). For example, if the synchronous rectifier stays
on when no input voltage is present, you can solve

di Lo
Vac=Lp1- d—g for the amount of time it takes to generate

70 A of current, namely 2.5 ps. This short time presents
a significant problem for the AC dropout detection to
identify the problem and stop switching before the
system hits OCP or causes damage.
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Figure 2. Synchronous rectifier So; delayed turnoff V. discharge
path.

The second challenge is resuming operation of the

PFC after restoring AC. The central issue of this event
comes from the fact that the bypass diodes on the PFC
charges the output voltage to the peak of the input sine
wave, which occurs most readily at high line when the
output voltage has fallen well below this peak value.
During these events, the converter has no mechanism

to stop the current, making the surge current very large.
Improper control of the switches during these events can
make things much worse by saturating the inductors,
creating OCP events and further discharging the output
voltage. The need for a precise control algorithm during
this time is again multiplied by the high-frequency
operation point of the iTCM topology with the small-value
inductors used for Ly and Lpp.

AC dropout solution

In order to precisely determine the presence and
absence of the AC input, the solution uses a virtual

AC input signal that monitors the integrity of the actual
AC input. This virtual signal is generated by measuring
the input voltage amplitude, frequency and phase, such
that during normal operation it tracks the 50- and 60-Hz
component of the actual AC input nearly perfectly. The
system can easily recognize the presence and absence
of the AC input voltage by comparing the actual input to
the virtual input. Any sudden changes in the difference
between these two signals indicates an input transient
event. It is this transient event that is used to detect both
the loss and restoration of the AC input voltage. Figure 3
illustrates the virtual AC input, along with the actual input
during a dropout event.
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Figure 3. AC input dropout with the virtual AC signal.

Figure 4 illustrates the state machine that governs the
dropout and restore process. During startup, the system
goes through an initialization cycle (Sync Init) where it
determines the RMS input voltage magnitude. It uses a
software phase-locked loop (SPLL) to ensure that the
phase of Vg virtual Matches Ve getual- Once the SPLL

is locked (Sync On), the processor monitors the ratio
between Ve actual/Vac virtual (S€€ Figure 3). If this ratio is
less than the target threshold, then a dropout event is
declared and switching stops immediately (Stop State).
From here, the system clears any faults that occurred
and goes into a standby state (Ready), where it monitors
the Ve actual/Vac, virtual fatio to determine when it goes
above the resume threshold. Once the state machine
has determined that AC is restored, it resumes switching
immediately and resynchronizes the SPLL (Resume
State). By using the Ve actual/Vac, virtual ratio in concert
with the SPLL, the algorithm is able to determine the
AC dropout and restore times for any input voltage

or frequency. In addition, since the algorithm always
monitors the ratio Vg actua’Vac virtuals it iS able to respond
more quickly than a traditional level-based-solution that
detects when the AC input voltage goes to zero. Level-
based monitoring for dropout can create delays that
can result in large current spikes and significant reverse
current.
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Figure 4. AC dropout and restore state machine.

Results

Figure 5 illustrates the performance of the two-phase
iTCM totem-pole PFC with the aforementioned algorithm
during an AC dropout and restore event. The AC input
voltage is 230 Vrus at 60 Hz and the output voltage

is 400 V. The load is 5 kW (400 V, 12.5 A) of constant
current with a 20-ms AC dropout event. In order to
produce the worst-case stress for the system, AC was
removed such that it would return at the peak of the AC
line cycle. This is the worst case for inrush current, in
that the input bypass diodes will cause significant inrush
current into the output capacitors when the AC line peak
exceeds Vour-

The waveform in Figure 5 also provides an image
zoomed in on the recovery portion of the event.

It is clearly visible that the PFC switch current is

well controlled and below the GaN FET OCP limit

[12]. Minimized reverse current prevents unnecessary
discharge of Vgyt. In addition, there is no abnormal
behavior from the bypass diode conduction intervals,
since the algorithm is able to easily determine whether
the input voltage is above or equal to the output voltage.
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Figure 5. AC dropout and restore performance at 5 kW.
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In addition to AC dropout, the design also delivers low
THD, high efficiency, high power density and fast load
transient response.

