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1.1 kW 48V to 12V zero-voltage switching
switched capacitor converter (ZSC) with
XDPP1100 controller

REF_1100W_4TO1_ZSC_QB

About this document

Scope and purpose

This document presents the design and performance of a highly efficient 1.1 kW zero-voltage switching (ZVS)
switched capacitor converter (SCC), ZSC for short, for 48 V intermediate bus converter applications. The
reference board has an input voltage range of 40 to 60 V DC and output voltage range of 10 to 15V DC, achieving
a power density of 564 W/in*® (34.6 W/cm?) and 97.3 percent peak efficiency. The board is capable of 90 A output
current with 1000 LFM airflow at room temperature. A higher power level is attainable if heatsinks are mounted.

The ZSC quarter-brick converter incorporates an e-fuse with OptiMOS™ 5 80 V linear FET (IPT0O13NO8NM5LF)
with a wide safe operating area (SOA) and 1.3 mQ on-resistance, two high-side switches that require high
voltage rating with OptiMOS™ 6 40 V source-down MOSFET (IQE013N04LM6), and the remaining two high-side
switches and all three half-bridge synchronous rectifiers with OptiMOS™ 5 25V MOSFET (BSZ011NE2LS5I). The
superior characteristics of Infineon’s power transistors result in very low losses and hence enable high power
capability with high efficiency and power density. All MOSFETSs are driven by EiceDRIVER™ gate driver
2EDB7259E. Infineon’s digital power controller XDPP1100-Q024, the industry’s smallest digital controller with
PMBus interface, is used in the design, providing the utmost flexibility in efficiency optimization, soft-start
implementation and enhanced protection.

The reference board follows the standard DOSA mechanical outline for high-current quarter-bricks. It is
designed as a testing platform, with easy access to probe test points, and easy reworking/replacement of
components.

Intended audience

Power supply design engineers

Reference board/kit

Product(s) embedded on a PCB with a focus on specific applications and defined use cases that may include
software. PCB and auxiliary circuits are optimized for the requirements of the target application.

Note: Boards do not necessarily meet safety, EMI and quality standards (for example UL, CE)
requirements.

User guide Please read the sections “Important notice” and “Warnings” at the end of this V11
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Important notice

Important notice

“Evaluation Boards and Reference Boards” shall mean products embedded on a printed circuit board
(PCB) for demonstration and/or evaluation purposes, which include, without limitation, demonstration,
reference and evaluation boards, kits and design (collectively referred to as “Reference Board”).

Environmental conditions have been considered in the design of the Evaluation Boards and Reference
Boards provided by Infineon Technologies. The design of the Evaluation Boards and Reference Boards
has been tested by Infineon Technologies only as described in this document. The design is not qualified
in terms of safety requirements, manufacturing and operation over the entire operating temperature
range or lifetime.

The Evaluation Boards and Reference Boards provided by Infineon Technologies are subject to functional
testing only under typical load conditions. Evaluation Boards and Reference Boards are not subject to the
same procedures as regular products regarding returned material analysis (RMA), process change
notification (PCN) and product discontinuation (PD).

Evaluation Boards and Reference Boards are not commercialized products, and are solely intended for
evaluation and testing purposes. In particular, they shall not be used for reliability testing or production.
The Evaluation Boards and Reference Boards may therefore not comply with CE or similar standards
(including but not limited to the EMC Directive 2004/EC/108 and the EMC Act) and may not fulfill other
requirements of the country in which they are operated by the customer. The customer shall ensure that
all Evaluation Boards and Reference Boards will be handled in a way which is compliant with the relevant
requirements and standards of the country in which they are operated.

The Evaluation Boards and Reference Boards as well as the information provided in this document are
addressed only to qualified and skilled technical staff, for laboratory usage, and shall be used and
managed according to the terms and conditions set forth in this document and in other related
documentation supplied with the respective Evaluation Board or Reference Board.

It is the responsibility of the customer’s technical departments to evaluate the suitability of the
Evaluation Boards and Reference Boards for the intended application, and to evaluate the completeness
and correctness of the information provided in this document with respect to such application.

The customer is obliged to ensure that the use of the Evaluation Boards and Reference Boards does not
cause any harm to persons or third party property.

The Evaluation Boards and Reference Boards and any information in this document is provided "as is"
and Infineon Technologies disclaims any warranties, express or implied, including but not limited to
warranties of non-infringement of third party rights and implied warranties of fitness for any purpose, or
for merchantability.

Infineon Technologies shall not be responsible for any damages resulting from the use of the Evaluation
Boards and Reference Boards and/or from any information provided in this document. The customer is
obliged to defend, indemnify and hold Infineon Technologies harmless from and against any claims or
damages arising out of or resulting from any use thereof.

Infineon Technologies reserves the right to modify this document and/or any information provided
herein at any time without further notice.
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Safety precautions

Safety precautions

Note: Please note the following warnings regarding the hazards associated with development systems.

Table1 Safety precautions

Warning: The evaluation or reference board contains DC bus capacitors, which take
time to discharge after removal of the main supply. Before working on the system, wait
five minutes for capacitors to discharge to safe voltage levels. Failure to do so may
result in personal injury or death. Darkened display LEDs are not an indication that
capacitors have discharged to safe voltage levels.

Caution: The device surfaces of the evaluation or reference board may become hot
during testing. Hence, necessary precautions are required while handling the board.
Failure to comply may cause injury.

Caution: The evaluation or reference board contains parts and assemblies sensitive to
electrostatic discharge (ESD). Electrostatic control precautions are required when
installing, testing, servicing or repairing the assembly. Component damage may result
if ESD control procedures are not followed. If you are not familiar with electrostatic
control procedures, refer to the applicable ESD protection handbooks and guidelines.
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Introduction and ZSC operating principle

1 Introduction and ZSC operating principle

ZSCis an Infineon proprietary converter, based on the Dickson converter. It utilizes loop parasitic inductance to
achieve LC resonant operation, reducing high inrush current during charge transfer. In theory, optimum
efficiency occurs when the switching frequency of the system matches the LC resonant frequency, since all
FETs are naturally switching at zero voltage and zero current. However, perfectly matching the frequencies is
impossible.

