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Scope and purpose

This document introduces a complete Infineon Technologies AG system solution for a 3300 W DC-DC converter
from 400V to 51.5 V achieving 98.1 percent peak efficiency. The converter (EVAL_3K3W_LLC_HB_CFD7) isa
Half-Bridge (HB) LLC with full-bridge rectification, split resonant capacitor and clamping diodes on the primary
side. The EVAL_3K3W_LLC_HB_CFD7 has been designed following the requirements of telecom and battery
charging applications: wide range input (hold-up time) and wide range output from 43.5V up to 59.5 V.

This document describes the converter hardware (Figure 1) and the design parameters of the full Infineon
solution including 600 V CoolMOS™ CFD7, 80 V OptiMOS™ 5, an innovative magnetic construction and a novel
cooling concept.

The main Infineon components used in the 3300 W LLC HB are:

e 600V CoolMOS™ CFD7 Super-Junction (SJ) MOSFET

e 80V OptiMOS™ 5 Synchronous Rectifier (SR) MOSFET

e 2EDS8265H safety isolated, 1IEDI20N12AF and 2EDF7275F functional isolated gate drivers (EiceDRIVER™)
e XMC4200-F64k256AB microcontroller

e ICE5QSAG CoolSET™ Quasi Resonant (QR) Flyback controller

e 800V CoolMOS™ P7 SJ MOSFET

e Medium-power Schottky diode BAT165

o [IFX91041EJV33 DC-DC step-down voltage regulator

e SmartRectifier controller IR1161LPBF

Figurel 3300WLLCHB
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Background and system description

1 Background and system description

The trend in SMPS in recent years has been toward increased power density with optimized cost. High
efficiency is a key parameter in achieving this increasing power density because the heat dissipation must be
minimized. Furthermore, higher efficiency directly impacts the ownership cost during the lifetime of the
converter. Toward this goal, fully resonant topologies such as the LLC are often considered to be the best
approach in these power and voltage ranges.

The outstanding efficiency shown in Figure 2 can only be achieved by using a 600 V CooIMOS™ CFD7 in TO-247
package together with 80 V OptiMOS™ 5 SRs. The outstanding performance of these semiconductor
technologies, the innovative cooling concept solution and the stacked magnetic construction enables power
density in the range of 4 W/cm?® (66 W/in3).

The board was designed as a testing platform, with easy access to probe points, and easy
reworking/replacement of components. The power density can be largely improved; and even more in an
enclosed design, which further improves the cooling capability of the proposed solution.
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Figure2 Measured efficiency of the 3300 W LLC HB at 400 V input and 51.5 V output

The 3300 W LLC HB DC-DC converter has been designed with Infineon power semiconductors as well as

Infineon drivers and controllers. The Infineon components used in the 3300 W LLC HB are:

e 18 mQ 600V CoolMOS™ CFD7 (IPW60R018CFD7) in the HV HB

e 3.7mQ 80V OptiMOS™5 in Super SO-8 package (BSCO37N80NS5) in the LV bridge

e 2EDS8265H safety isolated, 1IEDI20N12AF and 2EDF7275F functional isolated gate drivers (EiceDRIVER™)

e ICE5QSAG QR Flyback controller with external 4.5 Q 800 V CoolMOS™ P7 (IPU80R4K5PT) for the auxiliary
supply [1]

e XMC4200 microcontroller for control implementation (XMC4200-F64k256AB)

e Medium-power Schottky diode BAT165

e [FX91041EJV33 DC/DC step-down voltage regulator
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e SmartRectifier controller IR1161LPBF for the control of the SRs

This document describes the system and hardware of the 3300 W LLC HV, as well as the design specification
requirements and the main test results. For further information on Infineon semiconductors see the Infineon
website, as well as the Infineon evaluation board search tool, and the different websites for the different
implemented components:

e CoolMOS™ power MOSFETs
e OptiMOS™ power MOSFETs
e GatedriverICs

e QRCOOISET™

e XMC™ microcontrollers

1.1 System description

The EVAL_3K3W_LLC_HB_CFD7 design consists of an LLC HB with SR in full-bridge configuration, with split
capacitor and clamping diodes on the primary side (Figure 3).

