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Scope and purpose

This documentintroduces a newgcomplete power supply uni{fPSUYor Al datacenters and servers.

Intended audience

The document is intended for R&D engineers, hardware designers, and developers of power electronic systems.

Keypoints
f OL?M?HNM ; ¥ E7 035 L?@?L?H=? >?MCAH ; =BC?PCHA T
centers

71 Details twostage architecture using-Bevel flying capacitor PFC and feliridge LLC converter for compact
high-power conversion

1 Introducesanauxiliary energy buffecircuit? H; < F CH A -up fime &d grild $hEping during transients
for improved reliability

1 Highlights integration of CoolSig, CoolGaM, and CoolMOBdevices for optimized switching performance
and thermal management

1 Provides experimental validation of efficiency, dynamic response, EMI compliance, and thermal behavior
under demanding Al workloads
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Product family

) H@CH? | HA-NEnsityfPSE refer@GeAl8sign combines Si, SiC, and GaN technologies to deliver
exceptional efficiency and power density. Ideal for Al data center and server power racks, it supports machine
learning accelerators and computintensive applications.

Target applications

1 Al data centers

High-performance server power racks

Compute-intensive workloads with rapid load transients

Cloud infrastructure requiring griccurrent shaping and holelip compliance
Largescale GPU clusters for machine learning and training tasks
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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 openrframe and unenclosed printed circuit board (PCB) assembly. Each board is functionally qualified by
electrical engineers and strictly inded 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, ancknowledge of electrical safety risks in thlevelopment and application ohigh-
voltageelectrical circuits Please note that evaluation boards, demonstration boards, reference boards and kits
; L? JLI PC> vithou waNantg ol By 6n@)nlrfimeon is not responsible for any damage resulting
from the use of its evaluation boards, demonstration boards, reference boardkitst 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 ifferent component values than those specified in the bill of materials (BOM). In this
specific case, the BOM data has been used for productefore 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 further
support. 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 supgr for support

Operating instructions

Do not touch the device during operation, keep a sdlistance. Daot touch the device after disconnecting the
power supply, as several components may still staectric chargeand can discharge through physical
contact. Several parts, like heatsinks and transformers, may still be very hot. Allow the components to
discharge andcool before touching oservicing. Alivork such as construction, verification, commissioning,
operation, measurementsadaptations, andother work on the device (applicable national accident prevention
rules must be observed) must be done bwiined personnel. The electrical installation must be completed in
accordance with the appropriate safety requirements.

Application note 4 V 1.
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Note: Pleasenotethe followingwarningsregardingthe hazards associated with development systems.

Safety precautions

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

Warning: The evaluation or reference board is connected toAGmput during
testing. Hence, higholtage differential probes must be used when measuring volte
waveformsby oscilloscope. Failure to do may result in personal injury or death.
Darkened display LEDs aret an indication that capacitors have discharged to safe
voltage levels

Warning: Remove odisconnect power from the convertagfore you disconnect or
reconnectwires orperform maintenance work. Wait five minutes after remoyioger
to discharge the bus capacitors. Do not attempt to servicetive until the bus
capacitors have discharged to zero. Failure to dmag result in personal injury or
death.

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

Caution: Only personnel familiar with theonverter power electronics and associate
equipmentshould plan, install, commissigand subsequently service the system.
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 (ESD). Electrostatic control precautionsegpgred when
installing, testing, servicing or repairing the assemllgmponent damage may resul
if ESD control procedures are faltowed. If you are not familiar with electrostatic
control procedureg,efer to the applicable ESD protection handbooks and guideline

Caution: Aconverterthat is incorrectly applied or installed can lead to component
damage or reduction in product lifetime. Wiring or application ersoich asunder
sizingthe cabling, supplying an incorrect or inadequa#&C supply, or excessive
ambient temperatures may result in systemalfunction.

> BB BB
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1.1 'JJFC=;; NEAIHI Q@H>

The growing demand for power in Al applications has created a pressing need for power conversion solutions
that are both highly efficient and compact. To support the development of ngeneration datacenter
infrastructure, power supplies must deliver high efficiency and high povaensity. This requires the whole

power conversion chain such as the AICconverter, theintermediate bus converterlBQ, and thevoltage
regulator module ¥RNistages to be capablef providing high power to the data processing hardware (e.g.
GPUs)n a small form factocompared to past requirements.

TheREF_12KW_HFHD_P&ference desigrirom Infineondemonstrates a viableapproachfor achieving
higher power densityand efficiencysimultaneouslyin the AGDCpower conversion stage compared to current
state-of-the-art solutions.

1.2 [ #0 [;2HPX NB? [ M6 ; ( ADIC>?FCH?

The Open Compute Project v3 5.5 kW specificafibhas been considered ahe guideline forthe efficiency
profile andthe dimensions of the unitduring the desigrstage To ensurea high powerdensity solutionthat is
viable, the output power has been increased i@ kWhbut in a lower volume, which has been tightened from
40mm x 735 mm x 640 mm of the 5.5 kW PSU as per @@edfications (48 W/irf). Additionally, the ORV
HPR2 isliscussedconsidering the upgrade from the 33 kW shelf to the 72 kW shelf with N+1 redundancy
incorporating PSUs with 12 kW output power. Tdinensions ofthe 12 kW PSU according to the ORVRARire
40mm x83.5mm x 790 mm, while an internal fan is used for the coolifj. Thedimensions of the PSU from
Infineon are 40 mmx 68 mm x 640mm, making it possible to fitt in al%inchrack, achieving a power density of
113 WI/iri, which is more thamlouble the OCP ORv8tandard. In Figure3, the 3D renders of the overall PSU are
shown along with the dimensions of the PSU according to the @@8& ORV HPR2 guideline

Additionally, among all the requirements listed if1], the 20 ms holeup time requirement at 100% dhe
output load is the mosimpactful from a power density point of view, and a fair comparison of the power
density parameter among different PSUs requires the haid requirement to be satisfied for all of them.
Indeed, to satisfy the holaup time requirement withouta hold-up time extension circuit, a much larger
capacitance would be needed, reducing the power densiyn auxiliaryhold-up time extension circuit is
therefore implemented inREF_12KW_HFHD_P&4&Ja viable solution to implementhe 20 mshold-up time
with a 113W/in® power density.

1.3 +?7S @?7; NOUEM 03 NB?

REF_12KW_HFHD_P&ih deliveramaximum output powerof 12 kWin steady state in the specified 208 Ato
277 Vact10% voltage range, with a pealficiency of 97.8% and a minimum efficiency of 96.58m 30% to
100% of output power at 230.nput voltage, including the fan power consumption.

With a size of jus#0mm x68mm x640mm (including chassis) and 113 W/ipower density,
REF_12KW_HFHD_P$§htéwsa viableapproachfor achievinghigherpower densityand efficiency
simultaneously, in the AC power conversion stage compareddaarrent state-of-the-art solutions.

For easy implementationREF_12KW_HFHD_P&désatwo-stage power conversion architecture. For the
front-end AGDC converteran interleaved devel flying capacitor approach is used, which provides power
factor correction (PFC) and regulates the intermediate DC bus voltage. Fdbdbk-end power conversion
stage, anisolated DGDCLLCconverteris selectedproviding anisolated and regulated 503¢nominal output
voltage from the highvoltage rail

Application note 6 V 1.
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Furthermore, the critical holdup time requirement is addressed by tiREF_12KW_HFHD_Pgdaver supply in

the proposed form factor. The PSU is capable of 20 ms hgidime at 100% output load deploying an auxiliary
energy buffer (EB) converter, implemented with a bidirectionas@itch buckboost converter. With the proper

control scheme, thesame auxiliary convertealso providesAL C> MB; JCHA ©; FMI EHI QH ;
aJl Q?L MGI | NBCHAZAZe @OH=NCI HH FCGCNCHA NB? MFIJ? |1 @

REF_12KW_HFHD_PKas the followingfeatures:

12kwW maximumnsteady stateoutput power

97 8% peak efficiency at 23Uac

96.5% efficiency at 23U.cand 100% of output load

40mm x 68 mm x 640mm for 12kWincluding chassigvs40mm x 73.5mm x 640 mm for 5.5 k\\1])
113W/in®* power density

20 ms holdup time extension at 100% of output load

Power grid shaping function

Inrush current limiting circuit with no electromechanical relays
Overcurrent protections on LLC primary and output currerftatching)
AC input voltage brownout protection

UVP and OVP protections on output voltaderétries befordatching)
UVP and OVP protections dmlk voltage

= =4 =4 4 4 A -4 -5 - -2 -8 -9

AC Input
(208 \bcG H T Vae+10%)

il Rl el e Bl M . o " b St e i 5 DC Output
: (49 \bc G p NVod

T
W
Figure 1 3D renders of theREF_12KW_HFHD_PSidwer supply unit
Application note 7 V 1.
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Figure 2 REF_12KW_HFHD_PStkasured efficiency including fan power consumption

The key componentgrom Infineon enablingREF_12KW_HFHD_P&d:

1 CoolSi¢650 V Gen 2, 10A TOLL (MT65RQ0OM2H), and EiceDRIVERLEDB9275
for the fast switching boosting legs of thel®vel PFC converter

1 CoolSiG650 V Gen Z mA D’PAK(IIMBG65R007MJHand EiceDRIVEERREDB9275
for the synchronous rectification leg of th@-LevelPFC converter
1 600V CoolMO$CM8, 16 tA TOLL (PT60R016CMBEiceDRIVEHRLEDB827%or the static switch of the
energy buffer and the inrush switch of the PSU
1 CoolGaNE50 V HEMT GE5mMA TOLL IGT65R02502EiceDRIVERLEDB8275
for HB switches at the primary side of the LLC converter
7 1GC016K10S200 V, BmA GaN, and EiceDRIVEREDB7259K
for the synchronous rectification (SR) switches of the secondside of the LLC converter
1 CoolSiE650 V Gen,d3mA IMB65R033M2kffor the energy buffer buckboost converter

XMC440F64K256 Bhnicrocontroller for theimplementation of the PFC and the energy buffer control
routines

ORV3 HPR ORV HPR2 Infineon
5.5 kW 12 kW REF_12KW_HFHD_ P!