A small external inductor is added to control the current in the network when MOSFETSs switch, thus aiding in
zero-voltage turn-on of all switches. This ZVS inductor only carries low AC current, and guarantees ZVS instead
of relying on perfect matching between LC resonant frequency and switching frequency. Therefore, this
topology is not susceptible to component value tolerances and variations.

1.1 ZSC 4:1 topology

The schematic of the ZSC 4:1 topology is shown in Figure 1. Lr; and Lg, represent parasitic loop inductance that
achieves soft charging of the resonant capacitors. Lzs is the added external inductor, providing the current to
discharge Coss of FETs and hence realizing ZVS in all switches.

Two pulse-width modulated (PWM) signals PWM1 and PWM2 are complementary with close to 50 percent duty
cycle. PWM1 is applied to Q1, Q3, Q5, Q8 and Q9 (highlighted in red in Figure 1) and PWM2 for Q2, Q4, Q6, Q7
and Q10 (highlighted blue in Figure 1). The voltage conversion ratio Vour = ¥ Vin. In steady-state, the voltages
across the capacitors are: Vo = V4 Vin, Very = V2 Vin, and Very = % Vin. The voltage stress of the switches is Vour,
except for Q2 and Q3, which is 2 x Vour.

Q Q Qs Q
N 2
il .
1+ VOUT
Vinoc T COU?:
$"ﬂj %, E ﬁ—' TE -
PW;: 06 PWR—A: Qs = PWV\—/\: Q vw;; Qs = P\’\;:: Qo PW;; Quo=
Lzvs
Figure 1 Simplified schematic of the ZSC 4:1 topology
1.2 Resonant tank

There are two resonant tanks: one formed with Cg; and Lg;, and the other one with Cr, and Lg.. During operation,
the capacitors in these tanks get charged when PWML1 is active (high), and get discharged when PWM2 is active
(high). This results in two modes: charging mode and discharging mode. Note that Q5 and Q9 are effectively in
parallelin the equivalent circuit, as are Q6 and Q10.

In charging mode, shown in Figure 2, there are two charging paths: first, Cg, is charged from input power
supply, delivering power to the load. Meanwhile Cyy is discharging and Cg. is charged up, while power is also
transferred to the load.

In discharging mode, shown in Figure 3, Cg, discharges the stored energy and charges up Csy, delivering power
to the load, and Cg, discharges the stored energy to the load.

Application Note 5 V11l
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Figure 2 Charging mode: Crl is charged from V), (top); and Cr2 charged from Cq, (bottom)
Cri discharges, Cqy chargingup
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+
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+
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Figure 3 Discharging mode: Cr1 discharges while charging up Cq, (top); and Cr2 discharges (bottom)
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1.3 Switching frequency for unmatched resonant tank

A perfectly matched resonant tank in this ZSC 4:1 topology means that both resonant tanks (Cgr; and Lri, Cro and
Lr.) need to have the same resonant frequency fres. However, component tolerances and variations of the
parasitic will always lead to different resonant frequencies. Therefore, the switching frequency fs will be either
higher (over-resonant, fs greater than fzes) or lower (under-resonant, fs less than fres).

It is better to operate over-resonant, as the MOSFETs switch off before the sinusoidal resonant current reaches
0 A. The RMS current is lower compared to under-resonant, and the efficiency will still be high.
1.4 Soft start requirement

When the converter is in the off-state with all capacitor voltages at 0 V, Q1 MOSFET is exposed directly to Vi,
which is above the voltage rating. Therefore, soft-start circuitry is required to ramp up Vi, during which time
the converter is operating so that Vour = ¥ Viy is maintained at all times.

Available options include an input buck regulator, as well as e-fuse and hot-swap controllers.
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The board at a glance

2 The board at a glance

A picture of the 4:1 ZSC quarter-brick reference design is shown in Figure 4. The 3D rendering of the PCB is
shown in Figure 5.

====l===‘=:.‘=.=====L=EL=

uoBuY| D

Figure 5 3D PCB view of the 4:1 ZSC quarter-brick

2.1 Main features

e Infineon OptiMOS™ 5 25V power transistors: BSZ011NE2LS5I, 1.1 mQ typical in 3.3 x 3.3 mm PQFN package
e Infineon OptiMOS™ 6 40 V power MOSFET: IQE013N04LM6, 1.1 mQ typical in 3.3 x 3.3 mm PQFN package

e Infineon OptiMOS™ 5 80 V N-channel linear FET: IPTO13NO8SNMS5LF, 1.3 mQ, 330 Ain TOLL package

e Infineon 2EDB7259E EiceDRIVER™: functional isolated MOSFET gate driver

2.2 Board parameters and technical data

e Inputvoltage range: +40 to +60 V DC

e MinimumVytoturnon: 40V

o Airflow: 1000 LFM (at maximum output current)

e Protection features: input and output overvoltage, overtemperature and overcurrent

All other board parameters are summarized in Table 2.
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Table 2 Parameters and recommended operating conditions

Parameter Symbol Min. Typical | Max. | Unit | Notes

Minimum input VIN_ON 40.0 v

voltage to turnon

Output voltage Vour 12.0 v

Output power Pour 1100 | W

Output current lout 90 A

Switching frequency fsw 600 kHz

Junction temperature | T, 125 °C
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3 System and functional description

3.1 Getting started

The ZSC quarter-brick can be mounted on a standard test fixture, as shown in Figure 6. The input and output
connections and the on/off switch that controls the EN pin logic level are also highlighted.