The control is implemented with an XMC4200 Infineon microcontroller, which includes voltage regulation
functionality, burst mode operation, output Over-Current Protection (OCP), Over-Voltage Protection (OVP),
Under-Voltage Protection (UVP), Under-Voltage Lockout (UVLO), soft-start, SR control, adaptive dead-times
(bridge and SRs) and serial communication interface. Further details about the digital control implementation
and additional functionalities of the LLC control with the XMC™ 4000 family can be found in [2].

The converter’s nominal output is at telecom level (51.5 V) with wide range capability, also tailored for 48 V
battery charger systems working within the 59.5V to 43.5 V range. The converter is operated at a nominal input
voltage of 400 V, whereas it can regulate down to 360 V at full load (at nominal 51.5 V output voltage) providing
room for hold-up time whenever the design is part of a full AC-DC converter.
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Figure3 3300 WLLC HB (EVAL_3K3W_LLC_HB_CFD7) - simplified diagram showing the main Infineon
semiconductors used
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At the nominal input and output voltages the converter operates at nearly fixed frequency (resonance). Above
the resonance the switching frequency increases and the switching and core losses become dominant. On the
other hand, under resonance the rms currents and their related losses increase. Consequently the overall
efficiency of the converter tends to decrease, moving away from the nominal conversion ratio (Figure 4 and
Figure 5).

The switching frequency of the converter ranges from 45 kHz up to 250 kHz. The maximum efficiency is
achieved around 70 kHz, which corresponds to the resonant tank natural frequency at the nominal input 400 V
and output 51.5 V voltages.
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Figure4  Estimated efficiency of the 3300 W LLC HB at different output voltages and fixed nominal
input 400 V. The maximum efficiency is achieved around the resonance operation. Above

resonance the switching losses become dominant. Under resonance the conduction losses

dominate.
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Figure5 Estimated efficiency of the 3300 W LLC HB at different input voltages and fixed nominal
output 51.5 V. In a full-power supply the converter operates most of the time with the
nominal input voltage. During hold-up time conditions only the input voltage drops below
nominal.
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1.1.1 Resonant tank design

The design of the converter and the resonant tank is based on the widespread First Harmonic Approximation
(FHA) for LLC converters. The FHA is extensively covered in the literature and is not explained further here [3].

The quality factor Q should be small enough to achieve the maximum output power at the minimum input
voltage Vinmin and the maximum output voltage Vomax (maximum gain). The given maximum boosting gain
required fixes the resonant capacitance C. for a chosen resonant frequency F.s, with F.s being a free design
parameter the designer can use to tune the maximum efficiency of the converter.

In the 3300 W LLC HB the maximum efficiencies can be achieved with a F.s around 70 kHz (Figure 6). This should
not be confused with the maximum efficiency of the converter at switching frequencies near resonance,
presented in the previous version. The transformer construction, the selection of semiconductor technologies
and their Rpsion) influences the maximum achievable efficiency and at which F. it can be achieved. The final
selection of F..s and other design parameters would require further iterations of the design procedure.

For each F..s the corresponding C. can be calculated with (1) where R, stands for the reflected load resistance.
In this design the resonant frequency was fixed to 70 kHz, which results in a C, = 465 nF. In practice C; and the
other resonant tank values are approximated, and not all values can be realized in the real hardware.
JE
Q=X yields 1

Rac =
1 2MFresRqcQ

Fpos = —/—
kres 21./L,Cy

Peak efficiency vs resonant tank natural frequency
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Figure6  Estimated efficiency of the 3300 W LLC HB for different resonant frequencies (with fixed Q
and L, to L, ratio). Estimated at nominal conditions: 400 V input and 51.5 V output.

The corresponding value of L, for the selected F..; can be calculated with (2). In this design the resulting value is
L= 10.5 pH.
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1

b = G 2
The ratio of the total primary inductance to the resonant inductance m is a trade-off between the efficiency at
nominal conditions and the converter gain range (3):

