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Scope and purpose

Thisdocumentpresents a comprehensive system solution from Infineon for a hjggwer density 3.3 kW power
supply unit (PSWspecifically designed to meet the stringent performance and efficiency requirements of server
and datacenter applications.

The PSU solutiodlescribedimplements athree-level flying capacitoi(3LFCpower factor correction PFG and
incorporates a planar magnetic constructioim the LLC DCDC stagenabling efficient and reliable operation in
various applications.

Thedocument summarizes theonverter hardware design angresentsexperimental resultso provide design
guidelines for an Infineorbased solution.

The REF_3K3W_BC PSlevaluation boardfeatures atwo-stageplus babyboostarchitecture containing a
front-end threelevel AGDC convertethat utilizes bridgeless topology The boardffers improvedPFC andh
lower total harmonic distortion (THD), resulting in a more efficient and reliable power conversion process.

An intermediatebaby-boost converter addresses the holdp time requirements withoutneeding abulky DC
link capacitor,increasingpower density. The backend isolated E@C converter employs a GaN hdalfidge (HB)
LLC converter withull-bridge (FB) rectification, providing safety isolation and regulating the output voltage.

The PSU solution offers several benefits, including improved PFC and reduced THD, increased power density
due to reduced overall bulk capacitance, high peak efficiency 0697 at 230 VAC input line (excluding internal
fan), anda compact overall dimension of 72 mm x 192 mm x 40 mm, resulting in a power densitynofst 98
W/inchs.

The design guidelines presented in thicumentprovide a comprehensive overview of the converter
hardware design and experimental results, enabling designers to develop their own paer density PSU
solutions.

Intended audience

The document and the relate®REF_3K3W_3LFC_Pissdware is intended for R&D engineers, hardware
designers, and developers of power electronic systems.
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About this document

Figure 1 3.3 KWREF_3K3W_3LFC_PS3drver power supply

The main Infineon components used REF_3K3W_3LFC_P&id:

1 CoolSiGA00V M2, 25mA TOLL (MT40R®5M2H) and EiceDRIVEBLEDB827%0r the 3LFCPFC converter

 CoolMO$600 MCM8 16 mA TOLL (PT60R016CNBEiceDRIVEBLEDN8511Band1EDB8275For the slow
leg of the3LFCPFC converter and the static switch of the baby boost converter

1 CoolGaNHB50 V GIT35mA TOLL IGT65R035D2EiceDRIVEHRLEDN8550Band 1EDB8275F
for half-bridge switches at the primary side of the LLC converter

7 OptiMO$BO0 V4.6mA sourcedown (IQE046N08LM5and EiceDRIVEREDB7259K
for the synchronous rectification $R switches at the secondary side of the LLC converter

1 CoolMOS600 V GBO mA IPB60R080G7C0o0ISiEL00 Wiode (DL10G65Q5and
EiceDRIVBRILEDBS8275For the baby-boost converter

1 ISOFACHADIR1400Higital isolator for the prmary to secondarysolation in the LLC converter
XMC420@48K256nicrocontroller for theimplementation of thePFC control
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Please read this document carefully before starting up the device.

T ) (T )
ELECTRICAL HAZARD HOT SURFACE
This eguipment is to be used Do not touch during operation.
by trained personnel only. Contact can result in servere
. ) burns or injury.
Contact could result in serious
shock or death. Allow to cool before servicing.
\_ —/ \_ —/

) GJI LN; HN HI NC=7?

Evaluation boards, demonstration boards, reference boards and kits are electronic devices typically provided as
an openframe and unenclosed printed circuit board (PCB) assembly. Each board is functionally qualified by
electrical engineers and strictly imnded for use in development laboratory environments. Any other use and/or
application is strictly prohibited. Our boards and kits are solely for qualified and professional users who have
training, expertise, andknowledge of electrical safety risks in theeevelopment and application ohigh-voltage
electrical circuits Please note that evaluation boards, demonstration boards, reference boards and kits are
JLI PC>?> ,d@ithdut warMuly oBadyikihdy). Infineon is not responsible for any damage resulting from
the use of its evaluation boards, demonstration boards, reference boardkits: Tomake our boards as versatile

as possible, and to give you (the user) opportunity for the greatest degree of customization, the virtual design
data may contain d@fferent component values than those specified in the bill of materials (BOM). In this specific
case, the BOM data has been used for productiBefore operating the board (i.e. applying a power source),
please read the application note/user guide carefully and follow the safety instructions. Please check the board
for any physicalamage, whichmay have occurred during transport. If you find damaged components or defects
on the board, do not connect it to a power source. Contact your supplier for furthgrport. If no damage or
defects are found, start the board up as described in the user guide or test report. If you observe unusual
operating behavior during the evaluation process, immediately shut off the power supply to the board and
consult your supplér for support.

Operating instructions

Do not touch the device during operation, keep a safistance. Danot touch the device after disconnecting the
power supply, as several components may still store electrical voltage and can discharge through physical
contact. Several parts, like heatsinks and transformers, may still be very hot. Allow the componedisdioarge

and cool before touching orservicing. Allwork such as construction, verification, commissioning, operation,
measurementsadaptations, andother work on the device (applicable national accident prevention rules must
be observed) must be doneybtrained personnel. The electrical installation must be completed in accordance
with the appropriate safety requirements.

Application note 5 V 1.
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Note: Pleasenotethe followingwarningsregardingthe hazards associated with development systems.

Table 1 Safety precautions

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

Warning: The evaluation or reference board is connected tod@i@put during testing.
Hence, higkvoltage differential probes must be used when measuring volt
waveformsby oscilloscope. Failure to dm may result in personal injury or deat
Darkened display LEDs amet an indication that capacitors have discharged to s¢
voltage levels

Warning: Remove odisconnect power from the convertbefore you disconnect o
reconnect wires, or perform maintenance work. Wait five minutes after remooinegr

to discharge the bus capacitors. Do not attempt to servicedte until the bus
capacitors have discharged to zero. Failure to donsy result in personal injury o
death.

Caution: The heatsink and device surfaces of the evaluation or refeleo@el may
become hot during testing. Hence, necessary precautions are required while hat
the board. Failure to comply may cause injury

Caution: Only personnel familiar with theonverter power electronics and associate
equipment should plan, install, commissiprand subsequently service the systel
Failure to comply may result in personal injury and/or equipment damage

Caution: The evaluation or reference board contains parts and assemblies sensiti
electrostatic discharge (ESDElectrostatic control precautions areequired when
installing, testing, servicing or repairing the assemllgmponent damage may resu
if ESD control procedures are rfollowed. If you are not familiar with electrostati
control procedureg,efer tothe applicable ESD protection handbooks and guideline

Caution: A converterthat is incorrectly applied or installed can lead to compone
damage or reduction in product lifetime. Wiring or application erretgh as
undersizing thecabling, supplying an incorrect or inadequafeC supply, or excessi
ambient temperatures may result in systemalfunction.

>R BB
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1.1 ", =EALI OH>

Recently rack levelpower demandin server anddata centershasgrown substantiallyto accommodatethe
higher computing workload irlimited floor space.This increase in power demand is consistently tightening the
requirements in terms of power density and efficiency in power supphigs reduce the space occupied and
heat dissipated.

These requirements are defined in tHECP rectifier v3 specifications for server and datacenter power
suppliesAfl], which mandates a peak efficiency of 97.5% at 230 VAC, a minimum power density of 32.15
W/inch3 (1.96 W/cm?), maximum dimensions of 520 x 73.5 x 40 mm, and a 20 mgphtide at full load.

In 2021, Infineon developethe EVAL_3KW_50V_PEboard, which fully complies with these specifications.
Building upon this design, EVAL_3k3_HFHD_PSU was later proposed, demonstrating techniques to further
increase power density. Finally, leveraging this latter platform, the 3LFC topoliiggussedhere was

developed and implemented in REF_3K3W_3LFC_PSU. This latest solution improves efficiency and reduces PFC
magnetic components while maintaining performance.

1.2 oIrQe?L M™MOJJFS OHCN >?M=LCJNCI H

TheREF_3K3W_3LFC_P8&kaluation boardis made ofa frontend AGDC converter and a backend isolated DC
DC converterThe AGDC converter is three-levelflying capacitor bridgelessPFC that providepower factor
correction and limitsthe total harmonic distortion. The backend DOC is a GaN haltfridge LLC converter with
full-bridge rectification. The backend provides safety isolation and regulates the output voltage. The PSU also
features a babyboost converter to comply with the holelp time specifications of server applicains with a
reduced overall bulk capacitance, increasing the overall power density.

REF_3K3W_3LFC_PiSuWnhounted over a metallic frame and covered by a plastic enclosure to ensure proper
airflow and cooling. Is dimensionsare 192 mm x 72 mm x 40 mincluding a fan and an AC inlet connector.
For comparison, OCP v3 specifies a maximum dimension of 520 mm x 73.5 mmm.4he measured peak
efficiency of the complete PSU at 23@-Wput line is 97.66, not including the internal fan, witha power
density 0f98 W/inch3.The distribution of the main blocksf the PSUis shown inFigure2. The fan airflow suck
the air out of the chassis faa better thermal performance.