Unit: mm

Figure 3 Dimensions of the 12 kW power supply REF_12KW_HFHD_PStbmpared to OCP v3
requirement for the 5.5 kW PSUand the ORV HPRR]
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Table 1 Steady state performance of the 12kwW PSU
Values , "
Parameter Symbol : Unit | Note or test condition
Min. Typ. Max.
AC input supply Vacin 180 230 305 |V |RMS value
voltage
Supply voltage facin 5« 50 s« Hz s«
frequency
Droop function is active
Output voltage Vout 49 X 50 Y, 50 \4cat noload
49\fcat 100% load
Output power X X X 12000 |W 208 k305 U
, : Unit verified at
Operating ambient y ’ 0 o .
temperature Tam x 25 X C 25°C ambient
temperature
Peakto-peak output 250MHz probe BW
voltage steadystate Vout,rpp X X 0.25 \% 0.1 pF capacitor locally
ripple connected
Power density i X 113 X W/in® | X
VAC in— 230 \?
PRo20% 0.9%65 X X ’ ,
Roo 10-20% ofnominal load
.. e e VAC’inz 230 \?
Power factor PFo100 0.9 X X X 20-100% ofnominal load
. VAc,inz 230V
PFaom 0.995 ) X 40-100% ofnominal load
. .. .. VAc in— 230 \'
iTHDs 100 X X 12 ’ .
D10 5-10% ofnominal load
Input current THD iTHD, i i 6 9% | Vhon=230V
P o8 ° 10-30% ofnominal load
. VAC in— 230 \¥
iTH o | K X 35 ' .
Diosoor 30-100% ofnominal load

1 Maximum output power can be delivered when input voltage is in the range 208\805 Mc
Linear derating curve is applicable from 18@cth 208 Mc(Maximum RBu = 11 k\Wat 180 Mo
2Minimum PF as peDCP v3 specification
PFin020%= 0.95; Phin20-100%= 0.98
3Maximum iTHD as pedCP v3 specification
iTHD-100= 15%; iTHE.30%= 10%; iTHE-100%= 5%
Application note 9 V 1.
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Values _ N
Parameter Symbol : Unit | Note or test condition
Min. Typ. Max.
LLC operating fowuic 303 i 377 |KkHz |100% of nominal load
frequency
Maximum LLC . . :
operating frequency fsw.LLc max X 550 X kHz | Steadystate operation
PFC operating fouprc s« 325 i« KHz nghfrequencyB—IeveI
frequency flying capacitor leg
Nominal bulk voltage | Vbuk X 445 X Y, X
Peakto-peak bulk Vouikeop 5 20 i V | 100% ohominal load
voltage ripple
Table 2 Efficiency performance of the 12kW PSU
Values _ N
Parameter Symbol Unit | Note or Test (ndition
Min. Typ. Max.
VAc in— 230 V
i 96.5 X X X '
Cinzsov 30-100% ofnominal load
VA(: in— 230 \7
X 978 X X ’
Cpizz0- 30-100% ofnominal load
Eff i VAC,in: 180 \7
iciency Qmin, 180v 96.2 x X X 30-90% ofnominal load
(11 kW maximum & at 180 W
(PSU inside chassis, Ve = 180
cooling fan power ACIn=
consu?nptiof] includeg | dpke0v X 976 x * 30-90% ofnominal load
(11 KW maximum & at 180 W
VA(: in— 277V
min 96.9 X X X ’ _
Chrin 27+ 30-100% ofnominal load
i 97.95 i | Vew= 277V
Coizrr ' 30-100% ofnominal load

4Minimum dficiency valuesas perOCP v3 specification:
Omin,230v = 96.5%pk,230v = 97.5%0min,208v = 96.5%(|pk,208v = 97.5%

Application note 10 V 1.
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Table 3 Protection limits in 12kwW PSU
Values
Parameter Symbol Unit | Note or test condition
Min. Typ. Max.
Current limit per phase | lprcpn X X 78 A Peak current limit
on each phase
. N PSU tries 5 times to restart
Output current OCP lout.ocP X 500 X A before latching
Output voltage OVP Vout,ovp Sk 58 i Vv PSU tries 5 _tlmes to restart
before latching
PSU tries 5 times to restart
Output voltage UVP Voutuve X 38 X \% before latching the fault
condition
: PSuUtries 5 times to restart
LLC primary _ . . .
current OCP ILLcprioce X 150 X A befor_e_ latching the fault
condition
Input AC Vo|tage Vac,8oPon X 180 X X PSU turnon
brownout protection Vac.B0oPon X 176 X \% PSU turnoff
Table 4 Dynamic performance of the 12 kW PSU
Values _ "
Parameter Symbol : Unit | Note or test condition
Min. Typ. Max.
5 A/us output load
. . change rate
S Guiotome | XK X 0.12 \/ g

10-100% ofnominal load

Output voltage 100-10% ofnominal load
under/overshoot during

load transients

5 A/us output load
change rate

o | K X 03 Vv .

8 Quosao 10-140% ofnominal load
140-10% ofnominal load
5 A/us output load

Output voltage ) ) change rate

settling time during tvout set X X 1 ms 10-100% of inal load

load transients o ofnominatioa
10010% ofnominal load

: N N Maximum time duration of
AC voltage sag transient{ Vacminsoms | 160 X xX \ the voltage sag: 50ms
Hold-up time thu100% 20 - X ms | 100% ofnominal load

>Max undershoot or overshoot according fa]:
10-50% load step: 0.5 V 10-90% load step: 1.0 V

6 Max settling time according tf1]: 3.0 ms

Application note 11 V 1.
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2.1 3SMN?G | P?2LPC?Q

TheREF_12KW_HFHD_P&iference designs shown inFigure4 with its chassis. The overall dimensions
including the steel chassis a#0mm x 68 mm x 640 mm

To achieve the power density target, a-dimensional mechanical assemblyas beemecessary ananultiple
daughterboardsare assembled on the main PCB stsown inFigure4. Further details about the hardware

implementation are reported inSection2.5.

Figure 4 Top-side picture of the REF_12KW_HFHD_PSuithout chassis

2.2 41 J3J1 FI AS M?F?=NCI H

Figure5 showsa simplified schematic oREF_12KW_HFHD_PSU
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Figure 5 Simplified schematic of REF_12KW_HFHD_PSBMiI filters are not shown) [3], [4]

REF_12KW_HFHD_PSlimplemented comprising two power conversion stages, the PFEDEA power
conversion stageand the isolated DEDC power conversion stage.

Duringsteady state operationthe first AGDC conversion stage rectifiesd booststhe 180Vac’305Vacinput
voltage to #45\bcnominal DGlink voltagealso providinga power factor correction function. This intermediate
bus voltage is fedo the second power conversion stagthe DGDC conveter. The mairfunction of this stageis
to provide isolation and a regulated 50:%hominal output voltage.

V 1.
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1 The first AGDC conversion stagis atwo-phaseinterleaved3-Level flying capacitoPFCconverter. The key
and main functions of this converteaireto rectify and boost the AC input voltage to 445;\provide power
factor correction at the AC inpyand ensure lowTotal Harmonic Distortion (THD)f the input current
waveform

1 The secondbower conversion stage is the isolated LDGDC conversion stagd-or both primary and
secondarysides, the full bridge topology is implementedIt provides galvanic reinforced isolation, regulates
the output voltage to 50scnominal, and rejects thalouble line frequency component which is present on
the DC link voltage. Furthermore, the droop control function is handled by the same converter, which
regulates the output voltage according to the load current with a predefined slope (50 V at@&d, 49 V at
100% of the load)The overall primaryto-secondary turn ratio is &2 andis achieved with twd®:2 high
frequency transformersXFMRE with the primary windings connected in serigshile the parallel
connection is established for the output

1 Theauxiliarypower circuit, called energy bufferis connectedin parallel to the intermediate DC link which is
shared betweerthe first ACDC and thesecondDGDCconversionstage.The energy buffer is implemented
deploying atwo-switch bidirectional buckboost converter This powerconverteris disabledduring steady
state operation and the bulk capacitance is connected directly to the itk with a static switch The main
and key functions of this converter are two. The first is to provide 20hwisl-up time extension during line
cycledrop-out (LCDO), by discharging the electrolytic capacitor bank which is connected on thevtdtage
side of thebuck-boost converter, while keeping the intermediate bus voltage regulatdigh-voltage side of
the buck-boost converter).The second function is to shape the slope of the power drawn from the grid,
providing, as it is called, a grid shaping functi@&; FMI EHI QH ; M &J7?; E MBJTHWCHAA
is achieved by limiting the amount of energy flowirfigom the grid to intermediate DC bus during transient
events, while the remaining of the required energy is provided by discharging the bulk capacitance
connected to the lowvoltage side of the energy buffeifter the transient eventthe bulk capacitance is
charged in a controlled way with the energy flowing from the-BC converter to the DC link capacitance
and then from the DC link capacitance to the bulk capacitance of the energy buftes.topology of the
energy buffer auxiliary circuit, and morepgcifically the operation and the configuration for the Al
datacenters and servers applications, is patented by Infineon Technologies under the paf{8ht!].
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2.3 Ol Q?L MN; AM>=DHNNPENCI H

The control of the power stages is realizadgth two different controller ICs as shown irFigureb.