_ Ly+Lpy
= o @)

e Abigratio mreduces the primary-side circulating currents and, consequently, the conduction losses.
However, it also reduces the available energy for Zero Voltage Switching (ZVS) in the primary-side HB
(Figure 7). Furthermore, it makes it difficult to maintain the regulation at reduced loads and low output
voltages (minimum gain) without greatly increasing the Fwi«h (Figure 12).
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Figure7  Primary-side current waveforms at 10 percent of load, 400 V input and 51.5 V output. A
smaller magnetizing inductance (m = 7) increases the available energy for the HV MOSFET
transitions, which ultimately extends the ZVS range.
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e Asmallratio mincreases the primary-side circulating currents (Figure 8). However, it also increases the
available energy for ZVS in the primary-side HB, which ultimately enables a lower Rps,n and overall
higher efficiency along all the load range. Furthermore, the gain range of the converter is extended and
the switching frequency span reduced.
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Figure8 Primary-side current waveforms at 100 percent of load, 400 V input and 51.5 V output. A
smaller magnetizing inductance (m =7) increases the rms currents through the primary side
of the converter. However, this can be compensated by a smaller Rps(.n) thanks to the extra

available energy at light load.
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For wide input and/or wide output converters like the 3300 W LLC HB a small ratio m is required. However,
achieving the full regulation range would still require special considerations, especially at light load and
maximum input Vinmax Or minimum output voltage Vo min (Mminimum required gain). One of the most widespread
solutions for the extension of the gain range (buck operation) is the burst mode control scheme [4].

1.1.2 Converter gain in nominal operation

The gain curves of the 3300 W LLC HB converter at the nominal output voltage and different loads are plotted in
Figure 7. It can be observed that the frequency span along the load depends heavily on the operating point of
the converter. Near resonance the frequency is almost constant along the load. However, deep under
resonance (Figure 8), and especially far above resonance (Figure 9), the required frequency span increases
dramatically.

An LLC converter is usually designed for its peak efficiency at the nominal conditions, which corresponds
ideally to its most frequent mode of operation. For this design the specifications are 400 Vinput and 51.5V
output with the peak efficiency at 50 percent of load.

The peak efficiency of the converter (at the point of load of interest) does not necessarily happen exactly at
resonance in every LLC converter design. In this converter the peak efficiency (50 percent of load) is achieved at
400 Vinputand 51.5V output, as can be observed in Figure 4. This operation point is slightly above resonance,
where the sum of frequency-related losses and the conduction-related losses are at their minimum. A different
Rosion) Selection, for example, can change the balance of losses and shift the operating conditions for peak
efficiency.

Note: It is known that the FHA loses accuracy at switching frequencies far from Fis. The required gain at
the corner cases (Vin,min, Vinmaxs Vomin, Vomax) has to be further investigated in circuit simulations and
verified in the final hardware.

Converter gain @ 51.5V
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Figure9 Estimated gain of the converter while operating at fixed 51.5 V output. Near resonance the
switching frequency variation along the load range is small.
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1.1.3 Converter gain in boost operation

For output voltages above the nominal (higher than 52 V) the converter operates in the boost region, or the so-
called under-resonance (Figure 10). The boost region is also entered with low input voltages, for example
during hold-up time.

Under resonance and operating with heavy loads the converter risks entering the so-called capacitive mode
where the ZVS of the primary-side MOSFETs is lost and they become hard commutated. This undesired
condition can be prevented in several ways: limiting the minimum switching frequency (45 kHz in this design);
limiting the maximum output current at the higher output voltages; using clamping diodes in the primary side,
which avoids that the primary-side current increases out of control [5].

Although the clamping diodes are a common solution they also limit the maximum output current at the higher
output voltages (Figure 11). When the resonant capacitors’ voltage swings up to the HV rails, the clamping
diodes conduct, which ultimately limits the maximum gain of the converter.
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Figure 10 Estimated gain of the converter while operating at fixed 59.5 V output voltage. The converter
cannot deliver the full peak power at the maximum output voltage while operating at 400 V
input: the gain of the converter is limited in this region.
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Figure 11 Adaptive burst threshold. The switching frequency increases and the range extends at the
lower output voltages (buck operation, above resonance).

1.1.4 Converter gain in buck operation

For output voltages under the nominal (lower than 51 V) the converter operates in the buck region, or the so-
called above resonance (Figure 12).

At light loads the gain of the converter becomes almost flat. Moreover, in reality the gain can actually rise again
for increasing switching frequencies due to circuit parasitics and phenomena not considered in the FHA [3].
There are several state-of-the-art solutions for the extension of the minimum gain range in LLC. The solution
adopted in this design is burst mode operation.