EMI FILTER AC/DC PFC

DC OUTPUT
48Vbc-51Voe

Hold-Up time
extension circuit
AC INPUT
180 Vac
265Vac
Figure 2 Overview of REF_3K3W_3LFC_PSU
Application note 7 V 1.
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Background and board overview

To achieve the power density target, a-flimensional mechanical assembly is hecessary and multiple
daughterboards are assembled on the main P@B shownm Figure3.

MG500003080 Primary PCBs
MG700003071 SR PCBs

Figure 3 REF_3K3W_3LFC_PShhin board and daughter cards with their assembly

Theboard uses thdollowing daughterboards:

1 The mainboard (M100000388 hosts the passive components of the input and output EMI filters, the PFC
inductor choke, the capacitors of the intermediate bulk, and provides mechanical support and electrical
connections for the daughterboards

1 Thethree-level PFC higHrequency board (P\A0000L388 mounts the three-level PFC and is mounted
perpendicular to the main board

1 The LLC and PFC SR power card (PW2IB8® is assembledt the center of the board, and hosts the PFC
SR stage, the LLC primasyde,the inrush relayand the flyback power supply for housekeeping

1 The planar primary and secondary PCBs (MG500003080 and MG700003071) are embedded in the
transformer structure for primaryand secondaryside planar windings

1 The control PCB (CD100D888 hosts the two primaryand secondaryside controllers,and provides
isolation to the UART communication channel and the PWM of thehalfzbridge MOSFETSs

1.3 #1 HP? LN?L ; L=BCN?=NOL?

REF_3K3W_3LFC_PiS@ unidirectional PSldontainingtwo stagesand anauxiliary baby-boost converter The
architecture includes

1 A frontend threelevel AGCDC convertethat performs PFC and maintainingpw THD

Application note 8 V 1.
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;

1 Anisolated haHbridge LLC D@OC convertethat providessafety isolationand regulated output voltage

1 A babyboost DGDC stagehat activatesexclusively during line cycle dropout® ensurehold-up time
compliance

Figure4 shows asimplified block diagram of the full PSU

The control of theBLFCAGDC converter is implementedsing InfineonA XME4200MCUwith PFC, THD,
voltage regulation,inductor overcurrent protection (OCP), overvoltage protection (OVP), undervoltage
protection (UVP), undervoltage lockout (UVLIO) the bulk and the flying capacitgrsoftstart, synchronous
rectification (SR) control, adaptive deatimes, and serial communication interface towards the LLC secondary
side controller.

The control of the LLC converter is implementedinga third-party MCUreferenced to the secondargide
groundykand features voltageegulation, burstmode operation, output OCP, OVP, UVP, UVLO;saft, SR
control, adaptive deadtimes, and a serial communication interface. The isolation between the two controllers
(UART communication and PWM signals for the primside half-bridge of the LLC) is manageasing aquad-
channel digital isolator.

In the frontend AGDC converterthe high-frequencyleg usesin total four 25 mA CoolSiGA400Vswitches
driven by two EiceDRIVEERREDBB275Ygate drivers The lowfrequency leg uses four 16 ACoolMOSU
switches in parallel with a combination of EiceDRI\HEREDB8275khigh-side)and EiceDRIVEHRLEDN8115B
(low-side).

For the LLC converter, four 42ArCoolGaNHare used for theéhalf-bridge HV primaryside in conjunction with a
combination of EiceDRIVERLEDB8275Fhigh-side)and EiceDRIVERLEDN8550@ow-side). For the
secondaryside SR, an integrated approach is followshe SR MOSFETSs are mounted on the secondiatg

PCB windings and integrated on the same magnetic structure that realizes the main transformer, the resonant
inductance, and the magnetizinghductance. The LLC SR stage usepi@2esof 4.6 mA OptiMO$b power
transistors, driven by8 EiceDRIVERREDB7259K. Se&ection3.3for more informationon the integrated
transformer assembly

To ensure holdup time specifications are met while reducing the amount of bulk capacitance of the PSU, a
baby-boost converter is used to decouple the bulk voltage from the LLC input during the Juplévent. During
steady-state operation, the babyboost is bypassed by a lovwhmic 16 nA CoolMO$iswitch.

F— oo V| PR e rem—
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Figure 4 Simplified schematic of the REF_3K3W_3LFC_PS$ldototype
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2 3 CHaA B? NIB L3 ?? D %&F

A simplified schematic athe three-level PFC stage dREF_3K3WBL PSUs shown inFigure4 while the
hardware implementation of the fast SiC leg and its location within the board is showRigure5. The AC inlet
is followed bythe NTC and relagnd two-stage input EMI filter.

TheACline is connected tathe high-frequencyCoolSiGfast-leg of the three-level PFC(Q4r 4 Qur 5 Qhe_sn @and
Que_anin Figureb) viathe PFGinductor and neutral to the SR leg of the convert@sg nsand Qr dn Figureb).

Thehigh-frequency SiC leg operasgat 45 kHz switching frequencyhereas the two SR legs rectify the AC
current according to the detected line voltage.

Qs 4 —
RS L } Qui_an H}
'_
'_
' —
Qpr_gn H}
'_
MTC+ | | YL
Retay | Ls o == .
V. npur EVI o sense —~ Cour Vouik
'_
Qwr g H}
'_
'_
Qsg, 4 -
'_
|_
'_
Figure 5 Simplified schematic of the AGDC converter inREF_3K3W_3LFC_PSU
2.1 4 BLEP?P?F 0&# =1 HP?LN?L | J?L; NCIH

This section delvemto the detailed operation of the thredevel PFC convertemwhichcan be divided into two
main scenarios: when the duty cycle is lower than 0.5 and when it is higher than 0.5.

Specifically the section examineshe current flow paths involved in the charging and discharging of the flying
capacitorwhen phaseshifted modulation is appliedproviding a comprehensive understanding of the
converter's behavior under these condition3.he analysis islescribedonly for positive AC, with the inductor
current returning through the lowside MOSFETS in the lefrequency haltbridge. Similar operation happens
for negative AC, when the PFC choke current returns throtighhigh-side switchesof the slow leg.

Application note 10 V 1.
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Figure 6 Involved current flow paths when the duty cycle is higher than 0.5

When the duty cycle isigherthan 0.5, the converter operation can be divided into four distinct phases, as
shownin Figure®6.

Each phase is characterized by a specific current flow path and switching configuration

1 Phase I:The inductor is charged, and the currentincreases, following the path highlighted by the red
arrows inplot b. The voltage across the flying capacitor remains constant, with both MOSFEaad)X®
closed

1 Phase Il:The flying capacitor begins to charge, dependent on the duty cycle and inductor current. MOSFET
Qaand enare closed, and MOSFEE &§hd anare open, as highlighted by the green arrows in plot b

1 Phase II: The energy stored in the inductor is transferred to PFC conveotgput, resulting in aeduction
in the voltage across the flying capacitor. The current flow path is highlighted by the blue arrows in plot b,
with MOSFET €and anclosed

B-6n | Lst | ) "J} J}‘ R
Qsaps |4 t
A-An LSO . Q"F’M—’»: }
' ' i |>—d} < 7Yy
Uge = 400V Q"F—ME }
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) V“ mp(:‘\:rw o, sense I ~ Cour Veouik
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m {m P Qur B :‘
e E— t ! Qspis . Vi — ?
UsFe = Qur_a I
[ —
Ugcl2 = 200V |-<|
| l t [ time P — A 4
st tsw = + I
(@) (b)
Figure 7 Involved current flow paths when the duty cycle islower than 0.5

When the duty cycle imwerthan 0.5, the converter operation can also be divided into four distinct phases, as
shownin Figure?.
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i

Each phase is characterized by a unique current flow path and switching configuration

1 Phase I:The flying capacitor begins to charge, dependent on the duty cycle and inductor current. MOSFET
Qaand Bnare closed, and MOSFEE &§hd anare open, as highlighted by the green arrows in plot b

1 Phase II:The inductor discharges, transferring power to the output, and the voltage across the flying
capacitor remains constant. Both MOSFET&&nd nare closed, and the current flow path is highlighted
by the yellow arrows in plot b

1 Phase lll:The inductor is charged, and the currentincreases, following the path highlighted by the red
arrows in Plot b. Both MOSFETan@nd (B are closed, and the voltage across the flying capacitor remains
constant

2.2 ' NCP35B,LIPACHA NMINFGDNCI H @I L

The operation of flying capacitor (FC) multilevel converters relies on natural voltage balancing during steady
state conditions.However, at startup, the absence of PWM control prevents the FC from charging, resulting in
uneven voltage distribution across semiconductor devices.

This issue is particularly critical for 400C60ISiG-based designs in highevoltage AC applications, where
excessive voltage stress on outer devices can occur.

A significant challenge arises when the AC voltage is applied before PWM starts, as the FC charging path is
blocked by stacked devices in the multilevel structur€his prevents the preharge of the flying capacitor, and
if any precharge technique is applied, the outer devices must block the full AC peak voliagle worstcase
scenario, thiscanresult ina 422 V peak voltage for a 300 VRMS AC, posing a risk of overvoltage toatéd V
SiC devices.