The control of the3-levelflying capacitor interleavedotem-pole PFGs implemented with the Infineon
XM@EA402 microcontroller, referenced to the primary side groundlVith this configuration the following are
possible:power factor correction current THDcontrol, intermediate DC linkvoltage regulation, current control
for each PFC boost inductpinrush current control, and energy buffercontrol. Froma protection point of view,
XMEUA402 implements AC input and boost inductocurrents limitation, bulk overvoltage protection
(non-latching, i.e, PSU is not turned off when triggergédundervoltage lockout (UVLOand brownout

protection (latching, i.e, PSU turns off when triggeredyoftstart, adaptive deadtimes. Additionally,
bidirectional serialcommunicationis also implemented, transferring data regarding the operation of the PFC
converter to the LLC converter and vice versa.

The ontrol of the DGDCLLC converter is implemented with a thiggdarty microcontroller, referenced to the
secondaryside ground Because of this, the PW&ijnalsof the primary sidehigh-voltage switches are passed
through a digitalisolator forreinforced isolation. With this implementation of the BDBC stage controlthe
following featuresare feasible

output voltageregulation

load dependent adaptive deadimes

overcurrentprotection on the primary resonant current (latching
output overcurrent protection (latching

output overvoltage protection (latching)

output undervoltage protection (latching)

soft-startup sequence

1 UARTcommunicationwith XM@4402

= =4 =4 4 A -8 -

The PWM for the cooling fan is also controlled by the mi€ocontroller andimplements fanstop protection
(latching).

2.4 ( CABFCABN?> JLI >0=NM

Infineon power semiconductors and ICs atke keycomponents toenable 12kW output powermwith 113W/in®
power density

Forthe 3levelflying capacitor interleavedotem-pole PFC a full SiC solution witlparalleled MOSFETSs has
been used:

1 Fastswitching boost3-levellegs
T 8x CoolSIiEW50 V Gen 20mA TOLL (MT65RQ0M2H), one per commutation slot
T 8xsinglechannel EiceDRIVERLEDB92750ne percommutation slot
1 Low frequencyunfolding leg
T 4x CoolSiEls50 V Gen Z,mA D’PPAK(IMBG65R007M3H2x paralleled devices peommutation slot
T 2xsinglechannel EiceDRIVERLEDB9275

Application note 14 V 1.
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Forthe LLC D€DC isolated converterafull GaNsolution has been adopted, featuring50 V GaMevices on the
primary sideand 100VGaNMOSFET#®r the secondary side

1 Primaryside
T 8x CoolGaNK50 V HEMT GESmMA TOLL (GT65R025D22x paralleled devices paommutation slot
T 4x single channel isolated drivers EiceDRIYARDB8275F

1 Secondaryside synchronous rectifiers

T 96xIGC016K10S200V, 8.GA ', 8x.total in each secondargidetransformerboard for both SR
bridges
T 24x dual channel isolated EiceDRIMBREDB9259Y2xin each secondansidetransformerboard

Forinrush and staticswitches,the following componentshave beenchosen

1 For the inrush circuit:
T 1xCoolMO$600 MCM8,16 miA TOLL (PT60R016CN&or the inrush NTC bypass switch
T 1 x simgle channel driver EiceDRIVEREDB8275F
1 For the static switch
T 2xCoolMO$600 MCM8,16 miA TOLL (PT60R016CNBfor theenergy bufferstatic switch
T 1x single channel driver EiceDRIMMEREDB8275F
For the energy buffer implementation, the following components have been used:
T 4x CoolSIiE50 V Gen 33mA TOLL (MT65R033M2k2 paralleldevices per commutation slot
T 2x sirgle channel driver EiceDRIVEREDB9275

Additionally, in thePSU, the following ICs are used:
1 XMC440XF64K256 Baicrocontroller for the imdementation of the PFC control
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The complete hardware implementation of the unit is showin Figure6.

Bulk capacitors

Energy Buffer LLC series resonant
gnductor inductor L

PFC Daughter Board1
DC Output

- ﬁc )

! X
LLC/ Energy Buffer/ Primary Side Resonant LLC Synch. Output capacitors and Output Current
Controller Daughter Board Capacitors Rectification FETs ORing MOSFETs Sense

DC link electrolytic
capacitance / Surge Prot.PFC Inductor:

Input common mode
chokes Input fuses
LLC controller board

LLC%(FMRS

AC Input
(208 Vb G H T Vac+10%)

Cooling fan

Static Switches . PF Current
PFC Current Sense PhB
Sense PhA
Figure 6 Hardware implementation of REF_12KW_HFHD_PStdp and bottom)

Overall, thel2kWInfineon power supplycomprisesthe following boards:

1 The main board 10000158) actingasthe main interface and the suppoffor the daughter cardsand the
following components:
T AC inputeMI filterand fuses

I PFC inductes, sensrs of the PFC inductor current

1 Energy buffer inductor

1 Twointegrated LLCXFMR, the LLC series resonance inductor and the series resonance capacitors

1 Static and inrush switches along with the driving and supporting circuitry

1 Inrushand the rerush circuits

1 DC output capacitors and ORing circuit

1 ThePFC daughter car(PW20000152)

1 Thedaughter cardon which the LLC switches, the energy buffer switchixe primary side microcontrolley
and the main flyback biasing convertere populated(PW100001548

1 TheLLC control cardCD200001548

1 The electrolytic capacitor bank (bulk capacitorsp{¥40000154&n which the electrolytic capacitors are
populated

1 The DC link electrolytic capacitor along with the inrush limiting circdaughterboard(C20000154)
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Figure7 and Figure8 show the LLG-EB+controller, and the PFQaughter cards respectivelyas discussed in
Section2.5. In Figure9, the LLC controlledaughterboardis depicted, while irFigure10the DC bus electrolytic
capacitor board is shown, which is also used for surge protection when the energy buffer is active.

TheLLC+EB+controller daughter card PW100001548hoststhe primary fullbridge of the LLC DDOC

converter, together withthe two isolated supplies for the two higiside switchesAdditionally, the power stage

of the energy buffer is also populated on the same daughter board along with the primary side XMC
microcontroller. The flyback biasing power supply generates a nominal 18 V rail referenced to negative rail of
the primary intermediate DC link and an isolated 7 V rail referenced to the negative terminal of the secondary
side of the LLC converter.

TOP SIDE

Isolated flyback biasing supply LLC Primary Full Bridge  Energy Buffer Half Bridge PFC/ Energy Buffer Controlle

PH100001548
[

BOTTOM
SIDE

Figure 7 Overview of the LLC+EB+Controllerdaughter card PW100001548

The PFC daughter caré{V2000015) integrates thetwo interleaved high frequency -Bevel flying capacitor

legs andthe synchronous rectification bridgef the PFC convertefThe driving supply fothe low frequency
synchronous rectification leg is implemented with the bootstrap technique, while for the high frequency legs a
mixed approach is followed, with both bootstrap and isolated biasing suppliskre details are shown in
Section3.1.6
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TOP SIDE
3L Flying Capacitor HEeg 3L Flying Capacitor HEeg PFC Grid SRs
BOTTOM
SIDE
i EEteee _ Rn Ly HH
Figure 8 Overview of the PFC power daughter cardPwW200001429

Thesecondaryside controller board CD200001548ntegrates a thirdparty microcontroller and its main
functions are

1 Generation of the control pulses for the LLC converter
1 Digital control for the output voltage regulationincluding

T APID controller and droop function to set the output voltage command
1 Control of the cooling fan of the PSU

1 Implementation of the overvoltage, undervoltage, overcurrergnd overtemperature protection of the LLC
converter

TOP SIDE BOTTOMSIDE

Figure 9 Overview of the secondary side controller board CD200001548
On theDC link electrolytic capacitor daughter caf@€20000154)the following components are populated

1 One? F?2=NLI FSNC= =Vaommad)NI L OFBHI EZ&YBHXH
Inrush current limiting NTC

1 Inrush switch connected in parallel to the NTC to bypass it during steady state operation and the driving
circuitry for the switch

The main function of this circuit/daughter board is to take the extra amount of energy during a surge event,
when the static switches are in a neconducting stateand therefore the bulk capacitance is not connected to
the DCIink to absorb the energyuring the surge eventAdditionally, the capacitor boardimitsthe ripple of

Application note 18 V 1.
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the DC bus during transient events, providing a low enough impedance when the energy buffer operates,
helping with the stable operation of the PFC and the energy buffer control loop. ddugghterboardis shown in
FigurelO.