If you are interested in more details on this algorithm

or other aspects of this design, you can find the full
schematics, layout, bill of materials, test results and code
for the two-phase totem-pole PFC reference design in
reference [10].

References

1. V2 Power Shelf Specification 6600W @ 12.6V
DC (2+1) Redundant. OPEN Compute Project.
Facebook: Menlo Park, California, February 2015.

2. Fernandes, Ryan, and Olivier Trescases. A
Multimode 1-MHz PFC Front End With Digital Peak
Current Modulation. Published in IEEE Transactions
on Power Electronics 31, no. 8 (August 2016): pp.
5694-5708. doi: 10.1109/TPEL.2015.2499194.

3. Lim, Shu Fan, and Ashwin M. Khambadkone.

A Multimode Digital Control Scheme for Boost
PFC with Higher Efficiency and Power Factor

at Light Load. Published in 2012 Twenty-Seventh
Annual IEEE Applied Power Electronics Conference
and Exposition (APEC), pp. 291-298. doi: 10.1109/
APEC.2012.6165833.

4. Huang, Long, Wenxi Yao, and Zhengyu Lu.
Interleaved Totem-Pole Bridgeless PFC Rectifier
with ZVS and Low Input Current Ripple. Published
in 2015 IEEE Energy Conversion Congress and
Exposition (ECCE), pp. 166-171. doi: 10.1109/
ECCE.2015.7309684.

5. Liu, Zhengyang. 2017. Characterization and
Application of Wide-Band-Gap Devices for High
Frequency Power Conversion. Ph.D. dissertation,
Virginia Polytechnic Institute and State University.

6. Kim, J.W., S.M. Choi, and K.T. Kim. Variable On-
Time Control of the Critical Conduction Mode
Boost Power Factor Correction Converter to
Improve Zero-Crossing Distortion. Published in
2005 International Conference on Power Electronics

Solving AC dropout recovery in a high-density GaN-optimized PFC converter

10.

11.

12.

and Drives Systems, pp. 1542-1546. doi: 10.1109/
PEDS.2005.1619933.

Xu, Xiaojun, and Alex Q. Huang. A Novel Closed
Loop Interleaving Strategy of Multiphase Critical
Mode Boost PFC Converters. Published in 2008
Twenty-Third Annual IEEE Applied Power Electronics
Conference and Exposition (APEC), pp. 1033-1038.
doi: 10.1109/APEC.2008.4522849.

Neumayr, D., D. Bortis, E. Hatipoglu, J.W. Kolar,
and G. Deboy. Novel Efficiency-Optimal Frequency
Modulation for High Power Density DC/AC
Converter Systems. Published in 2017 IEEE 3rd
International Future Energy Electronics Conference
and ECCE Asia (IFEEC 2017-ECCE Asia), pp.
834-839. doi: 10.1109/IFEEC.2017.7992148.
Rothmund, Daniel, Dominik Bortis, Jonas Huber,
Davide Biadene, and Johann W. Kolar. 10 kV SiC-
Based Bidirectional Soft-Switching Single-Phase
AC/DC Converter Concept for Medium-Voltage
Solid-State Transformers. Published in 2017 IEEE
8th International Symposium on Power Electronics
for Distributed Generation Systems (PEDG), pp. 1-8.
doi: 10.1109/PEDG.2017.7972488.

Texas Instruments. n.d. Variable-Frequency, ZVS,
5-kW, GaN-Based, Two-Phase Totem-Pole PFC
Reference Design. Texas Instruments reference
design No. PMP40988. Accessed Dec. 27, 2022.
Texas Instruments. n.d. C2000™ 32-Bit MCU

with 100-MHz, FPU, TMU, 256-kb Flash, CLA,
InstaSPIN-FOC™, CLB, PGAs, SDFM. Accessed
Dec. 27, 2022.

Texas Instruments. n.d. Automotive 650-V 30-mQ
GaN FET with Integrated Driver, Protection and
Temperature Reporting. Accessed Dec. 27, 2022.