ACEM 94ve
a1

Figure 6 ZSC quarter-brick mounted on the test fixture

e Connect the power supply (PSU) and electronic load to the connectors as shown in Figure 6.
e Set the on/off switch to the desired position.

e Make sure there is sufficient airflow.

e Settheinput voltage to the desired value above Vin_on, and turn it on.

e Toggle the on/off switch if desired.

3.2 Description of the functional blocks

Additional details of the board and locations of different functional blocks are shown in Figure 7. The power
stage consists of capacitors, MOSFETs and drivers, and the ZVS inductor. The auxiliary supply block includes a
switched-mode converter providing 6.5V, and a linear regulator for 3.3 V. The e-fuse and its controller are on
the back of the board.

Power stage E-fuse and controller

O D
Auxiliary supply XDPP1100
controller
Figure 7 Photo of the ZSC quarter-brick, showing the locations of the power stage, auxiliary supply,
controller and e-fuse
Application Note 10 V1.1
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3.3 Basic operation

The XDPP1100 controller is factory programmed by default. The board is made ready to operate by following
the procedures outlined in Section 3.1.

Caution: Do not apply high load current during start-up. This could stress the e-fuse
and cause possible failure. The controller firmware patch has the option to enable
overcurrent protection (OCP) during start-up. It will shut down the converter if high
current is detected during start-up.

3.4 Special operation: programming the controller
When it is necessary to program the XDPP1100 controller, the following steps are recommended.

e Plugin the I°’C communication cable (according to the test fixture documentation).

e TurnonVyto34V. This will enable the auxiliary supply while disabling the e-fuse so that only 6.5V and 3.3V
are on, while the power stage is off.

e Program the controller as needed.
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4 System design

4.1 Schematics
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Figure 8 ZSC power stage schematic

Application Note 12 V11l
2024-01-24



1.1 kW 48 Vto 12V zero-voltage switching switched capacitor

converter (ZSC) with XDPP1100 controller

System design

u2 us
D200
0 1 10
GNDI VDDB GNDI VDDB
L.C201
Pwmazsey 31 . ouTs F<HGL PwMA ZSC S>——2 1 ng ouTe [2<KHGs T 1uF
2 2 16V
bwns 280y 2| . PWMB 2S¢ 3>———2 INa oNDB Swa o
202 D203 203 1A
1 . |"°°" 2EDB7250E s 1 VPP 2EDB7259E
g 5 13 4—(C6V_Aux
F Disable VDDA N 100nF r Disable VDDA
12 100v 12
= & smore ouTA [~—KHE2 b J = L &S s OUTA F<KHGE L%
- 7 11 " 7 11
VDD1 GNDA Sw2 VDD1 GNDA [~ v
3.3V_Aux us 3.3V_Aux : -
D204
GNDI VDDA =
2 12 4.C206 3?\/
PWMA_ZSQO)—————— INA OUTA ——<KHG3 To.22uF 70
18V
RIS S onoa -2 SW3 u4
10
Cc207
i 5 |"°°" 2EDB7250E " p20s D208 N vees ™ c208
100nF f— Disable VDD < | PWMB_d_ZSCO>——— INB ouTs [——KHGT ﬁ;‘ia‘yup D207
100V 9 30v 30v 2 8
& striotc ouTe [——KHG4  -T20 A A J #g.%lﬁF PWMA_d_ZSCH>——— INA GNDB sws 4 :jgv
7 16V 50V c211
VDD1 GNDB vouT VDDI
- i S 2EDB7259E s {<ov_Aux
33V_Aux f‘,&O 47uF 1?;]‘;\1/F r Disable VDDA
oV L s ouTa [F2HG8 4~Cﬁi
- 7 1
U6 charge pump VDD1 GNDA L 1 16V,
13 - -
GNDI VDDA ] 3.3V_Aux
2 12 L1E
PWMA_ZSC >————— INA OUTA 1:\/
3 11
PWMB_ZSC S =1 \5 GNDA sws D208
c215 A sov
o |"°°" 2eDB7259E o I
100nF Disable VDDBY 6V_Aux
100V
= = 84 striTe ouTs JL‘Z:ZZ};
= -2
VDD1 GNDB Tev
3.3V_Aux
. . o
Figure 9 Driver schematic
VIN = 40V to 60V IINmax=22.5A Hot Swap/E-fuse circuit
PDmaxSingle=250mW Qu
Pagv 3 IPTOLINOSNMSLF
R300 <
O Ll ) l*l 48VIN
v | QX s
€300 |C301 |C302 |C303 Ra01
4.70F [47uF [4.70F [4TuF 4
100V —ED[N 100V ‘100\/ 0.002
Rizde
73
VINP c‘3‘04 VINmax=61V R302
2K
VNN | [ R304
TP4 Ng U NS . 100K
[ I =oo | VINMin=39V
RSP RSN EFSENSE
u7
O 1 10
GND SENSE GATE
2 9
P VIN ouTt
e EOW 3 8 - i i
OrF — ovp PG Hot Swap/E-fuse circuit
EFUVLO 4 o e L7 EFTIMER
- ca7
@ DYEN 1.8K N 5 6 o
N EN_EFUSE )>———————EN GND ‘o
R307
?2,7}( =
LM5060
Gain: 20
U1
RSP 1 RSN
—=—— = RsP RSN
P4gV 2
ﬁ vee REFA |I-
ca08 3
1mD§VnF 9 NC REFB 308
4 5 _ISEN LMP
GND  vouT —  ISEN
= 21
= LMPB4BL R309
75
= Infineon Infineon Technologies Americas Corp.
Need a divider voltage max allowed is 395mV ~ 101N Pasific Coast Highway _El Segundo, California 90245
[ride ZSC XDPPL100
ize | Document Number e
P100129 D1
Date: Thursday, February17, 2022 Bheet 3 of 5
. .
Figure 10 E-fuse hot-swap schematic
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XDPP1100 controller interface schematic
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4.2 Layout guidelines

As explained in Section 1, the resonant inductors Lrl and Lr2 are realized with parasitic inductances around the
loop with no physical inductors. These include:

e PCBinductance (traces, polygons, planes and vias)
e MOSFET inductance (package clips, lead frame, bond wires)
e Capacitorinductance (terminals, MLCC layers)

The main contribution to the loop inductance is the MOSFET. Nevertheless, it is very important to pay attention
to the following key points in the PCB layout.