Inrush MOSFE™

Bottom view Right view
Figure 10 Overview of the DC link capacitor boardC200001547

252 , » # NL; ENG@IFL?G??IHN; NCIH | P?LPC?Q

The LLC transformer is one of the key elements of the overall PSU to achieve high efficiency and increased
power density. For the 12 kW PSU from Infinearhybrid planar approach is used deploying two identical
XFMRswith the primariesconnectedin seriesand the secondariesonnectedin parallel. Each transformer

consists of the main planar magnetics transformer and the external inductor implemented with Litz wire,
connected in parallel to the primary side PCBs to achieve the desired magnetizing inductance value, needed for
the ZVS operation ofie primary full bridge switchesThe LLC secondary sidell bridge synchronous

rectification stageis embedded withinthe two transformers More details about theonstruction of the high
frequency transformers are presenteid Section3.2 The 3D renders of the high frequency transfornaee

depicted inFigurell

Magnetizing Inductance

=

LI [ e e
T 5

LI &= =
i 5
an

Main planar transformer structure

Figure 11 Overview of the LLChigh frequency transformer structure

Application note 19 V 1.
202511-30



o _.
12 kW high power density and high frequency PSU for Al data centel ‘ |nf|neon

and servers
System overview and description

2.6 035@@C=C?H=S ,; H> FI MM? M

The measured efficiency and the losses of thhole PSU including fan consumptiofwith the unit inside the
chassig are shown inFigurel2at different AC line voltags: 305Vag 277 Vag 230Vag 208Vag and 180Vac In
Figurel3the power losses are depicted for the same input voltage valless noted that for the minimum
input voltage the output power is limited to 11 kW following a linear derating curve until Q8rom which the
unit can deliver the full power.

REF_12KW_HFHD PSU Efficiency (%)
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Figure 12 REF_12KW_HFHD_PStkasured efficiency including fan power consumption

REF_12KW_HFHD Power Losses (Watts)
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Figure 13 REF_12KW_HFHD_PStkasured power losses including fan power consumption
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Note: INREF_12KW_HFHD_P&lpower circuits sharpower earth (PE) via theetallic chassisFor
electrical safetyand coolingreasonsjt isrecommendedhot to operate the boardavithout the
chassisltisN B ?  @&p@nisilgliby to ensure proper cooling aReconnections when operating
the unit ousidethe chassis or oudf the recommendedperatingconditions.

3.1 &FSCHA =32 FCFHEANILLINIFN8 GF ? 0&#

3.1.1 0O0?L@ LG; H=? 1 @ NB? NIJIFI AS <FI =E N

A simplified schematic of the interleave8tevelflying capacitorPFC stage dREF_12KW_HFHD_PiSldhown
in Figurel4.

The backplane poweconnectorprovides theACinput (Molex464379205 to the power supply unitfollowed
by the input fusesthe surge protection circuit consisting of MOVs and Gas Discharge Tubes (GBidh
two-stage input EMI filterTo support higher power densitythe common mode EMI inductarof the EMI filter
alsointegrate the differential mode inductanceas shown irf5].

The filteredline AGnput is connected to the twadnterleaved 3-levelflying capacitor high frequencyegs of the
PFCthrough the boostinginductors. Theneutral point after the EMI filter is connected to low frequency
synchronous rectificatiorieg of the converter (@ nsand Qg dn Figurel4). The two highfrequency3-levellegs
operate at32.5kHz switching frequencyThe effective frequency on the boosting PFC inductor is double the
switching frequencyij.e.,65 kHz, because of the series interleaving achieved with thadeShifted PWM
(PSPWM}echnique, deployed for the modulation of the flying capacitor legs. According to theFR%M
modulation scheme the outer switches (R an,and Qir_ ) and the inner switches (@ s.,and Qi & ) are
driven with complementary pulses in pairs. Additionally, the control pulses of the switchesd#.and Qi s x
are 180° out of phaseith respectto the control pulses of the switchesQ an ,and Qir a x INFigurel5, the
control pulses along with the switching node voltage is depicted for a singlev&lleg, when the duty cycle is
greaterthan 0.5as well as when it is leghan 0.5 to showcase the multilevel waveform and the frequency
multiplication effect on the leg level.

The control pulse generation logic for the second PFC leg is similar, but the main difference is that the control
pulses of the corresponding switches feature a 90° phase compared to the first leg, to achieve the interleaving
effect on the converter leveproviding an overall effective frequency of 130 kHz. Tiwe low frequency
synchronous rectification switchesre controlled torectify the AC current according to the detected line

polarity.

Due to highstress the low frequency synchronous rectification switches have two SiC MOSFETS in parallel per
commutation slot to achieve lower equivalentd3.nand help the power dissipation by spreading the power
losses in more PCB area. Each switch of the unfolding bridge has twd Gan 2Coo0l3CHdevices in parallel,

and for the high frequency-Bvellegs 10 mb Gen 2Cool3CHdevices are selected.
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Figure 14 Simplified schematic of the PFC stagen REF_12KW_HFHD_PSU
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Figure 15 Control pulses and switching node voltage for the 3L flying capacitor leg with (a) duty cycle

greater than 0.5 and (b) duty cycle less than 0.5

In Figure16, the efficiency curve of the PFC standalone is presentetiile inFigurel17the power losses of the
PFC converter are depicted for three different input voltage levels (180230 \, and 275 ). It isto be noted
that for PFCefficiency measurementin Figurel6, the cooling fans are supplied externally
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Figure 17 PFCpower losses for 180 Vg 230 g and 275 \cinput voltage

Figurel8illustrates the distribution of losseamong the PFC components 230 V input AC voltagdhe bar

plot shows thatthe majority ofthe losses areelated toconduction losses irthe EMI filteras well aghe PFC
boostinginductors.
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Figure 18 Distribution of the PFCconverter power lossesat 230 \ input voltage
3.1.2 &FSCHA =;J; =CNIL PIFN; A? <; F; H=CHA

On the previous sectiorthe basic modulation scheme of the flying capacitod@velleg is depicted

showcasing the frequency multiplication effect and the multilevel waveform on the switching node. The
previous case is ensured only if the voltage across the flying capacitor is well regulated, and the average value
of it is equal to half of the DC linloliage.

Theoretically, the PPWM technique ensures the natural voltage balancing of the flying capagitoce the
intervals for charging and discharging the flying capacitor are equally distributed along the input vollalye
half-period [6]. For duty cyclegireaterthan 0.5 the switching node voltage varies from 0 V t@X2, while for
duty cycleslessthan 0.5 the switching node varies fromqy/2 to M. The Wey/2 voltage levelcan be generated
with two different switching combinations: either by enabling switchesiQw ,and Qir g xt0 generate a
switching node voltage with a value equal ta¥Vkcand discharge the flying capacitoin the same time
interval, or by enabling switches @ » ,and Qi &n x Inthe secondcase, only the flying capacitor is used to
generate the switching node voltage, and this is tbleargingtime interval, as shavn in Figurel5. The charging
and discharging commutation loops for the flying capacitor convertere depicted inFigure19. Theswitching
states mentioned aboveexplain the theoretical natural voltage balancing mechanisiout in practice the
things are quite different. Slightly different propagation delays of tgatedrivers and minor mismatches on
the devicegRpspn, because of the different case temperaturgsan cause different charging and discharging
intervals with different loop path resistances as well, leading to different steady state flying capacitor voltage.

In order to accommodate these phenomena, a closed loop control system is heeded. The basic concept to
achieve the flying capacitor voltage regulation is to introduce small asymmetries to the duty cycle between the
inner (Qir_sn_and Qir_s ) and outer switches (R _anand Qir_a ) to control the relative duration of the charging
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and the discharging intervals. Thus, voltage monitoring of the flying capacitor is mandatory. More details about
the balancing control loop are given iSection3.1.4

QhF_An1 |,‘< } Charging loop

- _Cfcl Gicp

Nd' Qhr 1 E}
Vacp _)

Figure 19 The charging and the discharging commutation loop for the 3L flying capacitor PFC leg

Before the normal PFC operation, the flying capacitor needs to be charged to a voltage close to the one
expected during steady state operation in order to reduce voltage stress on the devices during startup and to
avoid any unexpected transient phenomen&orREF_12KW_HFHD_P&S&bftware-basedmethod is used to
charge the flying capacitor during startup. During the PFC startup phase, only the,@witch is activeand the
flying capacitor charges through the body diode of the switch:@ x, the active switchand the inductor,

taking energy from the gridThe charging loop is depicted for illustration purposeshigure20. The switch
Qur_» s deactivated when the flying capacitor voltage is close to the steady state value.
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QHF_Bn1 }
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Y Y Y Y\
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Figure 20 The charging loop of the flying capacitor during the PFC startup