The operation of flying capacitor (FC) multilevel converters relies on natural voltage balancing during steady
state conditions.However, at startupa significant challenge arises when the AC voltage is applied before PWM
starts, as the FC charging path is blocked by stacked devices in the multilevel structhre prevents the pre
charge of the flying capacitoand the outer devices must block the full AC peak voltage.

This issue is particularly critical for 400C60ISiG-based designs in highevoltage AC applications, where
excessive voltage stress on outer devices can octiuthe worstcase scenario, this could correspond to a 422 V
peak voltage for a 300 VRMS AC, posing a risk of overvoltage todONSIC devices.
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Figure 8 Simplified diagram of the removable current path added for FC charge during start-up and
required circuitry
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To address this issue,@ntrolled charging method is proposed, which implements a dedicated current source
Figure8 (markedin the figure as5), Figure9 (b) to pre-charge the flying capacitor to the target voltage, typically
half of the DELink voltagewhen the AC is applied to the converter. Once the target voltage is achieved, the
current source is automatically disabled.

A key feature of this solution ihat it incorporates ahysteresis bandsee4 within Figure8 and Figure9 (c)),

which maintains the flying capacitor voltageharged around the targeted voltagehen the AC is connected

but the PFQsinactive. This ensures the flying capacitor voltage is sustained without control intervention. The
hysteresis control is achieved using the voltage sensingapp (see3 and 4 within Figure8 and Figure 9 (c)
which is also utilized for PFC control, thereby reusing existing circuitry.

To provide power to the flying capacitor voltage sensing-amp, a lowdropout (LDOY)1 within Figure8 and
Figure9 (a)) regulator is implemented. The LDO supplies the-amp from the beginning and is automatically
disabled when the flyback2 within Figure8) starts to operate.

The proposed circuit offers multiple benefits beyond the pobharge sequence. It provides a continuous
regulated voltage at the flying capacitor without control interventioikeven when the converter is not enabled
but plugged into the ACThe current path is disabled during steaestate operation.The implementation of the
LDO makes the operation of the FC charge circuit independent from the bias converter.
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Figure 9 Active pre-charge circuit implementation

FigurelOand Figurellshowthe complete startup sequence of the PSkwith a particular focus on the pre
charge circuit sequence. The startup process is divided into five distinct phases

1 First phase (TO to T1): Whenthe AC input is connected to the PSU. At this point, the current source
provides an alternative path for preharging the flying capacitor, while the LDO regulator supplies power to
the voltage sensing operational amplifier. As the flying capacitor reachgsarget voltage, thecomparator
disables the current source at T1

1 Second phase(TO0 to T2: Represents the time required for the flyback converter to power on and provide
the supply voltage to the full PSWfterthis phase, the LDO &uto-disabledby the flyback

1 Third phase (T2 to T3: ThePFC controthecksif the voltage of the flying capacitor is within the acceptable
range, typically around half of the Dlihk voltage

1 Fourth phase (T3 to T4: Marks the beginning ofthe PFC operation. The voltage in the Bi@k increases up
to 400V, and the flying capacitor voltage &uto-regulatedto 200V

1 Ffth phase (T4 to T9: When the PFC is in range and sends a startup command to the ThiS triggers the
LLCstartup sequence

Finally,at T5, The converter operates in a steaetate condition.
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Figure 11 Pre-charge circuit and PSU startup
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Thethree-level PFC oREF_3K3W3LFC PSUmplements CCM average current mode control with duty and
load feedforward. Unlike the classic PR&herethe AC voltage is rectified by the diode bridge, in the bridgeless
totem-pole PFC convertethe inductor current is both positive and negative. In addition, isolation or common
mode rejection is required to measure the inductor current if the control ground is plhtethe negative rail of
the bulk voltage, ass traditionally done in the classic PFC.Hall-effect sensor is therefore a good solutidar

this kind of system.

The output of theHall-effect sensor matches the ADC inputs when supplied with the same volfgaesitive

and negative currents are measured with the span of the ADC and a shift to half of the ADC range for zero
current. The sensor has enough bandwidth to also sense the Higlgiuency ripple and therefore, the same
signal can be used for peaturrent limitation and input OCP. In case of a lower bandwidth, tHall-effect
sensor typically offers an overcurrent detection signal, whichnbe used for the sam purpose.

Regardinghe bulk and LLC input voltage, they are sensed by the PFC controller via resistive partition as shown
in blue inFigure12 The AC sensing chain is showrwiolet. It is split ino positive and negative AC sensing with
respect to ground and the two resulting signals are then summedhe analog domain.Lastly, the polarity of

the AC input is obtained via comparator, shown in orange.

.}
Qs |E}

NTC+ Hall
Relay — Le o1

Input EMI
Vac @ filter

G
pulk Baby boost

CONVerter

Figure 12 Sensing circuitry required to control the three-level PFC converterwith XMCH

Since the AC voltage is used for the current reference generation in the selected average current mode
structure, the current reference is a fullave rectified sinusoidal sequence. However, the curreehse after
the ADC is a sinusoidal sequence with offset at half of the ADG. Sgeerefore, the ADC result from the current
sense requires the offseéb be removed before being rectified according to the AC polarity signal. These two
steps, together with extra gain, are implemented by tb@CHxcontroller software.

Application note 16 V 1.
202506-20



o _.
3.3 kW highfrequency, high-density PSU with three-level flying ‘ |nf|neon

capacitor PFC for server and data center applications
Single-phase three-level PFC

Figurel3shows the block diagram of the control implemented in the 3LFC R&Cnain differencefrom a
totem-pole control implementation is the addition of the flying capacitor balance blgasshownin blue
within Figurel3.

The FC balancing is implemented to support the natural balancing of the 3LFC converter in case of possible
asymmetry in theMOSFETriving signals or dynamic conditions during operation.

A proportional controller modifies the duty cycle of one of the phaskifted PWM, so the FC can be further
charged or discharged according to the sensed error.

The control has been implementedsinga XMC420MCU

LP e cce EQ$M

vem v @

m m

f—> —>| ccese HQ¢\
e o hla
Tal n
Figure 13 Current loop structure with duty -cycle feed-forward (DFF)and flying capacitor balancing
control
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The performance of the PFC converter in REF_3K3W_3LFC_PSU has been measured withack¢ne DG
DC.Figurel4presents the measured efficiency and losses of the flying capacitoD&Cconverter for different
input voltages. Fomnominal AC voltage (239), the A€DC PFC stage is capalienear99.2%peak efficiency

at 45% of the rated load, whthremains above 98 % up to fullload. A higher efficiency is obtained at 265
input voltage, taking advantage of the lower current in the PFC converter. On the contrary, at the lowest
voltage of the AC input range, the efficiency rapidly degrades with the Idagurel4alsoincludes the
measured losse$or theseefficiency points. Thelemonstratedmeasurements do not include fan consumption.

The input current performance is introduced iAgure 15. Total harmonic distortion of the input current
remains under 10% for all the measured points with a THD under 3% for nominal input voltage and full load
operation. The power factor is over 0.99 from 30% of the load and very clofgetanity power factor for full
load operation for the whole AC voltage range.
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A lossestimation model has been tuned according to the efficiency measuremestiswn earlier Figure1l6
shows the results of the losses modé demonstrates theexcellent switching performance o£00lSiGA00V
devices,and how the conduction losses are dominant in the hiffiequency stacked devices of the 3LFC PFC.
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i

The voltsecond reduction in the PFC choke, motivated by the doubling effect of the switching frequency and
the switching node voltage reduction of the multilevel topology, reflects in the core losses and enables a lower
inductance. Because of thatt is possible to reducéoth the PFC choke size and turn numb@&@onsequently,

the winding diameter can be increased, which is visible in the copper losses on the PFC.choke

Losses Distribution Estimation
12

=
o

50% 3LFC 230V
m 100% 3LFC 230V

A1 ol nmn III

SiC Pcond SiC L core L copper Pbulk Pcond LEMI+Relay Aux
Pswitch

Losses (W)
(o)) [e¢]

N

N

Figure 16 Estimated loss distribution for 230 V AC voltageand 50% and 100% load operation of the
3LFC PFC in REF_3K3W_3LFC_PSU
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This section compares the flying capacitor multilevel topology presented in this document, with the
interleaved totempole PFC implemented ifi.0]. BothREF_3K3W_3LFC_PSU &+ 3K3W_HFHD_PKave

the same power rating and dimensions, which leads to the same power density. Both designs implement the
same LLC converteand EMI filter and the hold-up time extension circuit.

Two of the three main design aspectscluding a high impact in power densityare common between the
interleaved totempole and 3LFC compared in this section. On drand, the required bulk capacitance (with or
without hold-up time extension circuit) is the same if both converters are desidfor the same holdup

request. On the other, since both achieve a doubling of the switching frequency and a ripple reduction of the
input current, the EMI filter can be considered the same. Therefore, the compaiiisdinis section focusesn

the PFC choke volumandthe achievable efficiencysing CoolSiG400V devices.