4,2.1 Resonant loop symmetry

It is highly recommended to achieve symmetric resonant loops to minimize resonance mismatch, in turn
simplifying the tuning procedure and obtaining optimum performance. This includes symmetrical component
placement, symmetrical power planes/polygons and routing, and identical via placement.

4.2.2 ZVS inductor loop

During the dead times, the current in the ZVS inductor continues to flow and discharges Coss of the associated
MOSFETSs prior to turn-on. This dead time loop is different from the resonant loops.

Keeping the dead time loop small helps to reduce the dead times and improve system efficiency.

4.2.3 Extra clearance between different capacitor nets

To reduce the proximity effect between the flying capacitor and resonant capacitors, it is recommended to
have 20 to 40 mils clearance for those associated polygons.

4.2.4 Input and output decoupling capacitors

Input decoupling capacitors should be placed as close to Q1 as possible to stabilize input voltage potential.
There should also be enough output bridge capacitors between Vour and GND power planes to obtain good AC
decoupling. This also helps to reduce the loop area in both resonant and dead time intervals.

4.2.5 Equalized trace width

Since the RMS current for resonant loops and flying capacitor loop are similar, it is recommended to have the
same total trace width for all current paths.

4.2.6 Gate drive signal routing

Gate drive signal routing should not break any power plane. It is recommended to have a separate gate return
trace connected to the source, instead of sharing the power plane connection. In addition, gate drive and its
return path should be minimized to reduce parasitic loop inductance. Note that for high-side MOSFETSs, the
gate drive loop includes the charge pump/bootstrap circuitry.

4.3 Bill of materials

The resonant capacitors are among the most critical part of the design. Besides component tolerance, the
values of these ceramic capacitors also change with voltage. Since they have fixed DC bias with small AC ripple,
one method of calculating the actual capacitance is using the DC bias characteristics curve from the
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manufacturer, as shown in Figure 13. For example, the capacitor used for Crlis 100V rated 10 pF. At 36 V of
nominal operating voltage, the actual capacitance drops by 62 percent and is 3.8 uF. The calculation results for
all capacitors Crl, Cqy and Cr2 are listed in Table 3. Note that two different capacitors are used for C,.

Each tank is comprised of many capacitors in parallel. The quantity is determined by the current flowing
through each tank. Care must be taken to ensure that the current per capacitor does not exceed the rating.

DC bias characteristics

DC bias characteristics

DC bias characteristics

Crl@36V=-62%

¢

Cap. Change Rate[%]

20

0

-20

Cfly @24V =-62%

-100

-40

-60

Cap. Change Rate[%]

-80

Cr2@12V=-17%
N

Cap. Change Rate[%]

20 40 80 80
DC Bias[V]

100

0 10 20 30 40 50
DC Bias[V]

10 20 30 40 50
DC Bias[V]

I GRM32ECT2A106KEDS C-DC bias capchange, 25 0degC, AC1Vrms I GRM31CD71H106KE1 1 C-DC bias capchange, 25 0degC, AC1Vrms I GRVI31CRT1H4TSKA12 C-DC bias capchange, 25 0degC, AC1vVIms
Figure 13 Capacitance change vs. DC bias for Cr1, Cqy and Cr2
Table 3 Summary of actual capacitance for Crl, Cqy and Cr2

Quantity | Description PN DC bias [V] Total C [uF]

Crl 12 10 uF 100V GRM32ECT72A106KEO05 36 45.6
c 10 uF 100V GRM32ECT72A106KE05 24 574

v 10 uF 50V GRM31CD71H106KE11 24 '
Cr2 12 4.7 uF50V GRM31CR71H475KA12 12 46.81

The complete bill of materials (BOM) is available from the downloads section of the Infineon website. The
critical part of the BOM is shown in Table 4.

Table 4 BOM of the critical parts of the ZSC quarter-brick
. .. Manufacturer part
Item | Ref. designator Description Manufacturer wacturerp
number
C113, C114, C115, C116, C117,
C118, C119, C120, C121, C122,
C123, C124, C125, C126, C127,
5 C128, C129, C138, C139, C140, 10 uF 100 V X7S Murata GRM32EC72A106KEO5L
C141, C142, C143, C150, C151,
C152, C153, C154, C155
C130, C131, C132, C133, C134,
6 C135, C136, C137 10 uF 50V X7T Murata GRM31CD71H106KE11
C144, C145, C146, C147, C148,
7 C149, C156, C157, C158, C159, 4.7 uF 50 V X7R Murata GRM31CR71H475KA12
C160, C161
32 L2 1.0 uH ITG SLQ40407A-1ROMHF
33 Q1, @4, Q5, a6, Q7,Q8, Q9, Q10 OptiMOS™ 525V Infineon BSZ011NE2LS5IATMAL
34 Q2,Q3 OptiMOS™ 40V Infineon IQEO13NO4ALM6ATMAL
35 Q11 80V linear FET Infineon IPTO13NOSNMSLF
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. i Manufacturer part
Item | Ref. designator Description Manufacturer P
number
70 U2, U4, U5, U6, U8 2EDB7259E Infineon 2EDB7259E
71 u3 Digital power controller | Infineon XDPP1100-Q024
17 V11
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5 XDPP1100 configuration

5.1 E-fuse control

The e-fuse is controlled by pin (13) of XDPP1100, which is mapped to PWM1 by default. Therefore, a patch is
required to modify this pin functionality, as well as implementing the soft-start procedure that allows PWMs to
be enabled before the e-fuse. Besides timing, there are some other settings for the start-up and shutdown, as
described in the following section.