The burst mode threshold is given by the maximum switching frequency, which is adapted in the control of this
converter to the different output voltages Figure 13. The adaptive threshold is required because of the
dissimilar switching frequency ranges at the different output voltages (Figure 7, Figure 8 and Figure 9).
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Figure 12 Estimated gain of the converter while operating at fixed 43.5 V output voltage. The frequency
span is very wide. However, special control techniques can be used to reduce the gain and

maintain the regulation at light loads.
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Figure 13 Adaptive burst threshold. The switching frequency increases and the range extends at the
lower output voltages (buck operation, above resonance).
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1.2 Board description

Figure 14 shows the placement of the different components on the 3300 W LLC HB DC-DC converter. The outer
dimensions of the board, designed without enclosure, are 205 mm x 100 mm x 40 mm, which results in a power
density in the range of 4 W/cm? (66 W/in®).

ROL CARD

25350
S
REINFORCED

ISOLATED
DRIVER

2UNCTTONAL ISOLATED®
RIVERS (SR)

142200001

Figure 14 Placement of the different sections in the 3300 W LLC HB with Infineon 600 V CoolMOS™ CFD7
and 80 V OptiMOS™ 5. Current Sense (CS), resonant inductor (LR), Synchronous Rectifiers
(SR), clamping diodes (C. DIODES), resonant capacitor (CR).

The estimated overall distribution of losses of the converter along the load proves the main transformer and
the resonant inductance as the main sources of loss (Figure 15). The semiconductors, both the 600 V
CoolMOS™ CFDT and the 80 V OptiMOS™ 5, which are their best-in-class performing parts, exhibit very low and
good balanced switching, driving and conduction losses.
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Figure 15 Overall losses breakdown of the 3300 W LLC HB along the load range of the converter.
Estimated at nominal conditions: 400 V input and 51.5 V output.

1.3 600V CoolMOS™ CFD7 in LLC

IPW60R018CFD7 stands for the 18 mQ 600 V CoolMOS™ CFD7 in TO-247 package, the latest and best-
performing fast body diode device from Infineon.

IPW60R018CFDT has a low loss contribution along all load ranges and exhibits a good balance of conduction,
driving and switching losses at the 50 percent load point, becoming the right device and Ros(n) class when
optimizing for the highest peak efficiency at that point (Figure 16).

A mm Conduction

/ \ mmm Switching | 138
/ \ mm Driving - 136

=
<
— 0

g 5 Loss % - 134 B
=]
% —
7] =
£ 4 L 132 =
<
A =
3 -
- 13 §
2 —

- 128

1
0 - 126
100% 50% 10%
Load (%)

Figure 16 IPWG60R018CFD7 loss distribution along load in the 3300 W LLC HB. Absolute MOSFETs loss
and its relative proportion to the total losses is given as a percentage. Estimated at nominal
conditions: 400 Vinput and 51.5 V output.

The proposed driving circuitry includes an external turn-on resistor (10 Q) in series to a medium-power
Schottky diode BAT165, and an external turn-off resistor (2.5 Q) also in series to a BAT165 (Figure 17).
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The external turn-on resistor (10 Q) plus the embedded MOSFET gate resistance (R¢) has little or no impact on
turn-on losses under ZVS and keeps dv/dt and di/dt under control in the event of eventual hard-switched turn-
on transitions (soft-start or no-load operation).

The external turn-off resistor helps to dampen voltage ringing in the gate driving loop of the MOSFET at high
current turn-off transitions. Moreover, the external turn-off resistor does not have an impact on the switching
losses thanks to the early channel shut-down mechanisms in CoolIMOS™ where the dv/dt is limited by the
external capacitance and the resonant current (4).

Note: The 3300 W LLC HB was designed as a testing platform for HV devices. The drivers are mounted on
a daughter card, which eases their replacement and a variety of driving alternatives.

In summary the 600 V CoolMOS™ CFD7 achieves incomparable switching performance in all load conditions
(Figure 16).

ﬂ _ (Vplateau_vdriver) __ Vplateau ﬂ < ﬂ

dtg B CagRg,0FF - CagRg0FF 'dt T dtq (4)
dv _ _loFr dv _ dv

dtp 2Coss,tr ' odt T dty

Replacing the parameters in the equation (4) with the data from IPW60R018CFD7, the values of the proposed
driving circuit and the maximum expected turn-off current in the application (lorr) we obtain the results in (5). In
these conditions the turn-off speed would be limited by the driving path and not entirely lossless.