The PF chokes for the interleaved configuration are rai@chalf of the input current. However, in a 3LFC PFC
the single PFC choke iated at the full input current. Despite that, the much lower inductance required due to
the four times volt-second reduction of the 3LFénhables aPFC choke volume reductioof up to 60% compared
to the interleaved totempole.

The PFC choke design of both reference designsgavenin Tablel. The PFC choke volume reduction might
not have a significant impaodn the total volume of the PSU, but it offers the possibility of a mechanical
optimization for a better cooling or improved airflow within the PSU.
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Tablel PFC choke design comparison between interleaved totempole and 3LFC PFC

Number Core Turns Inductance@0A
Interleaved Totempole 2 CH270060GT14 64 384uH
3LFC 1 CH270060GT 42 131pH

Moreover this PFC choke volume reduction comes together with increiperformance of the converterThis
combination makesthistopology very attractive for applicationsvhere performance and power density are
key requirementsFigurel7 showsthe comparisonbetween themeasured efficiency of the PFC converter of
REF_3K3W_3LFC_PSU and REF_3K3W_3LFThe3tterleaved design implements7 mA CoolSiG650V
devices,while the 3LFGnounts 25mA CoolSiGl400V devicesThe increase peak efficiency at nominal input
voltage (230V) is 0.3%, with a considerably higher improvement at light load. Forldall operation, the
efficiencies of both options are similar.
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Figure1l8shows a loss estimation comparison of both solutions for the semiconductors and PFC chdkes.
otherlosses included irFigurel6are not compared since they are common for both implementations.
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Figure 18 Power loss breakdown comparison between 57 G 5 ITTPPFC(orange) and 25G 5 3LFC PFC

(blue) for 100% (left) and 50% (right) load
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Regarding théhigh-frequency semiconductorsthetotal losses are clearly lowen the multilevel approachat
50% load condition due to lower switching lossébanks to the lower voltage to be switched anbetter figure

of merit of CoolSiGL400 Wevices. At full load, the losses @oolSiGldevices of both designare quite similar,
with slightly higher losses for théhree-leveldesigndue toincreased conduction lossesfor the multilevel
topology. The inductor losses are reduced3hFC due to the vokecond reduction (improved core losses), and
the thicker wire enabled by the turn number reduction (reduced winding losses) mentioned above

2.5 SLCRAHMAG G#» # 1 HECH /3B #

In atotem-pole PFCthe bootstrapping techniqueis typically implementedkbut the behavior of this technique
is unknownto this topology. Therefore, an isolated suppily designedor the drivers of the four stacked
devicesbecause theCoolSIGHIMOSFETSs are sensitive to gate voltage supplgncereducing the
recommended voltage leadto a channelresistance increase.

Usingthe proposedisolated supplycircuit shownin Figurel9guarantees a reliable and stable supply for the
drivers in all the conditionsincluding abnormalACconditions or dynamic operation

The isolated supply is based on an oscillator driving&@Bintegrated transformer, as shown irFigurel9. The
presented circuit generates four isolated A8 outputs from the 12/ supply provided by the bias converter. The
transformer implementsfour turns for each windingn asix-layered PCB and an inexpensive ER14.5/6 ferrite
core.

Figure21shows how the isolated bias supply isiplemented withthe PFC power card (PW10000238long
with the 400V SiC devices in TOLL package and the ceramic flying capacitors.

PRI 12V

HRJD

Ri1 C2

R
+—|0SC_GND

Figure 19 Driving CoolSiG-uwith EiceDriver HLLEDB8275F

The driving of the CoolMG8VMOSFETor low-frequency halfbridge in the bridgeless PAS shown inFigure20.

A hybrid driving approach with an isolateldigh-sideand nornrisolatedlow-sidedrivershas been adopted8].

Also, a bootstrap approach has been adopted to minimize costs. In this case, proper capacitor dimensioning is
required toavoid discharging andoreachingthe UVLO threshold of the driver.
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Figure 20 Driving CoolMOS-uwith hybrid driving : EiceDriverHULIEDB8275Flong with 1IEDN8511B
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The hardware implementation of the PFC is distributed among the PFC power éaM{00QL389)hosting the
high-frequency MOSFETS, the LLC power card (PW200001388) hosting the synchronous rectification stage and
the main board hosting the PFC inductor, input line filter, and NFgure21showsthe top view of the power
daughter cards and their location. The PFC power card implements not only the multilevel PFC, but also the
previously presented driving supply and FC peharging circuit.

—— CoolSiC 400V
Pre-charge
+
PW200001388 sonsing Flying capacitor
circuit . 3. 326 mm
PW100001389
PFC synchronous redification
(IPT60R0O16CM8, 1EDB8275F and
1EDN8511B)
Figure 21 Hardware implementation of the interleaved totem -pole PFC
2.7 "SI I MN NMN;?RN72EB> NMBCGE>

To have a significant improvement in the power density, a viable and accepted approach is to implement a
reduction of the bulk capacitance. Indeed, under steadjate conditions, the converter can operate with a
lower bulk capacitancekprovided that the 100 Hz ripple of the bulk voltagemainsbelow the maximum
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voltage rating of the components, the maximum RMS current can still be handled by the remaining bulk
capacitors and the converter still meets the requirements in terms of load transients.

Overall, two criteria need to be satisfied:

Thetotal PFC output AC current stress must be lower than the maximum RMS current the capacitor bank can
handle and the capacitance value must be high enough to:

1 Preventthe bulk voltage to exceed the voltage rating (usually capacitors lithié voltage stress)

1 Enablethe PFC stage to operate with the required power factor and total harmonic distortitat(is, the
minimum steadystate bulk voltage coming too close to thexdpeak at the input)

1 Supply the LLC converter for 10 ms at full output power (3.3 kW) dutirgAC line dropout (ACLCDO)

In a standard server power supply with 3.3 kW maximum nominal output power, assuthie@veragebulk
volta (Musnom) IS 410 Yeand the minimum bulk voltage (Mismin) is 395 Wcduring steadystate operation at ful
load, andthe minimum bulk voltage during LCDO (V. coomi) is 360 Mc(as shownin Figure22) the minimum
capacitance required to achieve the 10 ms halg time is

h

Equation 1

which results in around 2.5 mF total capacitance.

ForREF_3K3W_3LFC_P3W allowing the MsocomitO go to a voltage as low @90Vhg the amount of
capacitance required to continue providing fulbad current is in the 90QlF range, which is far lower than the
2.5 mF estimated above, enabling higher power density.

— AC grid voltage
A PSU AC input current
) <10 ms ,
— >

i
|
|
|
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I

\l AC-LCDO event

—— PSU Bulk voltage

v

= Vbus.max
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t

Figure 22 Simplified waveforms of the AC voltage, AC current and bulk voltage during a 10 ms LCDO
event

Application note 23 V 1.
202506-20



o _.
3.3 kW highfrequency, high-density PSU with three-level flying |nf|ne0n
capacitor PFC for server and data center applications
Single-phase three-level PFC

Figure23shows an excerpt of schematic of the babwpost converter implemented irREF_3K3W_3LFC_PSU
where Muk is the bulk voltage (input of the babipoost converter), and V+ is the input voltage of the LLCC
backend stage (output of the babpoost converter).

During an ACLDO event, the static switcBdpsconnects the V+ and the,) rails, and as soon as an
undervoltage is detectedlongwith the absence of grid voltage, the babyoost starts operating to bring the V+
voltage back to the nominal value allowing a deeper discharge of the bulk cap voltage.
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Figure 23 Schematic of the baby-boost circuity on the main board to comply with ACLDO specs
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As a backend DOCconverter, a hakbridge LLC toptogy with fulkbridge rectification has been selected. This
conversion stage provides safety isolation and regulates the output from the 400 V bulk volfagamplified
schematic of the chosen topology givenin Figure24.

Vicin r
o Integrated planar transformer
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Figure 24 Simplified schematic of the LLC HB DEDC converterin REF_3K3W_3LFC_PSU

3.1 (;L>Q; L? CGIJF?G?HN,; NCIH

The LLC DOC converteprimary isplaced on the LLC power cafeéigure25, whichdrivesthe integrated
transformerthat integratesthe secondaryside synchronous rectifiersThe primary side haitbridge is
implemented in the LLC power card (PW200001388), which also holds thdrémyuency halfbridge of the PFC
and the bias converter.

~ M100001388

MG500003080 Primary PCBs
MG700003071 SR PCBs

Output filter

Planar magnetic structure with integrated
secondary side synchronous rectification stage
(IQE046N0O8LMS5 + 2EDB7259K)

Primary sidé half bridge of the LLC
(IGT65R035D2 + 1EDB8275F and 1EDN8550B)

Figure 25 Primary and secondarysides of the LLC converter
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3.2 %Y@Q@C=C?H=S ; H> FI MM? M

The measured efficiency of the habiridge LLC converter is plotted for 400 VDC nominal input voltaggigure
26. Efficiency is near 98%at 50% of the rated loadand remains around 98 percent at futdad.