5.2 Start-up and shutdown

Due to the limitation of the e-fuse, the current handling capability is reduced during start-up. Therefore, a
different OCP threshold is used during start-up, which is much lower than the steady-state value. Two
additional OCP MFR PMBus commands are added: MFR_IOUT_OC_FAULT_LIMIT and
MFR_IOUT_OC_WARN_LIMIT, as shown in Table 5.

In addition, high pre-bias voltage on Vour will also cause voltage stress and start-up issues. Another PMBus
command MFR_PREBIAS_THRESHOLD is added so that the converter won’t start until the pre-bias is below the
set voltage. Finally, during normal shutdown, the PWM stays on until Vour goes below the voltage defined by
MFR_VOUT_OFF_THRESHOLD.

Table5 Start-up and shutdown MFR commands and settings

Command Value | Comment

MFR_CONFIG_DELAY 0

MFR_IOUT_OC_FAULT_LIMIT 0x10 | OC fault limit [A] during start-up for e-fuse protection

MFR_IOUT_OC_WARN_LIMIT 0x04 | OC warn limit [A] during start-up for e-fuse protection

MFR_PREBIAS_THRESHOLD 0x02 | If Vour is pre-biased above this voltage [V], EN_EFUSE stays low

MFR_VOUT_TARGET 0x0A | Once Vour is above this voltage [V], OC warn/fault limits are
restored to the standard PMBus command values

MFR_VOUT_OFF_THRESHOLD 0x02 | During normal shutdown and Viy/Vour UV fault, PWM stays on until
Vour goes below this voltage [V]
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5.3 Flow diagram

Power On Reset

‘ Config / OTP Download ‘

v
‘ Initialization ’—»‘ Inactive }4
v

‘ Tonfdelay ‘

IOUT_OCwarn and fault limits set to MFRIOUT_OC limits.
Start conditions met:

EN pin and/or OPERATION;

And Pgood _Aux (PWM?2) is high;

And VIN > VIN_ON;

Ton_delay count complete
Enable ZSC PWM output
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Yes Fault shutdown
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VIN_UV and VOUT_UV fault response
need tobeset to “ignore”

MFR_PREBIAS_THRESHOL

‘ MFR_CONFIG_DELAY ‘
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Figure 14 Flow diagram of the patched XDPP1100 for ZSC quarter-brick
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6 System performance

6.1 Start-up and shutdown

According to the start-up and shutdown MFR commands in Table 5, during start-up, the e-fuse will not be
enabled if Vour is above the pre-bias threshold. In the example test waveform shown in Figure 15,
MFR_PREBIAS_THRESHOLD is set to 1 V. When the output voltage is pre-biased above the threshold, the e-fuse
is held off until the pre-bias is lower. If there is no pre-bias condition, the normal start-up sequence is executed.

Vout pre-bias higher than MFR_PREBIAS_THRESHOLD Vout pre-bias lower than MFR_PREBIAS_THRESHOLD
el P e
EN_EFUSE ;
) | |
PWM ; o
/ /
/'/j' j
// /
i [ _Uvthreshold | 1 _ | T__ L d_ [l it = 1Vthreshod _ _ _ _ _
il /ouT] 50 ms/div
e T ) ' e Rap): Pew_Dan, dien) oo | 2057
00V ofst 00Voiset | -400Vofisel  -1500Vofst 50kS  100kS/s Edge Positve 1000Vofst  500Vofiset| -400Vofset  -1500Volst 50kS  100kS/s Edge Posive
(a) (b)

Figure 15 Start-up waveform: (a) Vour pre-bias higher than threshold and (b) lower than threshold

With TOFF_FALL set to 1023 ms and the stop mode to “Soft Stop” in ON_OFF_CONFIG, the shutdown
waveforms are shown in Figure 16. MFR_VOUT_OFF_THRESHOLD is set to 2.

No load: slow ramping down of Vout 0.5 A load: fast ramping down of Vout
EN_EFUSE P AP Tty

PWM off PWM off
m N

Tr——— 2V threshold g 2V threshold \\l
1 200 ms/div. 50 ms/div

4 i
I Gnem Fem) < CneEm pem) e o e Tros @
5.00 Vidv 5.00 Vidw 20.0 Vg, 5.00 Viav 200 ms/dv Stop 155V 5.00 Viav 5.00 Vidw 20.0 Viav| 5.00 Viav 50.0 msiav Stop 155V
1000Vofst  500Vofiset| -800Vofsel  -1500Vofst 50KS 25000kSis Edge Negathe 1000Volst  500Vofiset| -400Vofsel  -1500Vofst 50KkS  100kSis Edge Negative

(a) (b)

Figure 16 Shutdown waveform: (a) no load and (b) 0.5 A load

6.2 Efficiency and loss

Efficiency and loss are measured at three different input voltages (40 V, 48 V and 60 V). Maximum output power
is limited to 1100 W. The results in Figure 17 include losses of the onboard 6.5V and 3.3 V auxiliary power supply
and gate drive power, which is approximately 1.7 W. Figure 18 shows the power stage efficiency and loss,
excluding auxiliary power supply and gate drive power.