dv. _ 525V __V
dtq 75pF 250 ns (5)
dv. _ 30A 415 \%
dt, 722 pF " ns
ik
40V
BAT165
T R4 D3
1 -~
IPWGOROISCFD? E:—H < 6 = |
[ ?m DBJ4 LS VCC—y—+{ VCCA INA |———|PWM_HS_SEC
s i Al - ouTA INB [-=——{PWM LS SEC
- 40V LS_VsS} 5| GNDA VCCT — -+ i}VJscc
40V w5 NC GNDI |— ——3——GNDsec
E I § - BAT165 B < NC. DISABLE |—=—ENpri| €2 C4
Col== CO2== (== P R2 DI Hs vcc} VCCB NC. |—— b5 vhy
e e b e AR
Npo Twpo T weo T 1P WOOROIBCFD? 4 ? r,;,r Ths_vss = GNDB  TEST/SLDO
C94== C95== C96== RI D2 p
0ok | 20pF | 220pF o BATI65 b 2EDS8265H
500V 500V 500V 40V X7R
NPO NPO NPQ
GNDpri

Figure 17 Proposed driving circuit for the 3300 W LLC HB including the additional external capacitance
for linearization and early channel shut-down range extension.

However, it is a standard practice to add external ceramic capacitors to linearize the MOSFET switching
behavior and extend the early channel shut-down range. In the proposed circuit we have added 330 pF that
must be considered in the previous analysis (6). In this case the turn-off transition becomes limited by the
resonant charge of the output capacitance of the switches and can be considered entirely lossless.
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dv. _ 525V \

dtq 75 pF250 = ns 6
dv 30A A% ( )
T =2 x285—
dto (722+330) pF ns

The supply of the High-Side (HS) driver has been realized by an auxiliary supply built around the single-channel
Infineon driver 1IEDI20N12AF (Figure 18). The proposed biasing circuit self-oscillates, generating a fixed-
frequency square wave, which is fed to a safety isolated transformer and rectified afterward in two separate
secondary windings. Each of the secondary windings supplies one of the HB safety isolated channels of the
2EDS8265H driver: one for the HS MOSFET and other for the low-side MOSFET.

The supply voltage of the HB driver is given by the auxiliary transformer turns ratio (13:16, stepping up) and the
input voltage of the auxiliary supply circuit. The input of the auxiliary supply can be selected between the
internally available 12 V (resulting in approximately 14.8 V maximum driving voltage) or supplied externally
from 10Vupto 18 V.

R37
10-18V de —{ TR ——— - o—Ls vee
R38 - iRiD4 -
12V »1'i|—| O0R 17 iBat54-04
! IC5 1EDI2ONI2AF 250V [R41
a . N 10k
GND vee?
z IN- Out+ 3 TS =
20
IN+ ou- 8 == LS vss
L1 veet o2 |2 Bl || || e [
wind. prim: 13
33 1 wind. sec1: 16| _
L33 =
I:IRS (1?(’);0 R3
nF L . ;
R39 27k 50V T Col Col Rl
s XTR . 1uF L Y ¥
(JN[)pnl—‘E 25 12%'-\'/':
L R0 cao | c84] c83| o8 xR L
" LILILIE!
X5R X5R X5R [ X5R

Figure 18 Proposed isolated supply for the driving of the HV HB devices. The supply can be setto 12V
from the internal supply or within a 10 V up to 18 V range from an additional external supply.

1.3.1 600V CoolMOS™ CFD7 Rps(on) cOMparison

The 600 V CoolMOS™ CFD7 current portfolio in TO-247 package (Figure 19) ranges from 170 mQ (maximum) to
the best-in-class 18 mQ (minimum).

600 V CoolMOS™ CFD7 SJ MOSFETs

Ros(on) [Q] TO-247 Ros(on [Q] TO-247

18 IPW60R018CFD7 90 IPW60R090CFD7
31 IPW60R031CFD7 105 IPW60R105CFD7
40 IPW60R040CFD7 125 IPW60R125CFD7
55 IPW60R055CFD7 145 IPW60R145CFD7
70 IPW60R0O70CFD7 170 IPW60R170CFD7

Figure 19 Rops(n) portfolio for 600 V CoolMOS™ CFD7 in TO-247.
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For this design IPW60R018CFD7 was chosen as the best performance compromise between 100 percent, 50
percent and 10 percent load points. However, other Rpson could be used to achieve a different distribution of
losses whenever there is interest in increasing performance at a different working point of the converter.
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Figure 20 Estimated efficiency of the 3300 W LLC HB with different 600 V CoolMOS™ CFD7 Rpson) in TO-
247. Estimated at nominal conditions: 400 V input and 51.5 V output.