ADJ 3Q 2023


https://www.opencompute.org/documents/ocp-v2-power-shelf-specification-rev01-pdf
https://www.opencompute.org/documents/ocp-v2-power-shelf-specification-rev01-pdf
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7323862
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7323862
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7323862
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6165833
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6165833
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6165833
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7309684
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7309684
https://vtechworks.lib.vt.edu/bitstream/handle/10919/77959/Liu_Z_D_2017.pdf?sequence=1&isAllowed=y
https://vtechworks.lib.vt.edu/bitstream/handle/10919/77959/Liu_Z_D_2017.pdf?sequence=1&isAllowed=y
https://vtechworks.lib.vt.edu/bitstream/handle/10919/77959/Liu_Z_D_2017.pdf?sequence=1&isAllowed=y
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=1619933
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=1619933
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=1619933
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=1619933
https://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=4522849
https://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=4522849
https://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=4522849
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7992148
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7992148
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7992148
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7972488
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7972488
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7972488
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7972488
https://www.ti.com/tool/PMP40988
https://www.ti.com/tool/PMP40988
https://www.ti.com/tool/PMP40988
https://www.ti.com/product/TMS320F280049C
https://www.ti.com/product/TMS320F280049C
https://www.ti.com/product/TMS320F280049C
https://www.ti.com/product/LMG3522R030-Q1
https://www.ti.com/product/LMG3522R030-Q1
https://www.ti.com/product/LMG3522R030-Q1
https://www.ti.com/adj

Analog Design Journal

Important Notice: The products and services of Texas Instruments Incorporated and its subsidiaries described herein are sold subject to TI’s standard
terms and conditions of sale. Customers are advised to obtain the most current and complete information about Tl products and services before
placing orders. Tl assumes no liability for applications assistance, customer’s applications or product designs, software performance, or infringement
of patents. The publication of information regarding any other company’s products or services does not constitute TI’s approval, warranty or

endorsement thereof.

All trademarks are the property of their respective owners.

© 2023 Texas Instruments Incorporated I$ TEXAS SLYT844
INSTRUMENTS


https://www.ti.com/lit/pdf/SLYT844

IMPORTANT NOTICE AND DISCLAIMER

TI PROVIDES TECHNICAL AND RELIABILITY DATA (INCLUDING DATA SHEETS), DESIGN RESOURCES (INCLUDING REFERENCE
DESIGNS), APPLICATION OR OTHER DESIGN ADVICE, WEB TOOLS, SAFETY INFORMATION, AND OTHER RESOURCES “AS IS”
AND WITH ALL FAULTS, AND DISCLAIMS ALL WARRANTIES, EXPRESS AND IMPLIED, INCLUDING WITHOUT LIMITATION ANY
IMPLIED WARRANTIES OF MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE OR NON-INFRINGEMENT OF THIRD
PARTY INTELLECTUAL PROPERTY RIGHTS.

These resources are intended for skilled developers designing with Tl products. You are solely responsible for (1) selecting the appropriate
TI products for your application, (2) designing, validating and testing your application, and (3) ensuring your application meets applicable
standards, and any other safety, security, regulatory or other requirements.

These resources are subject to change without notice. Tl grants you permission to use these resources only for development of an
application that uses the Tl products described in the resource. Other reproduction and display of these resources is prohibited. No license
is granted to any other Tl intellectual property right or to any third party intellectual property right. Tl disclaims responsibility for, and you
will fully indemnify Tl and its representatives against, any claims, damages, costs, losses, and liabilities arising out of your use of these
resources.

TI's products are provided subject to TI's Terms of Sale or other applicable terms available either on ti.com or provided in conjunction with
such Tl products. TI's provision of these resources does not expand or otherwise alter TI's applicable warranties or warranty disclaimers for
TI products.

Tl objects to and rejects any additional or different terms you may have proposed.

Mailing Address: Texas Instruments, Post Office Box 655303, Dallas, Texas 75265
Copyright © 2023, Texas Instruments Incorporated


https://www.ti.com/legal/terms-conditions/terms-of-sale.html
https://www.ti.com

	Introduction
	Topology overview
	AC dropout technical challenges
	AC dropout solution
	Results
	References