Note: Efficiencies have been captured with a dwell time of 5 minutes.
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Figure 17 Measured efficiency and loss of the ZSC quarter-brick
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Figure 18 Measured efficiency and loss excluding auxiliary power supply
Note: Measured auxiliary supply power (Pau) is 1.67 W. “Efficiency w/o Pa.” in Table 6 through Table 8 is
calculated as Pour/(Pin-Pau).
Table6 Efficiency at 40 Vinput
.. Efficienc
Vin [V] I [A] P [W] Vour [V] lour [A] Pour [W] Efficiency w/o P y
39.74 22.55 895.99 9.50 90.15 856.02 95.54 95.72
39.79 19.55 777.73 9.58 78.15 748.26 96.21 96.42
39.83 16.55 659.04 9.65 66.11 637.87 96.79 97.03
39.86 13.55 540.07 9.72 54.07 525.50 97.30 97.60
39.89 10.55 420.91 9.79 42.04 411.38 97.73 98.12
39.92 7.55 301.55 9.85 30.02 295.69 98.06 98.60
39.95 4.56 182.03 9.91 18.00 178.48 98.05 98.96
39.98 1.56 62.24 9.98 5.99 59.78 96.05 98.70
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Table 7 Efficiency at 48 Vinput
Vi [V] I [A] Pu [W] Vour [V] lour [A] Pour [W] | Efficiency Eg'/‘:incy
47.74 22.56 1076.73 11.48 90.13 1034.93 96.12 96.27
47.78 19.55 934.32 11.57 78.14 903.80 96.73 96.91
47.82 16.55 791.53 11.64 66.10 769.69 97.24 97.45
47.86 13.55 648.51 11.71 54.07 633.38 97.67 97.92
47.89 10.55 505.32 11.78 42.04 495.32 98.02 98.34
47.92 7.55 361.90 11.85 30.02 355.65 98.27 98.73
47.95 4.55 218.36 11.91 18.00 214.45 98.21 98.97
47.98 1.55 74.59 11.98 5.99 71.76 96.21 98.41
Table 8 Efficiency at 60 Vinput
Vin [V] I [A] PuIW] | VourlVl | lor[Al | Pour[W] | Efficiency Eg;f)':“cy

59.80 18.06 1079.96 14.58 72.08 1050.59 97.28 97.43
59.82 16.56 990.49 14.62 66.08 965.80 97.51 97.67
59.84 15.06 901.01 14.65 60.07 880.28 97.70 97.88
59.88 12.06 721.87 14.73 48.05 707.63 98.03 98.26
59.91 9.06 542.49 14.80 36.02 533.15 98.28 98.58
59.94 6.05 362.91 14.87 24.01 357.01 98.37 98.83
59.97 3.06 183.26 14.94 11.99 179.23 97.80 98.70
59.98 1.55 93.27 14.98 5.99 89.74 96.22 97.97
6.3 Input overcurrent protection at start-up

Input OCP at start-up is designed to protect the e-fuse at start-up where the inrush current is too high if output
loaded at start-up. Referring to the flowchart in Figure 14, after the Ton_delay has elapsed, the IOUT_OC_warn
and fault limits are set to MFR_IOUT_OC warn and OC fault limits. These limits are only valid at the start-up of
the converter and are lower than the OCP thresholds. Once the converter output voltage goes above
MFR_VOUT_TARGET voltage, the IOUT_OC warn and fault limits are set to a regular limit using
IOUT_OC_WARN_LIMIT and IOUT_OC_FAULT_LIMIT.

The default IOUT_OC fault (MFR_IOUT_OC_fault) limit is set to 16 A at start-up, which translates to 4 A (4:1 ZSC
ratio) of input current, and MFR_VOUT_TARGET is set to 10 V. Tests are performed at three different input
voltages (40 Vin, 48 Viy and 60 Viy) to show that input OC limit is not a factor of input voltage.

Test scope channels:

e Channel 1: e-fuse enable (bandwidth 20 Mhz)
e Channel 2: output voltage (Vour) (BW 20 Mhz)
e Channel 3: input current (l) (BW 20 Mhz)

e Channel4: PWM (TP24) (BW 20 Mhz)
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Test condition:

e Current limit of input voltage source is set to 20 A

e OQutputloadissetto 20 Ain constant current mode

e Scopeis triggered on the falling edge of the e-fuse enable signal at 1.5 V threshold
e Airflow: 1000 LFM

Input voltage applied is 40 V.
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Input voltage applied is 60 V.
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From Figure 19, Figure 20, and Figure 21, it can be seen that in all three cases, irrespective of input voltage, the
start-up input OCP triggers at input current of around 4.34 A, while the output voltage is below the
MFR_VOUT_TARGET of 10 V. When OCP triggers, it disables the PWM and the e-fuse enables immediately to
protect the e-fuse and latches off.

6.4 Input overvoltage protection

Input OVP has been incorporated to protect input as well as output switches and capacitors from OV stress
failures. The default limit of input OVP is set to 65.5 V.

Test scope channels:

e Channel 1: e-fuse enable (BW 20 Mhz)

e Channel 2: output voltage (Vour) (BW 20 Mhz)
e Channel 3: input current (l) (BW 20 Mhz)

e Channel 4: PWM (TP24) (BW 20 Mhz)

Test condition:

e Current limit of input voltage source is set to 20 A

e Inputvoltage is set to 48 V at turn-on

e No load at the output

e Output OVP has been disabled via PMBus to observe input OVP

e Scopeis triggered on the falling edge of the e-fuse enable signal at 1.5 V threshold
e Inputvoltage is slowly increased to determine the turn-off threshold

e Airflow: 1000 LFM
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00V o 20,00V ofst| 10MS 10 MS/s|Edge  Neg
- 50 mV|--- 2 59

X1= -360.1432ms AX= 360.1433 ms
X2= 100 ns VAX= 27766725 Hz

Figure 22 Input OVP trigger

The OVP triggers at an input voltage of Viy =66V, as shown in Figure 22. When the input OV fault is detected, the
e-fuse enable and PWM signals are disabled and converter is turned off.

6.5 Regular output overcurrent protection

Regular OC fault protection is incorporated to turn off the converter in the event of overload. This detection
scheme makes use of a low-pass filter (LPF) before reading samples, which makes it slower compared to the
fast OCP discussed in Section 6.6.