For example, in Figure 20 and Figure 21 we present an estimated performance comparison for three different
Ros(on) available in the 600 V CoolMOS™ CFD7 portfolio: IPW60R018CFD7 (device currently on the design),
IPW60R0O70CFD7 and IPW60R055CFD7 (in between the two previous Rps(on)).
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Figure 21 Differential estimated efficiency of the 3300 W LLC HB with different 600 V CoolMOS™ CFD7

Ros(on) in TO-247. Estimated at nominal conditions: 400 V input and 51.5 V output.
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In Figure 22 the estimation of losses at three main working points and how they balance for the three different
Rosin) Values can be seen. Althought the difference in losses at 50 percent and 10 percent is small in comparison
to the difference in losses at 100 percent of load, the impact on efficiency is still noticeable, as can be observed
in Figure 21. The steep change on the differential efficiency comparison between 20 percent and 10 percent is
due to the partial loss of full ZVS at 10 percent and the proportionally higher Eossen Values for each of the Rosion)
values.

50
45 —

10 Driving

> m Switching

B Conduction

Losses (W)
&

100% 50%

Load (%)

Figure 22 Estimated distribution of losses of the 3300 W LLC HB with different 600 V CoolMOS™ CFD7
Rps(on) i TO-247. Estimated at nominal conditions: 400 Vinput and 51.5 V output.

1.3.2 CoolMOS™ CFD7 to CFD2 comparison

CoolMOS™ CFD2 current portfolio in TO-247 packages ranges from 660 mQ (maximum) to the best-in-class 41
mLQ (minimum).

For a fair comparison between technologies we compare IPW65R041CFD with a maximum Rps(n) Of 41 mQ
against IPW60R040CFD7 with a maximum Rps(on) Of 40 m{Q.

Thanks to the Figure of Merit (FOM) of CFD7 technology we have the benefit of lower Roson at mid and full load
without any compromise in switching losses at light or medium loads. Thanks to this, the converter performs
betterin all load ranges when comparing CFD7 against CFD2 devices (Figure 23 and Figure 24).

Figure 25 shows the distribution of losses for the main working points. The lower input and output charge of
CFD7 makes it have lower switching and driving losses for an equivalent and even for a lower Roson).
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Figure 23 Differential estimated efficiency of the 3300 W LLC HB with different CoolMOS™ fast body
diode technologies. Estimated at nominal conditions: 400 V input and 51.5 V output.
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Figure 24 Estimated efficiency of 3300 W LLC HB with different CoolMOS™ fast body diode technologies.
Estimated at nominal conditions: 400 V input and 51.5 V output.
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Figure 25 Estimated distribution of losses of 3300 W LLC HB with different CoolMOS™ fast body diode
technologies. Estimated at nominal conditions: 400 V input and 51.5 V output.

1.4 Transformer

The transformer has a conversion ratio of 15 primary turns to four secondary turns with a planar-like
construction. The core geometry is PQ35/28 with ferrite material DMR95 from DMEGC manufacturer. Primary
winding has been realized with triple-insulated Litz wire made of 175 strands x 0.1 mm diameter from Pack Litz
Wire. Secondary winding is made of parallel tinned copper plates of 0.5 mm thickness.

The resonant inductance is stacked on the side of the transformer, also realized with half of a PQ35/28 core and
six turns of 175 x 0.1 mm Litz wire (of the same type as for the primary-side winding of the transformer).

Note: The main transformer structure actually comprises two parallel transformers integrated with the
external resonant inductance. This enables realization of the required low L, with several small
gaps instead of a single large one.

Figure 26 shows an estimated loss distribution of the full stacked magnetic structure at nominal conditions.
Notice that the transformer core loss is nearly constant along the load (apart from the material temperature
dependence) due to the small switching frequency variation operating near resonance.

Maximum flux peak depends on the load and the operating point of the converter. It was estimated well below
saturation flux density of the chosen core material (DMR95 from DMEGC) under any of the normal working
conditions of the converter. An advantage of the integrated magnetic construction is the partial cancelation of
flux within the parallel transformers and between the external resonant inductance and the main transformer
block (Figure 27).