V 1.
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Starting with the EMfilter, the schematics of which are shown ligure21, it can be understoodhat a dual
stage filter configuration is usedlwocommon mode inductorsare used withnominal magnetizing inductance
equal to 0.5 mHor the choke on the grid sidand 1 mHfor the choke on the converter side.mAagnetic shunt is
additionally added in the structureof both common mode choketo increase the leakage field, and thus,
integrate the differential inductance as welkor the common mode choke with 0.5 mH nominal magnetizing
inductance theR5KZ coranaterial from DMEGG used whilefor the choke with 1 mH nominal magnetizing
inductance theR10KZ material is used from the same manufactuder-igure22, complex permeability curves
versus the frequencyre depictedfor both transformers showing that for the R10KZ material the permeability,
and hence the inductance, drops at higher frequencies, but offers higher inductaand thus higher
attenuation on the lower frequency range. In order to better attenuate the high frequency harmonittent,

the R5KZ material is selected for the second choke. The combination offers a good compromise between high
and low frequency filtering and it is able teffectivelyattenuate the noise on the whole spectrum asdt i
depicted in Sectiom.4. For the magnetic shuntNO 3016 electrical steel is used. More detailed information
about the common mode choke implementation can be found[ifi since the same arrangemerig usedfor
REF_8KW_HFHBSUIn order to account for the higher input current in this application, the flat wire
dimensions for the winding of the choke are 0.6 m® mm.For the sake of completenesa,pictureof the EMI
common mode chokeas shown n Figure23.
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Figure 21 Schematic of the input EMI filter
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Figure 22 The complex permeability curve versus frequency for (a) the R5KZ and (b) R10KZ materials
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Figure 23 The common mode choke with the integrated differential mode inductance

For thePFChoostinginductor choke, adesignbased on a toroid core is followed. More specifically
REF_12KW_HFHD_P8ld toroidal high fluxpowder coresCH270060GG Tcores from Chang Sung
Corporationare used featuring a good DC bias and core loss behavior. An additional reason to select a toroidal
core, when a low relative permeability material is needed, is that with the toroidal core the stray flux is better
confined within the magnetic structure, generat less interference with hall effeetnd

magnetoresistivebased current sensors, which can cause distortion in the PFC choke current, tAtso
confinement of theflux within the core reduces the losses on te&inlesssteelchassis, because dhe lower

eddy current generation.

For the construction of each PFC chgokevo CH270060GHigh fluxGTcoresare used, while the winding is
implemented deploying 27 turns of enameled coppefire with a 1.8 mm diameter.Thenominal inductance
valuewith zero BDCbiasis 109 uH. Nevertheless, in the presence of the line frequency component in the PFC
current, the inductance value changes within the half period of the AC voltage. The inductance weile
presence of DC bias ovére AC linehalf periodis shown inFigure24.

For the construction of the choke populated in the energy buffer topology, two CH270060GT high flux GT cores
are used again, but thaumber of turnsin this case is 3%hameled copper wire witra 1.6 mm diameteliis used
for the implementation, whilethe nominal inductance valuas 230zH at zero DC bias.

Inductance

1,2E-04

1,1E-04

N\ /
\ /
N S

6,0E-05

Boosting Inductor Value (H)

5,0E-05

4,0E-05
0,00E+00 2,00E-03 400E-03 6,00E-03 8,00E-03 1,00E-02
Time [s]

Figure 24 PFC boosting inductance value over the AC line half period at 230.Vinput voltage
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In Figure25, the current per PFC choke is depicted for the half period of the AC input voltage, denoting the
actual current, the average value per switching cycle, which follows a sine wave, and thetpepdak high
frequency current ripple Figure25 (b) showsthe average value of thenagnetic flux densityper switching cycle
which is related to the core loss of the inductor
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Figure 25 (a) Current waveform for a PFC phase and (bflux density of the core per switching cycle at
100%of the load for 230 4. input voltage

3.1.4 #1 HNLI F MBB? 00X #l @

The 3level flying capacitor bridgeless PRE REF_12KW_HFHD_P&pérates in continuous conduction mode
(CCM).

The control structure of the PFC stage consists of a cascaded loop control architecture. The outer loop is
responsiblefor regulatingthe intermediate DC link voltage to a value equal to 445 V. For the DC link voltage
regulation, a Pl controller is used, and the output of the controller is used as a command along with some
feedforward terms for the inner loop. The inner loop is resporisilfor the grid current control, and more
specifically, twoPIcontrol loops (onecurrent loopper PFC choke) are implem&sd. The output of the
last-mentioned controllers generatsthe duty cycle value per PFC leg. In order to balance the flying capacitor
voltages, two more PID controllers are used (one per PFC leg). The output of the controller generates the
asymmetry on the duty cycles between the PWMx_A and PWMx_B (theorefd&lyx_A and PWMx_B should
have the same duty cycle), and it is implemented by subtracting the output of the balancing controller from the
PWMx_B duty cycle value. As a final step, the value of theesponding registers that control the duty cycle of
the PWM signals are updated in the microcontroller firmware. The overall control scheme is depictedune

26.

It should be highlighted at this point that at the output of the voltage controller and at the output of both
current controllers, feedforward terms are used. To begin with, at the output of the voltage loop controller the
load current is multiplied by a gin, and this information is added to the current reference command. The main
goal is to achieve faster transient response during the load transients, while keeping the same controller
bandwidth. The load current is sensed on the secondary side of thewitlCthe LLC microcontroller and UART
communication, beingused to transfer this information to the XMC4407 primary side controller.

Furthermore, another feedforward term is also added to the output of the PI controller, which is responsible for
the PFC current control. This feedforward term takes into account the reference PFC voltage value and the AC
input voltage information (polariyy and the measured input voltage signal) and calculates the theoretical duty
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cycle for the PFC boost operation. Thus, the PI current controller is respongiibleompensatingany other
disturbance relatedto, for example the DC link voltage rippleetc.

At this point it should be noted that oREF_12KW_HFHD_P&am Infineon, the intermediate DC link voltage

is constantly regulated to a value equal to 445 V regardless of the peak value of the AC input voltage. This is
feasible because the target DC link voltage is always gretitan the peak grid voltage, even in the case when
the grid is equal to 305.yY
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Figure 26 Overall control structure of the 3 -level flying capacitor PFC converter
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Figure27reports a simplified overview odll the measured variables, which are necessary for the control and
the protection of the PFC stage IREF_12KW_HFHD_PSWe microcontroller, with which all the sensing is
done, is referenced to thddCGlink GND as shown iRigure27. The sensed variablesan be summarized as
follows:

1 Input AC voltageMeasured with an opamp in differential configuratipalsoadding 1.65 V of offset to
detect both negative and positive polarity. The input voltage polaritytien calculated in the software.
The AC input voltage is sensed at the output of the EMI filter for noise reduction

1 PFC choke current measurement: Measured with a bidirectianarent sensor (one per phase) with
magnetoresistivelAMR}echnology.The currentinformation is given as an analog signal with 1.5 V of
offset, whileits sensitivity is20mV/A featuring a bandwidth ofLl.3MHz.In order to ensure the 0 A
current value and minimum DC offset on the actual grid current, the output voltage of the sensor is
measured before the PFC starts its operatidrhis is donen order to calculate the real offset value,
since the theoretical 1.5 V reference may drift away by some Aaditionally, the actual voltage of the
sensor is also measured during the grid zero crossingghe shorttime interval where the current
through the boosting choke is zero

1 Flying capacitor voltage measurement: Measured with an opamp in differential configuration similar to
the circuit used for the AC input utage sensingwithout the offsetreferencevoltage

1 Intermediate DC link voltage measurement: Measured using a voltage divider since the microcontroller
ADC is referenced on the same GND pdirghould be noted that multiple resistors are connected in
series to form the voltage divider to meet the voltage clearance requirements
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1 Bulk capacitance voltage measurement: Measured using a voltage divider since the microcontroller
ADC is referenced on the same GND pdifltiple resistors are connected in series for this case as well
to meet the voltage clearance requirements
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Figure 27 Sensing circuitry of the 3-level flying capacitor PFC converter with XMEUL

3.1.6 SLCRCHAG G#» #1 HWMQCRMB

CoolSiGGen2 switches have been used for athntrolled switchesof the PFC converter. Faine driving
voltage of theCoolSiG, an 180 Vnominal unipolar biassupply has beenselectedto minimize the Rsenof
the switches while maintaining a safe margin for the maximum allowalgate-to-source voltageat the same
time.