Test scope channels:

e Channel 1: e-fuse enable (BW 20 Mhz)

e Channel 2: output voltage (Vour) (BW 20 Mhz)
e Channel 3: output current (lour) (BW 20 Mhz)
e Channel 4: PWM (TP24) (BW 20 Mhz)

Test conditions:

e Current limit of input voltage source set to 30 A
e 48V ofinputvoltage is applied
e Current limits are modified as follows:

e |OUT_OC_FAULT_LIMIT=90A

e MFR_IOUT_OC_FAST_FAULT_LIMIT=95A
e Outputload of 80 Ais applied, and then load is increased slowly to trigger OC fault
e Scopeis triggered on the falling edge of the e-fuse enable signal at 1.5V threshold
e Airflow: 1000 LFM
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EN_EFUSE

lout_Fault_Limit = 90Amps

-2.54 ms -2.04 ms -1.54 ms -1.04 ms -540 ps -461& 460 ps 960 ps 1.46 ms 1.96 ms 246ms
Measure P1:frea(C4) P2:max(C2) P3:max(C3) P4--- PS:--- P6:---
value - 120V 925A

v v

B | . : Timebase 40 ps||Trigger (H)
5.00 V/div 5.00 V/div Idivy ] 500 ps/div | Stop 1.50V
15.00V ofst]  -15.00 V ofst 2 10 MS 2 GS/s|Edge Neg

Figure 23 Regular output OCP

STATUS_WORD
STATUS_VOuT (Upper Byte) — STATUS_INPUT
7 | vout_ov_raurr b o ol 7 | vour 7 | vin_ov_raur
6 | VOUT_OV_WARNING gl § | 1CUT_POUT 6 | VIN_OV_WARNING
5 | VOUT_UV_WARNING 5 | ineuT - 5 | VIN_UV_WARNING
4 | vouT_uv_raulr 4 | MFRSPECIFIC - 4 | vIN_uv_FAuULT
3 | VOUT_MAX_MIN_WARNING 3 | re_sTatus 3 | offdueto VIN_uV
2 | ToN_max_FauLT 2 | rans 2 | un_oc_raulr
1 | TOFF_MAX_WARNING 1 | otser 1 | IIN_OC_WARNING
0 O | uNKNOWN L O | PIN_OP_WARNING
STATUS_10UT " STATUS_BYTE STATUS_MFR_SPECIFIC
7 Trovr_oc rur s‘(l’LA?I’:é Byte O'D 7 | syncraut
6 ] 1OUT OF v TAULT — ) 6 | Manufacturer Defined
7 | susy
Il 5 | 1out_oc_warning | — 5 | lout_OC_Fast_Faut
4 | 1ouT_uc_Fraulr 4 [, 4 | common Fault
» 5 | vouT_ov_fauLT
3 | CurrentShare Fault 3 | External Fault
— o 4 | 1ouT_oc_raurr
2 | InPower Limiting Mode 2 | Manufacturer Defined
VIN_UV_FAULT - !
1 t 1 3 = 1 | Manufacturer Defined
TEMPERATURE
O | POUT_OF_WARNING 2 O | Manufacturer Defined
1| oM St =
O | NONE OF THE ABOVE
STATUS_TEMPERATURE : STATUS_CML
7 | oT_faulr 7 | Invaiid/unsupported command received
6 | oT_WaRNING Read status © | Invaid/unsupported data received
5 | UT_WARNING 1 5 | Packeteror check faved
4 | uT_raur 4 | Memory Fauit Detected
3 Clear Faults v( 3 | Processor Fault Detected
2 2 : -
1 Offline Status D de 1 Other communication fauits
0 0 |

Figure 24 PMBus fault status chart after regular OCP

When the output current crosses the OC threshold of 90 A, the OCP is triggered, which disables the PWM and e-
fuse enable signal and raises the IOUT_OC_FAULT fault flag, as shown in Figure 23 and Figure 24.

6.6 Fast output overcurrent protection

Fast output OCP is used for detecting fast faults such as short-circuit. Instead of receiving the samples after the
LPF as was the case in regular OCP, the samples come in directly and are averaged out. Thus, more data is read
compared to regular OC and the faults are detected more quickly.
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Test scope channels:

e Channel 1: e-fuse enable (BW 20 Mhz)

e Channel 2: output current (lour) (BW 20 Mhz)
e Channel 3: input current (l) (BW 20 Mhz)

e Channel 4: PWM (TP24) (BW 20 Mhz)

Test condition:

e Current limit of input voltage source set to 30 A
e 48V ofinputvoltage is applied
e Current limits are modified as follows:
o IOUT_OC_FAULT_LIMIT=90A
o MFR_IOUT_OC_FAST_FAULT_LIMIT=95A
e Output load of 75 Aiis applied, and then the short-circuit fault was initiated on DC load
e Scopeis triggered on the falling edge of the e-fuse enable signal at 1.5 V threshold
o Airflow: 1000 LFM
‘[ = : EN_EFUSE
- I | I L-——ﬁnm-
UL AU AR : —.
1 |
[ ] |
1
_____ _l lout_Fast_OC_Fault_Limit = 95Amps
|
|
c3 |
7 I
Melasure P1:freq(C4) P2:max(C2) P3:max(C3) P4 P5:--- P6:- - -
(us Tbase  30.0 ps||Trigger () 153
X1= -13.8330us AX= 435834 us
i o X2= -57.4164 us 1/AX= -22.94452 kHz
Figure 25 Fast output OCP with output current as y-axis reference
35A : i EN_EFUSE le
30 A : l m
L o et el oy s e s el o ol aobes e e et ity e e iyl W R N ol : ___,_ _________
154 e — : i
a |
- ! |
I R D A R D i T
= e;rao us T0ps 60 s 50 s 40 s 30 s 20 ps = 10 us ocf:s 10 ps 20 us
M;asure P1:frea(C4) P2:max(C2) P3:max(C3) P4:-- P5:-- - P6:- - -
l(s T TR Tbase _ 30.0 ps||Trigger UL
e
40.0 Al--- 0.00 A}- X1= -13.8330us AX= 13.9159 us
----- 13282;; gg;gﬁm 4—‘ X2= 829ns 1/AX= 71.8602 kHz
Figure 26 Fast output OCP with input current as y-axis reference
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STATUS_WORD |
STATUS_VOuT (Upper Byte) -4 STATUS_INPUT
7 | YOUT_OV_Faulr ’ ‘e 7 | VOUT 7 | VIN_OV_Faulr
4 } 4
6 | VOUT_OV_WARNING + » 6 | 1ouT_POUT 6 | VIN_OV_WARNING
}
5 | VOUT_UV_WARNING 5 | ineUT - 5 | VIN_UV_WARNING
4 | vouT_uv_Fraulr < - ' 1 4 | VIN_Uv_FAur
b e
3 | VOUT_MAX_MIN_WARNING 3 G_STATUS 3 | offduetoVIN_UV
- ! =3
2 | TON_MAX_FAULT 2 | FANS 2 | IN_OC_FAULT
1 | TOFF_MAX_WARNING 1 | omer 1 | IIN_OC_WARNING
0 O | unknOWN | O | PIN_OP_WARNING
STATUS _10OuUT L STATUS_BYTE —— STATUS_MFR_SPECIFIC
| !
7 | 1ouT_oc_raurr i (Lower Byte of 7 | SyncFaut
\ STATUS WORD) —t
6 | 'ouT_OC_v_Faulr 6 | Manufacturer Defined
1 7 BUSY —
< IOUT_OC_WARNING + I 5 out_OC_Fast_Fa
| OFF
4 | rouT_uc_raulr |8 1° P T
‘ o § | vouT_ov_faulr
3 | Current Share Fault } == 3 | External Faut
4 o 4 | 1ouT_oc_raur 1
2 | 'nPower Limiting Mode } 2 | Manufacturer Defined
5 = 1 3 | vIN_uv_Faulr - —t
1 t 1 | Manufacturer Defined
- TEMPERATURE T
O | POUT_OP_WARNING 12 - O | Manufacturer Defined
1 |cm - o
b
" ] | O | NONE OF THE ABOVE [
STATUS_TEMPERATURE ‘i- - STATUS_CML
7 | oT_raur [ 7 | invaid/unsupported command receved
6 | OT_WaRNING 1 Read status "6 | invaid/unsupponted data receved
5 | UT_WARNING ] [ & | Packet error check faied
4 UT_FAuLT 1 4 Memory Fault Detected
3 Clear Faults 3 | Processor Fault Detected
2 2]
[ 1 ther CommMuUnc n fau
] Offine Status Decode | 1 | Other communication fauts
0 0

Figure 27 PMBus fault status chart after fast output OCP

Figure 25 is the fast overcurrent protection waveform. It can be seen that there is approximately 44 us delay
between the actual IOUT OC fault and the fault trigger. The XDPP1100 controller measures the input current
and translates it to output current by making use of a 4:1 current ratio between output and input of the ZSC. So,
the fast fault limit on the input side translates to 95 A/4 = 23.75 A. From Figure 26 it is clear that the fast OCP is
triggered instantaneously when the input current exceeds the 23.75 A fault threshold and PWMs are disabled.
The 4:1 ratio mismatch between input and output current is because when the short-circuit fault was triggered
on the load, the momentary short-circuit current was supplied by the output capacitors instead of being
supplied via input source. Analysis of the fault chart in Figure 27 indicates that while the IOUT_OC_FAULT
threshold is 90 A the corresponding fault flag is not raised; instead the fast OC fault flag is raised.

6.7 Thermals
Thermal testing was performed on the unit under the following conditions:

e Inputvoltage: 47.23V (measured between V_IN_P (TP3) and V_IN_N (TP4))

e Inputcurrent: 22.46 A (measured using calibrated current shunt)

e Input power: 1060.86 W

e Output voltage: 11.46 V (measured between V_OUT_P (TP31) and V_OUT_N (TP30))
e Output current: 89.51 A (measured using calibrated current shunt)

e Output power: 1025.93 W

e Efficiency: 96.70 percent (including bias losses)

e Ambient temperature: 25°C

e Airflow: fan operating at 10 V/0.75 A (airflow 1000 LFM)
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The unit was put under test for more than 30 minutes under the above-mentioned loading conditions and then
the thermal data was recorded using a FLIR camera.

100.0°C

14.0°C

Figure 28 Thermal profile of ZSC (4:1) under full load

Nle

9 i1

Figure 29 ZSC 4:1 quarter-brick

Table 9 Components’ maximum recorded temperature on ZSC 4:1 quarter-brick

Component (reference design) Component name Max. temperature recorded
Q1 BSZO11NE2LS5IATMA1 65.2°C

Q2 IQEO13NO4ALM6ATMAL 67.7°C

Q3 IQEO13NO4LM6ATMAL 71.7°C

Q4 BSZO11NE2LS5IATMAL 69.5°C

Q5 BSZ011NE2LS5IATMAL 62.6°C

Q6 BSZO11NE2LS5IATMAL 62.9°C

Q7 BSZ011NE2LS5IATMAL 65.8°C

Q8 BSZO11NE2LS5IATMAL 65.7°C

Q9 BSZO11NE2LS5IATMAL 66.1°C

Q10 BSZ011NE2LS5IATMA1 66.1°C

L2 SLQ40407A-1R2MHF 63.4°C

u3 XDPP1100-Q024 54.5°C
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Figure 28 shows the thermal profile of the ZSC operating under full load. The temperature data is recorded in
Table 9. The maximum temperature recorded is 71.7°C on switch Q3 and 69.5°C on Q4, which is below the
thermal rating of these switches.
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[1] Infineon Technologies AG: XDPP1100 datasheet; Available online

[2] Infineon Technologies AG: XDPP1100-Q024 product page; Available online
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Glossary

Glossary

PSU
power supply unit

scc
switched capacitor converter

ZsC
zero-voltage switching switched capacitor converter
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application.

Warnings
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