The winding technique and geometry of the core achieves good coupling (low leakage inductance, in the order
of 500 nH) with relatively low intra- and inter-winding capacitances (in comparison to a full planar realization).
This enables low drain voltage overshoot on the secondary-side devices and optimum voltage class selection.
Moreover, the interleaving of primary and secondary windings achieves nearly full window utilization and
minimizes proximity losses. A detailed description of the construction can be seen in Figure 28.
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Figure 26 Estimated distribution of losses of stacked magnetic structure: transformer and resonant
inductance (Lr). Estimated at nominal conditions: 400 V input and 51.5 V output.
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Figure 27 Estimated distribution of flux at full load and nominal operating conditions: 400 V input and

51.5 V output.
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Figure 28 Main transformer and external resonant inductance. Mechanical drawing and simplified
schematic. N1, N2, N3, N4, N5 and N6 correspond to primary side windings. N7 corresponds to
the secondary side copper plates.

1.5 Cooling solution

The proposed cooling solution in this design comprises an off-the-shelf aluminum heatsink for the HV HB
devices and a set of two custom copper plates for the SR LV devices (Figure 29). The construction of the
transformer, where secondary-side winding is made out of copper plates, also constitutes part of the
secondary-side heatsink for the LV devices.

Figure 29 Heatsinks for HV HB devices and LV secondary devices in a partially assembled 3300 WLLC HB
converter board
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Asingle fan blows air into the integrated magnetics and the secondary-side heatsinks. The same fan extracts air
from the primary-side heatsink, which does not have much of an airflow requirement because of the heavily
oversized cooling for the HV devices.

Note: The 3300 W LLC HB was designed as a testing platform for HV devices. The heatsink is oversized to
accommodate diverse Rpson) and packages.

The fan speed is modulated along the load for best overall system efficiency (see Figure 30). Because of the high
efficiency of the converter, little cooling effort is required at light and medium loads.

Fan airflow vs load
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Figure 30 Fan airflow control along the converter load (estimated from fan datasheet and assuming fan
is working with low pressure)
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Figure31 Measured temperatures on the 3300 W LLC HB converter at 25°C room temperature and
without enclosure. Tr: Transformer. Lr: Resonant Inductance.
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The temperatures of the main components of the converter are plotted in Figure 31. Prior to the measurement
of the temperatures the converter achieved thermal stability running for 30 minutes at 100 percent of load.
Only afterward, as for the efficiency measurements, the temperatures were registered while decrementing the
load.

The temperatures in Figure 31 demonstrate the effectiveness of the proposed cooling solution, besides their
simple manufacture and assembly, and low cost. The cost saving enables a lower Ros(on) for an improved
performance.

1.6 Validation set-up
For validation of the operation of the 3300 W LLC HB, the suggested set-up includes:
e HVsupply capable of 400 V and at least 3500 W (when testing up to full load)

e LVelectronicload (0 to 60 V), in constant current mode, capable of at least 3300 W (when testing up to full
load)

Nominal input voltage of the converter is 400 V. The converter starts to operate above 375V, turning back off
under 350 V (hysteresis window), as summarized in Figure 32.
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Figure32 Recommended validation set-up
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Experimental results

2 Experimental results

2.1 Specification and test results

This chapter describes the specifications, performance and behavior of the 3300 W LLC HB with 600 V
CoolMOS™ CFD7. Table 1 summarizes the demonstrator specifications and results under several steady-state

and dynamic conditions.

Table 1 Summary of specifications and test conditions for the 3300 WLLC HB

Test Conditions Specification

Input voltage Vin 350Vto 415V 400V nominal

Output voltage Vrer 59.5Vto43.5V 51.5V nominal

Output power 3300 W At nominal conditions

Efficiency test 400 Vinput, 51.5 V output Nk = 98.09 percent at 1650 W (50 percent of

load)

Steady-state Vo ripple

400 Vinput, 51.5V output

|AVou| less than 200 mVpi.pk

Dynamic response Vref+1V 5Ato35A,35At065A
Input UVLO 375Vonto 350V off Analog hysteresis window comparator
Output UVLO, OVLO Vref+3V Shut-down and latch

Load transient

5A<35A 1A/us

35A<>65A,1A/us

|AVou| less than 1 Vi

OoCP 68to 75 A Shut-down and resume
More than 75 A Shut-down and latch
Output terminals in short-circuit Detection within switching period
Shut-down and latch
2.2 Performance and steady-state waveforms
2.2.1 Primary-side ZVS

The low Eqssien energy of IPW60R018CFDT results in full ZVS of the HB above 30 percent of load at nominal
conditions: 400 Vinput and 51.5 V output (Figure 33). Moreover, IPW60R018CFD7 still achieves nearly full ZVS
down to no load (Figure 34). With partial ZVS only a small part of the Eos is lost. Thanks to this the switching loss
contribution of the primary-side HB devices is negligible or relatively low in all working conditions of the
converter (Figure 15 and Figure 16).