98.6 70.0
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157y 1838 —&-LLC efficiency 400 VDC 100
970 " le6.03 ~#-LLC losses 400 VDC '
96.8 0.0
10 40 70 100
Output Power [%]

Figure 26 Efficiency of the LLC DEDC stage witha CoolGaNHdevice having a35mJ) on-resistance

Figure27showsan estimated power lossedreakdownfor only the LLC converterThe maincontributors to
power losses are conduction losses of theémary side, the synchronous rectifiers, total copper losses of the
series and parallel inductance, and the main trsformer itself.

Losses distribution of the LLC DC-DC, 50% load Losses distribution of the LLC DC-DC, 100% load
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Figure 27 Power loss breakdown for the LLC DEDC stage witha CoolGaNHdevice with a35mJ on-
resistance

3.3 ) HN? AL; N?22L C> A? BO,FAGH2 N C =

One advantagef the LLCtopology is reusing the leakage inductance of the main transformetlasresonant
inductance of the tank and the magnetizing inductance of the transformeragsarallel resonantinductor.
However this compromises theoverall efficiency and thereforghe REF_3K3W_3LFC_P&ktsignhas series
and parallel inductors integratd in the main transformer structure to minimize spaceigure28shows the
cross section of the transformestructure.

Application note 26 V 1.
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It is important to mention that the magnetic structure presented Figure28is keyto this design achieving the
target efficiency of 98.percent(LLC only), integration of the synchronousctification stage and the required
power density.

___— Ferroxcube core PQ35/16.8/G1500-3F36-G800
- w/ integrated gap

£ 1 Triple insulated litz wire 800x 0.05mm
Resonant inductor £ ————— " PackLitzWire Rupalit Safety V155— 3 turns
(1.65 uH nominal) ;
£ t—————__ Plasticring spacer
Magnetizing ind. £
{10 pH nominal ) ; Triple insulated litz wire 300x 0.05mm
PackLitzWire Rupalit Safety V155 — 8 turns
E FR4 ring spacers
e
Main HF ~—— Primary-side windings (standard FR4 PCB)
transformer
E Secondary-side windings (standard FR4 PCB)
g + sinchronous rectification stage
—
e —— _ ™ Ferroxcube main trafo
Z-dimensions: core PQ35/20-3F 36
- Core only: 26 mm
- Core with planar winding PCBs: 47.5 mm
Figure 28 Integrated planar transformer assembly »cross section

The overall size of the full magnetic structuri@cluding series and parallel inductors of the LLC converier
35mm x 37 mm x 47.5 mm. The magnetic structure adopts two PQ33F6 cores from Ferroxcube for the
main transformer, and two PQ35/16.8/G15@5-36G800 cores with integrated gaps from Ferroxcube for the
resonant series inductor and the parallel inductor tdfe LLC converter. The 8:2 main transformer stack uses
four primary and four secondary PCBas shown irFigure29, with full interleaving to reduce higkfrequency
copper losses.

Inbetween each PCB couple, an FR4 spacer is also inserted to increase the air gap between the wiktimgs
consequentlyreducesthe interwinding capacitance for each interleaving layand keesit constant. It has

been measured that the ring spacers between PCBs decrease the interwinding capacitance from about 140 pF
with no spacergo about 60 pF with FR4 spacers.

MG700003071 Secondary-side windings
with integrated SR stage

MG500003080 Primary-side windings

SR stage: Optimos™ 5 IQE046NOBLM 5
plus EiceDriver™ 2EDBT253K

Figure 29 Primary - and secondary-side winding PCBsof the transformer
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BTM

Primary-side

PCB windings ‘
)

L3

Secondary-side
PCB windings

Figure 30 Planar winding arrangement in the main transformer

As mentionedpoth the series and parallel inductors use cores with distributed gdp reduce losses caused by
stray magnetic fieldsLitz wires are employed to reduce AC resistance anigh-frequencycopper lossesThe
series resonant inductor usethree turns of 800 strand 0.05 mmniple-insulated wire, and the parallel inductor
useseightturns of 300 strand 0.05 mm, both Rupalit Safety V155 from PackLitzWis.results irthe overall
height of the full magnetic structuréeingonly 37mm, enablingit to fit in the 40 mm 1U maximum heiglimit
according to the standards

Primary side planar windings

SIDE VIEW TOP VIEW

Secondary side planar windings

Figure 31 Integrated planar transformer assembly picture of an assembled prototype

3.4 $SLCPCHA H# HBFY7 JINKCH /B2l HP,7#L N? L

Theprimary-side of the LLC converter @sfour CoolGaN{power transistors eachhaving a35mJ on-
resistancein aTOLL package (CoolG&NGT65R035D2with both high andlow sides having two devicesin
parallel. Todrive the CoolGaNdevices efficientlywhile paralleling, a common mode (CM) choke is suggested
in series with thegateloop in orderto increase CM impedance without affecting the differential mode (DM)
impedances which could affect the driving loog-or this purpose, four Cighokes from Bourns (SRF2012
361YA) havbeen used, as shown iRigure32. See Reference$] for further information about GaN paralleling

Application note 28 V 1.
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The GaNalf-bridge primary leg of the LLC does not require isolation since it is already implemented with
ISOFACHUdIgital isolatorsFigure32. Hence hybrid driving is employed to ensure high CMTI, flexible
placement and alower overall impedancelue to gate loop optimization. For furtherinformation on hybrid
driving for CoolGaM,see Reference§7]-[9]).

HSon  HSoff HSon

v+

1
o) %T65R035D2 IGT65R035D2°|
4 g 1 1 gQ2 HS_vcciCl GNDcs
7. ‘ - 2f vecz  GNDL—2-{GND Impp
LSE Hs 1 ouw - FHGND | So/R8
g H 33 HSoff out IN+ (T8 PWM_LLC_HS
4 SRE2012-361YA SRF2012-361YA 1 81 onp2  veerft PRI_12v
A e c8 R9
HSKS — 1EDBB275F %5\5
XREND
LSon Ic2 R10
RZ%RZQ Lsoff—284 ouT_snk INN [t —{z33—|PWM_LLC_HS
£ 4 R13
Lson—24 oUT_SRC IN_P [ —[ZZ}—PWM_LLC_LS
@ IGB%SRO%DZ [ S i6TesR035D20) L2 4 RM
L, % 5 L4 1 Q4 LSk} GND VDD {TR—PRI_12V
AN 1EDN85508 1%
T 35v
5 g X7R
3 SRF2012-361YA SRF2012-361YA 3
&b GND

Figure 32 Driving CoolGaN-wwith hybrid driving (EiceDriverHULEDB8275Rvith 1IEDN8550B)

For the bias supply of the OptiMBGBIOSFETsn the secondaryside,a bootstrapped solutionwith a5 \Acbias
is used as shown irFigure33. Due tospace constrains, EiceDriveHRZEDB7275K ia5 mm x5 mm package is
used,which preciselyfits the small space available on the secondary board stacked in the transformer
structure (seeFigure28).

T1 T2
24 IQE046N08LMS 24 IQE046N0BLMpB
2 8ov 2 sov
R3 4 ,_} R5 4 ,_}
e [
— —
5v & 4 o
GND_sed—21 GnDI vopa 18 o
2 12 T
PWM_A_S| INA OUTA
PWM?B?sEa:i INB A& Sec 1 £
GNDA 11 35V b
5v—21 voDI X wrasw oo
5 ]%ND_SEDlmov R1 X8L
T3 T4
n —2cf DISABLE | VDDB P e P17 24 IQE04GNOBLMS =1 IQE046H08LMS
GNDfse STPIDTC | oUTB P2 TS5 R4, RE6 , 8OV
, g =IF u—} n—}
5v VDDI GNDB o . ]
4 o
c15 IC1 2EDB7259K -
1uF
Issv
X7R
GND_sec
Figure 33 Driving OptiMOSHuwith EiceDriver HREDB7259K
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Experimental results
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Thissection provideghe specifications performance,and behavior of the PSU for each single blauokd the
overallPSU Table2 shows the required performance and specifications under several steathte and

dynamic conditions.

Table2 Summary of specifications and test conditions for the 3300 WPSU

Test Conditions Specification

Input voltage Mc X 180 Mcto 265 Vic

Output voltage Wc X 50 \bcnominal

Output power Input 180 Mcto 265 Vic 3300 W

Steadystate ripple (max.) X + 500 mV pak-to-peak max.

Efficiency test (full PSU)

Input 230 Wcat 50 Hz

97 63% peak

30% to 100% ofull load

96.75%min.
Input 230 Wcat 50 Hz 97.15% min.
10% to 30% ofull load
iTHD (max.) 230 Mcat 50 Hz 8%
Power factor 30% to 100% load 0.98 min.
Dynamic Load Load jumps fom 10% to 90% every
25ms
Hold-up time 100% load 10 ms
Overcurrentprotection (OCP) | Shut down and latch >65A
Overvoltage protection (OVP) | PFC bulk voltage 440 V¢

Undervoltage protection (UVP)

PFC bulk voltage

330 Wcin LCDO conditions

ACline cycle dropout (LCDO)

100% load

10x [10ms dropout, 100msinterval]

Sagvoltage (T<500ms) 230V to 160V at full load at 0° and
45° for 500ns

Sagvoltage (T>500ms) 230V to 160V at full load at 0° and | The board has to work for 50@s and
45° then restart when tle ACis back in

range

EMI EMI at fulload (measured in the lab| The board has to be compliant with
with an uncertified setup) ClassA requirement

4.2 035 ?2?@@C=C?H=S ;H> JI Q?L FI MM?M

Figure34shows the efficiency measurements féine steady-state operation of theoverallPSU at different AC
voltages. The efficiency measurements have been obtained with a WT3000 power analyzer with any input
output line filters, and the plots do not include fan power consumption.