Figure28showsan excerpt of the PFC schematitenoting the driving scheme for the-&velflying capacitor
high frequency legThe 18 V rail is generated from the main flyback converter which is referenced to the
intermediate DC link voltage GND. To generate the supply voltage for the dneededto drive the gate
capacitance of the switch Q3 (as denotedRigure28) the bootstrap technique is used, and the corresponding
bootstrap capacitor is charged when Q4ON. In order tgroperly bias the gate driver of the switch Qalow
power small, isolatedpower supply is implementedas shown irFigure29, using thelEDN851B gate driver
from Infineon in a selbscillating configuration to generate the AC excitation voltage for the isolation
transformer. Thenthe biassupply ofthe driver of the switch Qis generatedagainwith the bootstrap
technique, but this time the bootstrap capacitor charges when Q2 is Db single channel isolated gate driver
1EDB9275F is used to dria# the PFC switches.
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Figure 28 Driving scheme ofthe CoolSiGH3-level flying capacitor high frequency leg

cr6
ir p= N ]18V0_ISO_1
;Lg:R w6 Lcrr
Z&40\/ T
35V TR2 i
IC12 PRL18V0 XT01
5;; 1EDN8511B do L 1Cu7=8
ZXAOV 35V
21 VDD IN+ <§— - Al - {s_Bn 1
OutSRC IN [ T
R62 3 " 4 ]
Re2 Out_S\K GND go(/u: < - N ]18Vv0_ISO_2
TRL r® =+ o
LEG zgm e XTO1 5
3 1 |_ C83
g 3k16 “ZCZZ),SF , ZE%}/O £ é;f,
s an SGND} — ~ |S_Bn 2
J_ 50V
SGND

Figure 29 Low power biasing isolated power supply using the 1IEDN8511Ryate driver

For the low frequency unfolding leg of the PFC sta@eolSiGGen2devicesare also used, but in this case two
devices per commutation slot are used to account for the power losses. The positive thermal coefficient of the
SiC makes devicparallelingeasy. More information about parallelization of SiC devices can be four{8]irFor
the driving stage of the low frequency unfolding lethhe single channel isolated gate driv@EDN7533B also
used, and for the high side gate driver biasing the bootstrap technique is used to lower the BOM cost and
minimize the footprint area. IrFigure30, the schematics of the low frequency leg along with the gate driver
circuit are depicted.
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Figure 30 Driving scheme ofthe CoolSiGHdow frequency unfolding leg of the PFC stage
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For the energy buffer half bridge convertdwo TOLL CoolSi@Gen2 switches in parallel are uséaor every
commutation slot. For each MOSFET pair the single channel isolated gate driver 1LEDB9275F, enaistedl the
biasing of the high side driver a small, low power isolated biasing supply is again implemented using the
1EDN8511B driver in a sal§cillating configuration.ln Figure31the energy buffer half bridge schematics are
shown along with the gate driver circuit.
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Figure 31 Driving scheme ofthe CoolSiG-energy buffer buck-boost converter

CoolMOS$ldevices are used for the static switch (two in parallel) in ordedtrectly connect the bulk
electrolytic capacitors to the DC linturing steady state operationand alsofor the MOSFEWhich is

connected in parallel with the inrush current limiting resistor to bypass it during steady state operation. For
both the static switchand the inrush switchthe single channel isolated drivetEDB8275#5 deployed, and
again a biasing isolated power supply is implemented using tEeDN8511Bate driver as the sgare wave
oscillator. For the inrush switch there is no need fmmisolated supply since the source potential is referenced
to the same GND as the microcontroller, which controls the inrush switch operation. Thus, theéswated

gate driverLEDN8511Bs used to drive the gate of this device.Figure32, the driving circuits for the static
switch and the inrush switches are shown.
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Figure 32 Driving scheme ofthe CoolMO3-a) static switch and (b) inrush switch
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3.2 (CAB @@L ? KEO?MI=K5] HIR? L N? L

One of the key elements to increase power densityove100 W/irf while keeping the highest possible
efficiency is to reduce the volume of the high frequency transformer, by increasing the operating frequency of
the DCGDC converterAsimplified schematic of the choseBCDC isolatedopology isdepictedin Figure33.
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Figure 33 Simplified schematic of the LLC DEDC converter inREF_12KW_HFHD_PSU

For the primary side of the LLC converterfull bridge configuration is usedby deploying Infineon CoolGaMN,
technology.For each primary device slotwo CoolGaNldevices are connected in parallel to lower the
commutation path resistance and to spread the power lossagossmore devices anch largerPCB arealhe

full bridge primary devices are populated ondaughterboardalong with the primary side microcontroller and
the energy buffer semiconductor devices. The two resonaapacitorsare implemented in the form of two
resonant capacitor banksand are populated on the main board as shownFigure6. For the secondary side

the full bridge configuration is also deployed using tihdVCoolGaN-devices for the synchronous rectification
bridge. In order to spread the losses among different devices and lower the path resist@6aevices in total

are used, which are embedded on the transformer structure. More details about the transformer configuration
are given inSection3.2.2

For the transformer configuration and connectigm similar approach is followed for the implementation of this
power supply unitas in the one used for REF_8KW_HFHABU7]. More specifically, the primary side windings
of the two transformers are connected in series, while the secondary sidwitiges are connected in parallel to
achieve lower current per transformer on the secondary siéerthermore the primary series connection helps
with the current balancing on the output of each high frequency transformer, since the same magnetizing
current is ensured.

3.2.1 0O?L@ LG,; H4N; H>@ INIBFP? NI JI FI AS <FI =E

Figure34shows themeasured efficiencyand power losse®f the LLC converterplotted for 445 \bcinput, which
is also thenominal bulk voltage of the PSUEfficiencypeaksat 98.65% at 50% of the rated load and remains
above98.2% from 23%to 100% of the rated output power.
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Figure 34 LLC DEDCstandalone: Efficiency and power lossesat 445V input

Figure35and Figure36showsan estimation of thebreakdown of thepower losses for the LLC converter oraly
100% and 50% load respectivelyhe maincontributors to power losses are conduction losses of themary

side, the synchronous rectifiers, and total copper losses of the series and parallel inductance, and of the main
transformer itself.

100% loss distribution
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m Lr conduction m SYNCHSs conduction m SYNCHs switching m SYNCHs driving
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Figure 35 Power loss breakdown for the LLC DEDC stageat 100% of rated power
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50% loss distribution
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Figure 36 Power loss breakdown for the LLC DEDC stage at 506 of rated power

3.2.2 , v, EBHN? ANL NAM@ HS? CH>O0O=NI LM

Starting with the high frequency transformeit should be noted that a hybrid planar approach is used. Two
similar transformers are implemented with a planar magnetic structure that integrates the synchronous
rectification stage as wellFor the planar structurethe minimum gap is implemented using a %n thickness
Kapton tape to avoid any partial saturation of the core. This leads to a high primary inductance value, which is
not adequate to achieve zero voltage switching (ZVS) operation for the prirsariyches. In order to increase

the magnetizing currentan inductor, implemented with Litz wireis placed on top of the planar transformer
structure and is connected in parallel to the primary winding decreasethe total magnetizinginductance.

This inductor serves as the main magnetizing inductanceFlgure37the detailed structure of the high

frequency transformer is shownlhe core shape used for the two transformers is PQuiile the core material

is DMR59 from DMEGC, which provides low volumetie losses in the operating frequency span.

In order to comply with the PSU height limitatio0 mm) imposed by the OCP standarthe maximum height

of the transformer should alste limited to 40 mm For this reason, the overall height of the magnetic structure
is 37 mmAdditionally, cutouts are implemented on the main PCB in order to fit the transformers inside the
PSU chassis.

As shown irFigure37, Kapton foil is usedetween theprimary and thesecondarywinding PCBs in order to
increase the dielectric strength. Additionally, FR4 rings spacers are also used to increase the distance between
the primary and secondary windings, leading to deceased interwinding capacitance. The decreased
interwinding capacitarce leads to better EMI performance of the overall P81d acts in favor of the ZVS on the
primary devices Furthermore, an FR4 ring spacer is also used to increase the distance between the Litz wire,
used to implement the magnetizing inductance and the 1.8 mm gap depicted inFigure37. This is needed to
minimize the winding fringing losses generated from the stray field near the gap of the magnetic structure.
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Figure 37 Detailed structure of the high frequency transformer implemented for the LLC converter

The turns ratio of each transformer is 9:2nd by connecting the primaries in series and the secondaries in
parallel an effective turns ratio of 18:2 is achieved for the LLC converter. For the construction of each
transformer three different versions of PCBs are used, twavbich are used to implement the primary winding
and one for the secondary. For the primary windinge neednine turnsin total and for this reason two
different 6-layer PCBs are designed, one with four turns and anotketh five turns. In both PCBs, the outer
copper layers ae etched in order to provide the required clearance and creepage betweemary and
secondaryside. By connecting these two PCBs in se@asne-turn winding can beimplemented. The parallel
connection of multiple PCBs is also mandatory to account for reduced winding resistance and decreased
conduction lossesin this case five PCBs of each are connected in pardiled PCB layer arrangement for the
two PCBs needed to implement the primary winding is depicted in detaiFigure38.

5 turns primary board

L 4
.0 N (@)

4 turns primary board

(b)

Figure 38 Detailed PCB layer arrangement for (a) theb-turn primary board and (b) the 4-turn primary
board

In Figure39the 3D model of the transformer secondary side PCB is shown, along with the PCB layers from top
to bottom. On thesecondaryside board a pair of two turns igmplemented, while the synchronous

rectification full bridge stage with M\CoolGaNHdevices is integrated on the PCB with the driving stage. For the
synchronous rectification stage two devices are connected in parallel per commutation slot placed on the top
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and bottom of the PCBThelayout of the winding is depictedn Figure39(b). The secondary winding starts

from the top and bottom layer in parallel for half a turn, then continues in the second and fifth layer with a full
turn in parallel on bothlayers andfinishesagain onthe top and bottom layesimplementing theremaininghalf
turn again To accommodate the high output powesix secondary boards are populated in parallel on each
transformer.

°
Ve

SR stage: IGC016K10S2
EiceDriver ™M 2EDB7259K

(a)
{ EI{_ “ -
295" 3 53 IJ .3
Thermal transfer/ Cooling layers o o
(b)

Figure 39 An overview of the primary - and secondary-side winding PCBs

Although only four layers are needed for the winding implementation, alsixer board has been designed for
the secondary board with the two middle layers serving as thermal transfer or cooling layers. These two layers
are electrically connected at the dput terminals of the secondary boards. The basic idea behind this concept
is to dissipate the heat generated internally in the transformer construction using é¢xéra copper inside the
transformer asa heat-transferlayer. Then, by electrically connectithesecondaryside board to the copper
busbar, through a backplane PCHhe heat can be dissipated more effectively. The thermal simulation results
are shown inFigure40, using a simplified transformer model, comparing the secondary board design with and
without the cooling layers considering the same core and copper los§asboth casesa fixed airflow obm/s

is considered at 25°C intake temperature and the same core size. Additionally, since thisniplified model,

only one secondary board is used and in order to block the air going inside the core to cool directly theaRCB
FR4 air blocker is populated to investigate the effectiveness of the cooling lagarglepicted inFigure40(c).

From the simulation results it is clear that by deploying these two extra thermal transfer layers, the
temperature can be reduced byl0%. It is noted here that the copper thickness of every layer on the
secondaryside board is 14@&m, while only 33zm copper thicknesss used for the coolingayers,keeping the
overall board close to 1 mm.
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(6) Temperature - Celsius §
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(6) Temperature - Celsius
96.0527
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45
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(a) (b)

(©)
Figure 40 Thermal simulation results and cooling performance comparison between the design (a)
without the cooling layers , (b) with the cooling layers, and (c) the simplified model for the simulation

For the series resonaeinductor, a separate magnetic component is implemented since the height of the
transformer is increased compared to the one used for REF_8KW_HPBO7], offering increased window for
more parallel connected primary and secondary PCBs to accommodhghigher power level. Thus, the
integration of the resonance inductor on top of the magnetic structure is not possihléis case. IrFigure4l
the 3D drawings of the resonance inductor are depicted along with the flux direction in the core. As can be
seen, the total resonance inductance is divid@tto two separate inductors with two turns each achieving half
of the total resonance inductance. These two resonance inductors are connectesgiiies,achieving a
resonance inductor with a valuef 1.66 zH nominal. In order to decrease the core losses, the winding direction
is done in a way that flux cancelation is achieved on the | piece on the carftdre magnetic structure, which
separates the two chambers. For the resonance inductor custom PQ35 cores are used 2vdhmm gaon
each sideand the core material is DMR59 in this case too.
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Resonance Inductor Litz wire
(2 turns x 512 x 56m litz wire)

(b) (c)
Figure 41 (a) 3D drawings of the resonant inductor structure, (b) graphical visualization of the flux
orientation inside the core , and (c) the core structure of the resonance inductor

3.2.3 SLCRHCHAHMQCHNMB NB? , ,# =1 HP?LN?L

As explainegreviously,a full bridge configuration is used for the primary side of the LLC converter. For each
high side and low side slptwo CoolGaNHGIT650 Wevices 25 mA each (IGT65R025D2), are connected in
parallel to reduce the conduction losses. Fparallelization ofthe GaN devicesa common mode choke is
added in the gate loop to increase the common mode immuniBpr further information on how GaN devices
can be paralleled effectivelyreferto [9].
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Figure 42 Driving scheme of the CoolGaN-on the primary side of the LLC converter
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For both high and low side switches the single channel isolated gate driver LEDB8275F is used, and as shown
also on the schematicsHjgure4?2) the PWM signals from the microcontroller are used to interlock the drivers

and prevent any shoothrough situation. For the biasing of the drivers 12swised. For the low side drivethe

12V rail(PRI_12Vis generated using an LDO regulatevhich is supplied directly from the 18 V réi*Rl_18V0)

For the driver, which controls the high side switch, the 12 V rail should be generated with respect to the

switching node, and for this reason a low powésolated power supply is implemented using the 1IEDN8511B

single channel noAsolated driver, in a selfoscillating configuration as depicted irFigure43. The oscillator in

this case is powered with the 18 supply from the flyback converter (PRI_18V0) and the twd¥ isblated rails
(HS_VCC_A and HS_VCC_B) are regulated by applying the proper duty cycle to the primary side of the XTO1 (TR
and TR2) transfaners.

PRI_18V0
11

s PRLISVO
11 voo ne T % PRL 12V

] O IN fa 17
b2 f ousK GID |y &9 1 4
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4 3
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Figure 43 Biasing of the high-side driver for CoolGaNHdriving

For the secondary side of the LLC converter, a full bridge synchronous rectification stage is adolgigdying
100 V MZoolGaNHswitches, and more specificallthe IGC016K10S2 selected featuring BmA Ros(ny For

each switch of the full bridge convertetwo GaN devices are used in parallel to reduce the conduction losses
on the given PCB areas much as possibld-or the driving circuit of the GaN devicéise dual channel isolated
driver 2EDB7259k§ used, and for the biasing of the high side cmel of the driverthe bootstrap technique

with an additional LDO regulatois used, as shown iRigure44. Anadditional LDO regulator is needed, since
the bootstrap capacitor can be overcharged due the highersourceto-drain voltage drop of the GaN devices
compared to Sdevices. This overcharging cdead to potential damage of the sensitivgate-to-source
capacitance of the GaN devices.
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Figure45showsthe efficiency measurementsf the whole PSUWor steady-state operation at different AGnput
voltages. The efficiency measurements have been obtained with &80T power analyzewith 10kHz input
and output line filters, with 64 samples averaginghe power converter was enclosed inside the metallic
chassis, and the fan consumption is included.

REF_12KW_HFHD PSU Efficiency (%)
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(b)
Figure 45 (a) Measured efficiency and (b) power losses of REF_12KW_HFHD_PSbr different input
line voltages (180 Vag, 208 Vag, 230 Vag, 277 Mg and 305 Vad with fan power consumption included
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Figure46and Figure47 depict the power factorand the total harmonic distortion (iTHDYf the PSU input
currentmeasured at305 Ug 277 Mg 230Vag 208 W and 180 Wcline voltagesand 50 Hzgrid frequency The
iTHD and PF measuremenisve been performean the full PSU operating in steady state conditionsing the

WT5000 power analyzer fronokogawa

REF_12KW_HFHD power factor
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I A s
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Figure 46 Power factor (PF) of the PSU and OCPBower factor limit
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Figure 47 Input current total harmonic distortion (iTHD) of the PSU and OCH HDlimit
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In Figure48the full PSU startup is depicted for full load at the output of the power supply. During the startup
phase of the PSldhe DC link voltageisesand the Cy, capacitance is charged through the inrush diodes and
body diodes of the synchronous rectification leg of the PR@e small electrolytic capacitor which iscatedon

the DCIink is charged initially through the NTC, which is short circuited during steady state through a MOSFET.
As the DC link voltage risgthe main flyback biasing converter is activated and the primary side

microcontroller ispowered up The microcontroller initially enables the bottom switches tife 3-levelflying
capacitor PFC in order to charge the flying capacitor close to the steady state value as explaiBedtion

3.1.2 When this charging phase is finishgtle PFC operateaccording to the closed loop control described in
Section 3.1.4and the voltage on the intermediat®Clink (Vi) starts to rise to the steady state value (5M).

After the M voltage reaches the steady state value, the energy buffer starts to operate in BUCK mode,
transferring energy from the intermediate DC link to the bulk capacitance in order to charge it to the same
steady state valueln this time interval when the energy buffer operates buck mode, the energy buffer

inductor current and the grid current increase in a controlled manner. When the voltage difference between the
Viep and the Wk is approximatellylOV the static switch is enablednd thebulk electrolytic capacitors are
connected to the intermediate DC link fateady state operation

The next step is the startup of the LLC converter. The primary current of the LLC converter (black colored
waveform) starts to rise and energy is delivered from the intermediate DC link to the output capacitors and the
load. The output voltage also increas monotonically until the steady state valyghich is calculated

according to the droop function (50 V at 0% of the load, 49 V at 100% of the lodeyure49the converter

startup is also depicted when with no load at the output for the sake of completeness denoting the proper
operation, with themain difference identifiedbeingthe different rise time of the output voltage, because of the
different gain curve of the LLC converter.

g

Vbulk 2 200 V/div

Vdcp 2 200 V/div

Igrid 2 100 A/div

Vgrid 2 2 0 O/div

Energy Buffer Sw.N. 2 2 0 0/div

. . . . X X . LLC primary current 2 1 0 A/div
528 ms 576 ms 624 ms &72ms 720ms 768 ms 816 ms 864 ms 3L PFC Sw.N. 2 2 0 U/div

c1

Figure 48 PSU startupat 230 Vacinput and full load at the output
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Figure 49 PSU startup at 230Vacinput and noload at the output

It should be noted here that thetartup inrush current ismaximumwhenthe AC input voltage is at its
maximumvalue, while pluggingthe PSU to the grid. The maximum inrush current is depictedrigure50for
305V, considering that the PSU starts when the grid is at 90°.
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Figure 50 PSU inrush current at305 Vacinput voltage and 90° startup

If we examine the startup behavior of the LLC converter standalone, it is shown that before the closed loop
operation is activated 17 predefined control pulses are given to the primary switchiesthe open loop to limit
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the maximum primary current, since the resonant capacitors and the output capacitors are completely
discharged during startup. The maximum frequency during this phase is approximate@yViHz as depicted in
Figure51 After this initial intervalthe output voltage of the LLC ramps up using the closed loop control
system, which is responsible for the output voltage regulatidfor the output voltage regulation, a PID
controller is used.