Note:

Application note

30

Due to production and measurement tolerances, variationdd#owasobserved.
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Figure 34

Measured efficiencyand power lossesof REF_3K3W_3LFC_PShb fan) for different input

line voltages at 50 Hz

Figure35shows the efficiency measurements for steagdyate operation including fan power consumption. Fan
speed is automatically adjusted for achieving the maximum efficiency inadld ranges.
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Figure 35

Application note

Measured efficiency and power lossesof R
input line voltages at 50 Hz
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EF_3K3W_3LFC_PS{Wwith fan) for different
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4.3 0O&EN? ARSN? Q; P?@ LGM

Figure36and Figure37show the PSU startup sequence at 100 V AC and 230 V AC respectively. These figures
demonstrate the startupand steady statecondition of the full power supply at full load conditions.

e e N e e e N e NN

VFC i @ttt Qi Qi Qe 200/

IAC input voltage — 500 V/div
Bulk voltage Vgy « — 100 V/div
PFC choke current — 20 A/div
s .
2016 me 200.8 e 216m 232 m 2304 me W6 InPUt current - 20 A/div
lying capacitor voltage — 50V/div

Figure 36 PFC steadystate operation at 230 Vi, full -load

4.4 /| ONJ GIN OPE F N, CAJ?2J F ?

C input voltage — 500 Vv/div av

ulk voltage Vgy « — 100 V/div o L o e om L
FC choke current — 50 A/div
nput current — 50 A/div

lying capacitor voltage — 50V/div

Figure 37 Output voltage ripple for 100 percent load conditions
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4.5 (: ®@C>A? , , #

The halfbridge LLC usin@€oolGaNMUGT65R035D@n the primary-side and IQE046NO8LMior the SR stage
Figure38and Figure39showZVS turron and the lossless turoff of the halfbridge LLC at 1®%6 and 50% of

the rated load

LLC series resonant current (Ch6) — 10 A/div
Secondary side SR low side Vps (Ch3) — 20 V/div
j T i P 4 MW Primary side HB low side Vps (Ch4) — 50 V/div

Horizontal zoom scale — 500 ns/div

E oS s 8 Wy

Figure 38 LLC waveforms duringsteady-state operation at 100% of the rated load

LLC series resonant current (Ch6) — 10 A/div
A Secondary side SR low side Vps (Ch3) - 20 V/div
e MY SRR 18 M e ,
Primary side HB low side Vps (Ch4) — 50 V/div
Horizontal zoom scale — 500 ns/div

“ F el b AR i ) W

L LA % %Sy N LA s %S W

Figure 39 LLC waveforms duringsteady-state operation at 50% of the rated load

33 V1.
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The frequency variation of the LLC during steasliate operationdue to the bulk voltage ripple is shown in
Figure4O.

;
At:2178 s VAL 459.22 kHz
Bv: 212.963mV  Av/At: 97.80 kV/s ‘v “ov
1:-169.414017 ms 1:-169.411839 ms 1:-193.415581 ms. 1:-193.413827 ms
v:-7.881V v:-8.0%4V v v77687amy [ v: 59.867 mV 0V
0V 20V
1y 1wy
@ LA @ av
10V 10V
460 kHz 560 kHz,
6 ) 20V / A v
/ K 7
30V 30V
LLC resonant current (Ch5) - 10 A/div LLC resonant current (Ch5) - 10 A/div
Horizontal zoom scale - 1 ps/div o Horizontal zoom scale - 1 ps/div o
~169418ms 169417 ms  -169416ms  -169.415ms ~189ll4rm ~169413ms  -16941%ms 169411 ms  -160410ms  -169.409 ms ~193418ms 193417 ms. ~l§3.l16NJ ~193415ms  -193414ims  193413ms  -193412ms  -193411ms  -193410ms
(@) (b)
Figure 40 LLC Resonant current at fulHload, steady-state for (a) maximum and (b) minimum bulk
voltage
Application note 34 V 1.
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4.6 $SH; GC= =1 H>CNCI HM

4.6.1 , ;> NL; HMC? HNM

ThePSUhas been testedor 10%to 90% load transientwith 1 A/us slew rateand 20 Hzepetition rate, as
shown inFigure4land Figure42.

Afeed-forward mechanism of the output current to the PFC voltage loop has been implemented. This sllow
ultra-fast recovery of the bulk voltage in less than 25 rasablingthe PSU to withstand the transients with 20
Hzrepetition rate even without gopower buffer like thebaby-boost converter.

Vac /.\ /\ /\ /\ Q /\ /\ A
- ‘v‘ \ U T J - ‘v V
N -8 6A
27 6A
g |
s I
Vre
172v C input voltage - 500 V/div
e PFC choke current - 20 A/dw
- ' L. ""LL’L o oy - | T LT -~ HU‘K\ vaiia !“ ‘L‘ ILK 25
< : 1 { Flying capacitor voltage - oO V dlv
i it vt s W e
5 : = - 2
Apoa 3 £B 45 2l SU output voltage - 25 Vidiv
PR | & . | utput current - 60 A/div
Voue | 1 ! ‘ I
vl I \ . ! ' '
| G?A . i
oLLc o [ [ \ I =
I S R S R S IR A B e I i i
@)10A os some 100ms 150 ms 200ms 20me 300 s 350 me 400 me 4some

Figure 41 10% to 90% to 10% load transients of the full PSU at 20 Hz repetition rate

- 500 V/div
— 20 Ardiv

100 V/div

= = _~4AC input voltage
***** —4PFC choke current

Bulk voltag

VAC F\w\g mpartm /Olhqe - 50 V/div
f;

lac i W PSU output voltage - 25 Vidiv

‘\/ Output current — 60 A/div

loLe ET-J

Figure 42 Zoomed view of 10% to 90% to 10%oad transients of the full PSU at 20 Hzrepetition rate

198 209ms. 20ms Bims 22ms 33ms W64ms. s w6ms
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4.6.2 6l FNMAA? N? MN

Forthis high-line design a singlevoltage sag conditioris considered and testedFigure43). The considered
condition is 500ms at 70% of the nominal AC voltage, which implies a temporal operation of the PSU witkl 160
AC inputFigure43and Figure44show thePSUperformance under specified sag conditions for different

starting angles. Itdemonstrates thatthe flying capacitor DC level remains around the steastate value with

an increasel high-frequency component due to the increased inductor curreot onlyisthe average

inductor current limitation applied in theREF_3K3WBLFC PSUboard, butthe inductor peak current isalso

limited to 45 A.

AR A /\f\ AAAA A f’\ A
X@C A U/\/\v\ﬁ?\f\w ‘JAF\‘ /\ v/\vf\if\ f’\f‘\f\ ﬂ \1'\'[\[\

M

L mﬂnmAHAAAAAAAAAAAAAHAﬂAAA
< AW

..........

wwuuuuvvvvvaVvvuuuuvvuu,

WV A MY N\fwwxwmwwavwmewmfm W/w:«

VFc

» : C input voltage — 500 V/div
VOLLC , FF choke currem - 2U A dl\/

FI\ Ing capa L:Jr“ /oltage - ~t Vi d \'

loue — SU output voltage — 25 Vidiv
Output current — 60 A/div
&'J &4 s os M 12ems " Eme N0ms L] “ams Si2me
Figure 43 Sag test 230V- 160V at 0 Deg atfull load for 500 ms
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Figure 44 Sag test 230V-160V at 45Deg atfull load for 500 ms

Figure44shows this behavior when a voltage sag to 16@d6 applied for 500 ms at full load.

However, if the voltage is under the nominal range for longer thiha time specified inTablel, the PSU turns off

and restarts witha soft-start after an idle timeas shown irFigure45.

a
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Figure 45 Sag test 230V-160V at ODeg atfull load for more than 500 ms

Application note 37

V1.
202506-20



Infineon

3.3 kW highfrequency, high-density PSU with three-level flying

capacitor PFC for server and data center applications
Experimental results

i

4.7 (I B33 NCG? ?RN?HMCI H

Hold-up time extension with the baypoost converter(Figure46) has been tested within the PSBroman
operation point of viewthe babyboost stageis not always active, and triggerahen a bulk voltage drop below
380 Vcis detectedalongwith the absence of AC linmput. At this point, the CM8 static switch opens and the
voltage at the LLC input is boostdthking the energy from a deep discharge of the bulk capacitors) until the
bulk voltage achieves a cff threshold of 250 M Under these conditions, a maximum holap time

extension of 14.8 ms has beg@movenat full load until the PSU output dropswith 900 uF nominal bulk
capacitance.