Furthermore, the secondary side microcontroller is also responsible for the pulses generation used for the
control of the synchronous rectification switche§he voltage of the secondary side of the transformer along
with the primary current are depicted ifrigure52for the initial startup phase of the LLC converter highlighting
four different time stamps during this phase. The control putsfer the synchronous rectification MOSFETs

start when the output voltage is approximately 5 V with a small width. The width of the pulses gradually
increaseas the output voltage rises and the switching frequency of the converter tends to reach the steady
state value. The synchronous rectification pulses increase gradually to ensure that there is no step change on
the LLC converter gain curve, causing osdithas at the output voltage

Thus, by gradudy changingthe pulse duration, a smoother variation of the LLC converter curve can be
achieved also redudng the controller effort. The waveformsof Figure51and Figure52are for full load
operation of the LLC converter.

38 76ms 1n4ms 152m 19ms 28m w6ms LLC primary current 2 2 A/div

s o 200 1 18 2 20 a2 34| LLC primary cuent 2 2 Ovdiv

(b)
Figure 51 (a) LLC converterstartup and (b) zoomed waveforms during the initial startup pulses
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Figure 52 Transformer secondary voltage and LLC primary current for four different phases of the
startup of the LLC converter

4.1.4 3N?; >S MN; N? Q; P? @ LGM

In Figure53, Figure54, and Figure55the steady state main waveforms of the PSU are depicted fotazal, 50%
load, and 100% load conditions respectivefgr the nominal AC input voltagef 230 Wc
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Figure 53 Key-waveforms of the REF_12KW_HFHD PSU for 23Q &hd no load at the output
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Figure 54 Key-waveforms of the REF_12KW_HFHD PSU for 23Q &d 50%load at the output
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Figure 55 Key-waveforms of the REF_12KW_HFHD PSU for 23Q &hd 100%load at the output.

Foroperation without load at the output of the PSUt can be seen from the waveforms that the voltage ripple

on the DC link capacitor is negligible, since the amount of power that is processed is minimum and covers only
the converter losses. The LLC output voltage reaches 50.7 V and then the operatingfrey decreaseslso
reversingthe energy flowasis shown from the zoomed waveform on the primary LLC current. With this
technique, charges are transferred from the output capacitance (the linear dease of the output voltage is
visible) to the DC link through the LLC convertkeeping the operating frequency within predefined limits. The
maximum voltage ripple at the output voltage in this case is 700 mV.
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For half load and full load conditios, this phenomenon cannot be observed, and the setpoint of the output
voltage changes with the output current implementing the droop function. Taeveloping curveof the LLC
current contains a strong second order harmonic (the line frequency is taken as the fundamental harmonic) in
order to compensate for the second order harmonic at the output voltage of the PSU. The second order
harmonic component is present on #&1DC link voltage (), and thusat the input voltageof the LLC converter,
because of the singlphase PFC operatian

The second order harmonic component increases with higher power because the AC component of the power
that needs to be decoupled by the capacitor increases as well. Additionally, the flying capacitor voltage ripple is
greater with higher power, since theuecrent during the charging and discharging phageincreased InFigure

56, the steady state waveforms of the PSU are shown for ¥2@nd full load at the output, emphasizing on the

low frequency ripple of the intermediate DC link, whichfi20 V, and the ripple on the flying capacitor which is

88 Vv

Vdc

A

ér:o

lpri_LLC

20m o 20m w0m e Boms 100 ms 1208 1ome 160ms

Figure 56 Voltage ripple of the intermediate DC link and flying capacitor of the REF_12KW_HFHD PSU
for 230 V,cand 100%load at the output

InFigure57, the LLC primary current and the switching frequency are shown for full load operation
highlighting the waveforms and the frequency, when the DC link voltage is minimum, maxinandalso when

it isequal to the value required for operation on the resonant poiiithemaximumLLC frequency for steady
state operation at full load i877kHz,while the minimum frequency is approximately 303 kHEhis frequency
range is adequate to compensate for the low frequency component of the DC link voltage as confirmed from
Figure56, since the second order harmonic component cannot be seen on the output voltage of the PSU. For
the minimum DC link voltaggthe primary current of the LLC converter is maximyand the converter operates
in boostmode, while for maximum DC link voltage the frequency incread$eading to thebuck mode

operation of the LLC converter. Furthermore, frofigure57(c) the resonance frequency can be identified,
which for this converter is equal t6355 kHz.
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Figure 57 PSU steady state waveforms highlighting the LLC primary current and the switching
frequency for (a) minimum Ve, (b) maximum Vg, and (¢) Ve equal to the value needed for operation at
the resonant point

In Figure58, the switching node voltages of two higfrequency flying capacitor 3evellegs are shown along
with the boosting inductor waveforms, highlighting the multistep waveforof the switching nodeand the
interleaving effect on the inductor current.

In Figure59and Figure60, the steady state waveforms of the whole PSU are presented for the minimum and
maximum AC input voltage respectively, validating the proper operation of REF_12KW_HFS{For the

whole input voltage operating rangat 100% load at the outputAdditionally, inFigure61, the ripple of the
output voltage is shown for 100% load again, which is measured conside2BigMHz bandwidth and 0.&kF
capacitor locally connected to the probing point on the adapter board.
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Figure 58 PSU steady state waveforms highlighting the switching node voltages of the two high
frequency 3-level legs along with the PFC boosting inductor currents (a) time division equal to 10 ms/div
and (b) zoomed waveformswhere the phase current is maximum
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Figure 59 REF_12KW_HFHD_PSddy waveforms for 180 Vac AC input voltage
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Figure 60 REF_12KW_HFHD_PSU kesaveforms for 305 Vac AC input voltage and 100% load at the
output
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Figure 61 PSU output voltage ripple at 100% load

4.1.5 4B?LG;, F J?L@I LG; H="?

Thermal performance of the fuPSUhas beersimulated and verified under several PSU operating conditions.
In Figure62, the results of thermal simulationsare shown, depicting the velocity magnitude (m/s) considering a
cross section in the center of the PSU.

Figure 62 Airflow velocity magnitude cross sectionat PSU center

The thermal performancef the PSU is also experimentally verified at different AC input voltages and the
results regarding the temperature on the most critical components are summarizedable 1 All the
temperature values shown iffable lare recordel at the thermal equilibrium point the ambient temperature
is 25C, and maximum load is considered every case
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Table 1 PSUthermal measurements at different input voltages and 25 ° C ambient temperature

gcc))r;énon IF‘)rLIz ary Synch. PFC Resonant Fsa)é?:fh Fsa)é?:fh Outpu_t

VacM) | choke MOSFET _'_‘r)e(fé)PFC ?fgke T :_”rdT”‘(:t‘ér) XFMRA | XFMRA ?(pjg'tor
T(°C) T (°C) T (°C) T (°C)

180V | 129 87 88 78 89 86 100 87

208V | 120 91 80 72 92 84 99 85

230V | 108 89 72 66 90 82 97 83

277V |91 84 61 55 86 77 92 78

305V |82 81 54 48 83 72 87 74

4.2 $SH; GCE @ LBRHZRCG?HN; F Q; P? @ LGM

4.2.1 /| ONJONLFEIHMC? HNM

REF_12KW_HFHD_PBas$ been testedor repetitive load transients, froml0-100% and viceversa with a

5 A/us slew ratdor the load currentduring the load jumpsand a 10Hzrepetition rate as shown irFigure63. A
more detailed view during the change of the load current is depictedrigure64. As can be seen, the
undershoot of the output voltage is zero since the new setpoint commdhdcause of the droop functionis
lower than the expected undershoot. When the load&eased the output current drops immediately and the
droop function commands the rise of the output voltage. In this case the overshoot is 120nhi¢h iswell
below the imposed limit fron1].

It should be noted that every time that the load increases the static switchffand the energy buffer starts to
operate as can be seen from thrick-boostinductor current.Inthis case, some energy is taken from the bulk
capacitor in order to limit the power drawn from the grisb as tamplement the grid shaping function, with
which the slope of the power drawn from the grid can be limited. Nevertheless, in this,thed?FC current
drops immediately to maintain the ¥, regulation.

The instant decrement of the PFC current is possible because of the LLC current feedforward term which is fed
as information to the control loop of the PFC convertékdditionally, the PFC currerisodecreases

immediately when the DC link voltage is above a predefined threshold as a protection limit without latching the
fault condition operating in a mode similar to pulse skippindylore details about the energy buffer operation

are given in10].
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Figure 63 PSUrepetitive load transient, 10-100%, and 100-10% output load with 10 Hz repetition
frequency

@)

(b)
Figure 64 Detailed view of the PSU loadtransient at (a) 10-100% load current and (b) 100-10% load
current

This 10 Hz repetitive load jump can also be continuous, due to the load profile of the aatgers. Thereforg it
should beensuredthat devices do not overheatvhen the energy buffer operates continuously during this
repetitive dynamic condition Figure66depictsthe thermal image of the energy buffer devices considering
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