PFC LS LF MOSFET Vgs (Ch1) - 2 V/div
AC input - after EMI filter (Ch2) — 100 V/div

v

Baby-boost output (Ch5) — 20 A/div
Bulk voltage Vauik (Ch6) — 100 V/div .

m A 14.8 ms Horizontal zoom scale — 11 ms/div
—
: i iale 50V

H--- 480V

44 ms 33ms 22 ms Alms os s 2ms Bms “4ms 55ms

Figure 46 Hold-up time at 100 percent of the rated load

4.7.1 ' # CHS =H.1 OW? MN

During line cycle dropout (LCDO), the babgost converter activates, and the resulting waveformssown

in Figure46. LCDO testing was conducted faill load, with phase voltage drops applied &° and 45°the last
condition represent the worstcase condition, as the bulk voltage reaches its minimum peak. The test sequence
consisted often repeated LCDO events, each featurinfiGams complete line voltage interruption, with0O0 ms
intervals between successive dropout§.he main results of th€ CDCiest are reported inFigure47to Figure49.
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Figure 47 AC linecycle dropout (ACLDO) at 10@ercent load, AC phased degrees
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Figure 48 AC linecycle dropout (ACLDO) ab0 percent load, AC phase45degrees
Application note 39 V 1.

202506-20



o~ _.
3.3 kW highfrequency, high-density PSU with three-level flying ( |nf|ne0n

capacitor PFC for server and data center applications
Experimental results

LCDO event,. -,
e
| Ac
I
Vinee
Voc
Ip e B
louc
nput current 20 AJdly
FC choke current — 20 A/div
ulk voltage Vgy, « — 200 V/div
aby boost voltage — 200 Vidiv
VOLLC LC resonant current — 50 A/div
Output current — 33 A/div
SU output voltage — 2 V/div, AC coupling
~10 ms ﬂ:i 10ms 20ms 30m 4“ms S0 ms. &0 ms 70ms soms

Figure 49 Detailed single event of AC linecycle dropout at 100 percent load, AC phase45 degrees
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4.8 4B?LG;, F J?L@I LG; H=7?

Thermal performance of the full rectifier has been taken with Type J thermocouples, fan supplied externally

anda 25°C ambient temperatureThe PSU temperature has been taken with full enclosure to provide proper
coolingas te enclosure conveys the airflow through the high? GJ ? L ; NOL? =1 GJI H? HN NB
right-hand side of the converterAsFigure50(left) shows, the fan sucks air out of the unit, being the LLC SR

getting the cold air entering the PSWritical hotspots such athe PFChigh-frequencyleg, LLGprimary-side,

and SR MOSFETs and drivare shownin Figure50.
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Figure 50 PSU temperature vs. load with IMT65R®5M2H at 180 Mcand 230 Mc
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4.9 % )G?; MOL?G?HNM

The conducted electromagnetic interference (EMI) of the full PSU was measured with the setup shown in
Figure51 The AC voltage is generated by an AC source and the connection to the &st&bisshedwith a line
impedance stabilization network (LISN). The spectrum analyzer is connected to the LISN. The load used for the
test is a passive resistive load.

AC source

N T R >
| ————

Spectrum analyzer Resistive load

Figure 51 Setup used for EMI test

The EMI testsvere performed with an input of 230cand 33kW output power Figure52shows the noise
present in the setup whilé-igure53showsthe results of the average (AVG) and pasitive-peak
measurementsat 230 Wc The PSU is fully compliant with Class A limits in both peak and average
measurements.The measuredoositive peak values representworst-case compared to the quagieak of the
standard. A margin of @B isalsoalways achieved.

80
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Figure 52 EMI setup noise measurements
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Figure 53 AC input EMI of the PSlat 230 Vacinput and 3.3 kW, and a comparison with the EN 55032
limit
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4.10 %W@@C=C?H=Sy %®IN6I f, HiFF itrr WA 0I5 1 0 3 5

Figure54showsthe efficiency comparison between EVAL_3K3 3L _PSU and EVAL_3K3_HFHD_ PSU. To ensure
consistency in the comparison between the two boards, the efficiency of the HFHD was reassessed. It is
important to note that the efficiency test was conducted on a diffetdmench compared to the previous
measurements taken for the HDHF application note. This change in setup may result in some discrepancies
between the earlier and current measurements, as differences in the tolerances of the two setups can affect the
results.

Figure54provides a detailed comparison of the efficiency of the two boards across different AC input voltages,
specifically at 180/, 230/, and 26% AC. In all three plots, the red line represents EVAL_3K3_3L_PSU, while the
blue line represents EVAL_3K3_HFHD_PSU.

ss.312 f

c
Figure 54 (a) PSU efficiency at 180 W, (b) PSU efficiency at 5 Vac, (¢) PSU efficiency at 0 Vac
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Summary

5 30GG; LS

This document presents a comprehensive system solution from Infineon, designed for serveap@idations.
The solution integrates a bridgeless interleaved totepole PFC converter and a ERXC isolated hatbridge LLC
converter, achieving a power density of 98 W/in® and an efficiency level of 97.64% at2@¥62% at 230.Y
and 97.1% at 180.¥(with fan). Tested without a fan, it alsachieves 97.75% at 2654/97.63% at 230,y and
97.39% at 180

The REF_3K3W_3L_PSU reference board employs CotSICVand 600 VCooIMOBSUMOSFETS, and
CoolGaNHpower transistors in TOLpackagesalong with OptiMOSW6 MOSFET.SThis combination of
CoolSit, CoolMO8, CoolGaM, and OptiMOBUtransistorsenables high performance within a compact form
factor, as detailed in te document The bridgeless PFC and halfidge LLC incorporate full digital control
through an XM&4000MCU

The PSU's performance excels not only in steadgte conditions,it also meets power line disturbance and
hold-up time requirements. This is achieved with an additional halgh time boost converter, which can deliver
the required 10 ms holdip at full load.

Furthermore, the REF_3K3W_HFHD_PSU board has been tested using a programmable AC source and an
electronic load. Efficiency, THD, and PF results were obtained using the WT3000 power analyzer from
Yokogawa, alongside waveform analysis with the MSO58 (1 &R%;GS/s) oscilloscope from Tektronix.

Application note 45 V 1.
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3.3 kW highfrequency, high-density PSU with three-level flying
capacitor PFC for server and data center applications

(infineon

Bill of materials

6 "CFF

Infineon main components are marked ibold.

@ G: N?LC: FM

Table 2 Bill of materials for the main board M1000(L388

Designator Value Tolerance | Voltage Description

C1, C2Ce6, C7 4.7nF Y2 300V Capacitor ceramic
C3 0.82uF X2 20% 275Vac Capacitoffolil
C4,C5 2.2uF X2 20% 275Vac Capacitoffolil

C8, C9, C32,C33,C34,C35 |10nF 5% 630V Capacitorceramic
C10 10uF 10% 450V Capacitoffoll

Cl1, C12, C13, C14, C15, C1¢

Cl7, C18, C29 100uF 20% 450V Capacitompolarized
C19, C20, C21, C44, C48 1uF X7R 35V Capacitoiceramic
C22, C23, C26, C27, C37, CA4:

C45, C46, C47, C49, C50, C5

C52 4.7uF X8L 100V Capacitorceramic
C28, C36, C38, C41, C53, C54 100nF X7R 630V Capacitoiceramic
C30, C31, C39 820uF 20% 63V Capacitorelectrolyt
C40, C42 100pF X7R 50V Capacitoiceramic
D1, D2 S8KCDICT 800V Standarddiode

D3 IDL10G65C5 650V Schottkydiode

F1 20A Sicherung

IC1 MCR110120-3 Hallsensor

IC3 1EDN8511B Integratedcircuit
IC4 1EDB8275F Integratedcircuit
J1, J2 7460307 Screwterminal

L1, L2 1.4mH Commonmode choke
L3 30uH Bufferchoke

L4 Inductor

L6 32uH Inductor

NTC1 14R 25% NTCresistor

Q2 IPT60R080G7 600V NMOSFET

Q3 IPT60R016CM8 600V NMOSFET

R1, R17, R18, R19, R20, R21,

R22, R23, R24, R29, R30, R3!

R32, R33, R35, R38 309k 0.1% Resistor

R2, R6 10R 1% Resistor

R3 4R7 1% Resistor

R4, R5 4R7 1% Resistor

R7, R9 10R 1% Resistor

R8, R27 100R 1% Resistor

Application note
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Bill of materials

Designator Value Tolerance | Voltage Description
R15 OR 1% Resistor
R45 R0O03 1% Resistor
T1 TF100003070 PWRtransformer
Currentsense
TR1 MG600003070 transformer
Pinheader, 26
X1 contacts
Faston Connector
X1, X4 TE12174241 Connector
Femaleheader, 10
X3 contacts
Faston Connector
X5 TE1217424 Connector
Femaleheader, 26
X6 contacts2mm
Table 3 Bill of materials for the 3L PFC HF power card PM00001389
Designator Value | Tolerance | Voltage | Description
C1,C2,C3,C4,C5,C6,C7,C Capacitor
C13, C14, C15 100nF | X7R 630V Capacitoiceramic
Cle6, C17 100n | X7R Capacitomunpolarized
C18, C19, C27, C50, C51, C5] 1 uF X7R 35V Capacitoiceramic capacitor unpolarized
c21 1n X7R 50V Capacitomunpolarized
Cc22 220n | X7R 50V Capacitomunpolarized
C26, C28, C39, C40 100n | X7R 35V Capacitomunpolarized
C29, C32, C35, C37 1uF X7R 35V Capacitomunpolarized
C42, C43, C44, C45, C46, C
C48, C49 100p | X7R 50V Capacitomunpolarized
D2 Schottkydiode
Medium power AFschottky diode SOD323,
D7, D8, D11, D1®17 reel, green
IC1 Integratedcircuit
DualchannelsA / 4A high-speed low-side
IC2 gate driverlC
IC3, IC4, IC5, IC6 Integratedcircuit
10kNT
NTC C Resistor
Insulatedgate fieldeffect transiston(IGFET),
N-Channelgnhancementbody diode Pin 1
gate, 2driver source 3source 4source 5
source 6source 7source 8source 9drain,
Q1,02,03,Q4 9 pins
Application note a7 V 1.
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Bill of materials

Designator Value | Tolerance | Voltage | Description

IGFET, XChannelgenhancementbody
Q7, Q10 diode, Pin lgate 2drain, 3source 3pins
Q8, Q11 Bipolar (BJTiyansistorNPN 600/ SOT323
R1, R3, R5, R7 3R3 1% Resistor
R2, R4, R6, R8 2R2 1% Resistor
R12, R13 2M55 | 1% Resistor
R14 51k 1% Resistor
R15 62k 1% Resistor
R16 110R | 1% Resistor
R20, R21 9.31k |0.1% Resistor
R22 7k5 0.1% Resistor
R23 100k |0.1% Resistor
R24 261k |0.1% Resistor
R25 42k2  10.1% Resistor
R28, R29, R30, R31 340k |0.1% Resistor
R32, R33 680k |0.1% Resistor
R34 300k [0.1% Resistor
R35 18k4 |0.1% Resistor
R36, R37, R38, R39 604k |0.1% Resistor
R40 3k9 1% Resistor
R41 5k6 1% Resistor
R42, R43, R44, R45, R46, R
R48, R49 510R |1% Resistor
R51, R56, R58 0 1% Resistor
R52, R53, R54, R55 10k 1% Resistor
Table 4 Bill of materials for the LLCpower card PW20000.388
Designator Value Tolerance | Voltage Description
C2,C26 150uF 20% 16V Capacitompolarized
C3,C7,C8, C9, C17, C18, C3 1uF X7R 35V Capacitorceramic
C4, C6, C10, C11 2n2 X7R 50V Capacitorceramic
C5, C19, C20, C23, C28 100pF X7R 50V Capacitorceramic
C12, C14, C15, C35, C36 100nF X7R 630V Capacitorceramic
C13 10uF X7R 25V Capacitorceramic
C16, C21, C31, C32 10uF X7R 50V Capacitorceramic
C24 100nF X7R 25V Capacitorceramic
c27 1nF X7R 50V Capacitorceramic
C29 33uF 10% 20V Capacitompolarized
C34 330pF X7R 50V Capacitorceramic
Application note 48 V 1.
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Bill of materials

Designator Value Tolerance | Voltage Description

D1, D9, D10 BAT165 X 40V Schottkydiode

D2, D7, D8 DFLS1200 X 200V Diode

D5 FES1JE X 600 V Diode

IC1, IC4 1EDB8275F X X Gatedriver IC

IC2 1EDN8550B X X Gatedriver IC

IC5, IC9 1EDN8511B X X Gatedriver IC

IC6 TLV431B 0.5% 1.24v TLV431Badjustable
precisionshunt
regulator0.5%

IC7 ICE2QR2280G X X Integratedcircuit

IC8 VOL617/3 X X Integratedcircuit

L1, L2, L3, L4 SRF201:361YA X X Commonmode
power line choke

Q1,02,03,04 IGT60R042D X X GaN HEMTransistor

Q5, Q6, Q7, Q8 IPT60R016CM8 X 600 V MOSFET

Q9, Q10 BSS138N X 60 V MOSFET

R2, R5, R9, R14, R15, R16, R 10R 1% X Resistor

R20, R23, R24, R26, R29, R4

R3, R4, R27, R28 2R7 1% X Resistor

R6, R7, R46, R48 1k 1% X Resistor

R8 150R 1% X Resistor

R10, R13, R45 33k 1% X Resistor

R11, R17, R18, R21, R22, R| 510R 1% X Resistor

R36

R12 10K NTC 3% X Resistor

R30, R31, R32, R33 270R 1% X Resistor

R34, R35, R40 15k 1% X Resistor

R37, R39 825R 1% X Resistor

R38 3k6 1% X Resistor

R41 1k18 0.1% X Resistor

R42 1R5 1% X Resistor

R43 2K7 1% X Resistor

R44 10k 1% Resistor

REL1 G2REIAE2CVVHA - | X 12V Relay

DC12

TF1 ICE8032.0205.24 X X Transformer

TR1, TR3 XTO1 X X Common Mode
Power Line Choke

Application note
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Bill of materials

Table 5 Bill of materials for the control card CD10000.388

Designator Value Tolerance | Voltag | Description

C1, C2, C8, C18, C24, C26, ( 100nF X7R 25V Capacitorceramic

C31, C33, C35, C36, C42, C

C50,C54, C59, C65, C66, Cf

C68, C74, C75

C3, C4, C40,C41 10pF X7R 50V Capacitorceramic

C5 10uF X5R 25V Capacitorceramic

C6, C9, C14, C15, C16, C17, ( 330pF X7R 50V Capacitorceramic

C45, C46, C47, C57, C58, C

C63, C64, C71

C7,C70,C72 100pF X7R 50V | Capacitorceramic

C10, C23, C25, C27, C30, ¢ 10uF X5R 6.3V | Capacitorceramic

C34, C48, C55, C56, C69

C43, C52 47 pF X7R 50V Capacitorceramic

C60, C62 an7 X7R 50V Capacitorceramic

D3, D7, D&9, D10, D12 BAT165 X 40V Schottkydiode

D5, D6, D11 GREEN LED X X LED

IC1 4DIR1400H X X Integratedcircuit

IC2 TLS4120DOEPV3| % X Synchronousstep-down

regulator

IC3 TLV1391IDBVR | % X Singledifferential Comparators

IC4, 1C10 TLV2376IDR X X Integratedcircuit

IC8 dsPIC33CK256MI X MCU
203-1/M5

IC11, IC12 LMH6642MF X X Integratedcircuit

IC13 TLS820D0OELV33] % X Lowdropout linear voltage
UM regulator

IC14 XMC4200 X X Integratedcircuit
Q48K256

L1 100uH X X Magnetic

L2, L3 Ferrite bead X X Magnetic
600hm@100MHz

NTC1 10K 1% X NTC Resistor

R1, R6, R11, R12, R17, R41,  510R 1% X Resistor

R71, R72, R76, R77

R2, R3, R4, R5, R34, R39, R 15k 1% X Resistor

R60, R69

R7, R16, R23, R24, R26, R28 | 309k 0.1% X Resistor

R8,R9, R13, R15, R25, R47, R 10k 0.1% X Resistor

R10, R30, R37, R42, R62 2k7 1% X Resistor

R14, R18, R19, R20, R45, R7( 100R 1% X Resistor

Application note
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Designator Value Tolerance | Voltag | Description
R21, R22, R27, R29 17k8 0.1% X Resistor
R31 1k 1% X Resistor
R48, R56, R57, R63, R65 4k99 0.1% X Resistor
R49, R52 124R 0.1% X Resistor
R50, R54, R58 49k9 0.1% X Resistor
R51, R55, R59 54k9 0.1% *X Resistor
R66, R68, R73, R74 261R 1% X Resistor
R75 1R8 1% X Resistor
X1, X5 FTSHLO501-L- X X Connector
DK
X2 TMM-11303-L-D | % X Pin Header, 2€ontacts
X3 Fan connector X X Pin Header, 4 Contacts
X4 TMM-106-03-L-D | % X Pin Header, 26 Contacts
X6 B2BZR X X Connector
XTAL1 QT325S8 X X Crystal Oscillator
12.000MEE€QY
Table 6 Bill of materials for the secondary-side transformer PCB MG700003071
Designator Value Tolerance | Voltage Description
C1, C2, C3, C4, C5, Cb, C7,|4.7uF X8L 100V Capacitor Ceramic
C9, C10, C11
C13, C14, C15, C16, C17, C1§ 1 uF X7R 35V Capacitor Ceramic
D1, D2 BAT46WJ X 100 vV Schottky Diode
IC1, IC2 2EDB7259K X X Gate driver IC
R1, R2 2R2 1% X Resistor
R3, R4, R5, R6, R7, R8, R9, R 1R 1% X Resistor
R11, R12 2k 1% X Resistor
T1,T2,T3, T4, T5, T6, T7, T8 | IQE046NOBLM5 X 80V MOSFET

Application note
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Schematic diagram of the ILTP-PFChigh-frequency board (PW400003071)
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Schematics
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Figure 57 Schematic diagram of the LLC and PFC SR power card (PW20000X)7
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