An additional benefit of the CooIMOS™ output capacitance profile is the reduced impact of long dead-times.
The effective increase of output capacitance near the end of the transition delays the start of the body diode
conduction while having a negligible impact on the switching losses (nearly no Es left at that point). Unlike
other semiconductor devices, a conservative and robust, excessively long dead-time is forgiving in CoolMOS™

converters (Figure 35).
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Figure 33 Converter waveforms in the threshold of full ZVS. Operating at 20 A of load, 400 V input and
51.5 V output.

-Qiur[|r|x

_ Partial ZVS

YIS N S T T A T T ' YIS Y N Y T ST S T N TS|

PN T ST S S |

10.0A/div MO By:120M @I 10.0A 1.0ps  83.82ms83.83ms (2 Lo WAKTY 10.0ms/div 200MS/s 5.0ns/pt

7.0V/div 1MO By:200M 7.0V 1.0ps  83.82msB83.83ms None Normal Preview Single Seq 1

@D 8.0V/div By:1.0G 7T 8.0V 1.0ps  83.82ms83.83ms 0 acqs RL:20.0M

@7 60.0Vidiv 1MO By:500M @) 60.0V  1.0pys  83.82ms83.83ms Cons April 29, 2019 12:06:26
Value Mean Min Max StDev  Count Info @ [83.818ms

Pk-Pk  [39.17A [39.167800 [39.17 39.17 0.0 1.0 P [s3.322ms

@& max* 1411V [14.111249  [14.11 14.11 0.0 1.0 D (4518

T Max 4187V [#18.743T1  [418.7 418.7 0.0 1.0 T 221.729kH2

@ Min 9.862V  |-0.8624994 |-9.862 -9.862 0.0 1.0

Max 4612V [46.121248 [46.12 46.12 0.0 1.0

Figure 34 Converter waveforms at light load and minimum output voltages: maximum switching
frequencies, lowest case energy for ZVS transitions. Operating at 15 A of load, 400 V input and
43.5V output.
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10.0A/div 1MQ By:120M 10.0A 2.0ps  98.53ms98.55ms He» /1.2a 10.0ms/div 200MS/s 5.0ns/pt

D 7.0Vidiv 1MQ 8y:200M ar 7.0V 20ps  98.53ms98.55ms (None ~~ Normal | Single Seq 1

@D 4.0Vidiv By:1.0G6 o™ 40V 2.0ps 98.53ms 98.55ms 1acqgs RL:20.0M

@D 50.0V/div 1MQ §y:500M €T 500V 2.0ps  98.53ms98.55ms Cons April 04, 2019 12:01:55
Value Mean Min Max StDev  Count Info & 3.768A & 98.535ms

Pk-Pk  [71.3A 71.206875 [71.3 713 0.0 1.0 & s.04n & 95.548ms

D max 14.2v 14.204375 [14.2 14.2 0.0 1.0 «» 212mA o« |33

T max* 421.3v 421.27344 4213 1421.3 0.0 1.0 O 20.451kAs | €D 75 188kHz

@ Min -10.58V  |-10.57625 |-10.58 -10.58 0.0 1.0

& max 53.87V  [53.866092 |53.87 53.87 0.0 1.0

Figure 35 Converter waveforms at full load and nominal operating conditions: 65 A of load, 400 V input
and 51.5 V output.

The highest drain voltage overshoot in the HV MOSFETs happens at full-load start-up due to relatively high-
current turn-off transition (see soft-start-up section). In these transitions the di/dt on the parasitic inductances
of the MOSFET package and the layout induces certain voltage overshoot. However, the overshoot is well under
the derated maximum voltage limits in any operating conditions of the converter. A commonly rated limit
would be 480 V (80 percent derating of 600 V at T; = 25°C).

2.2.2 Synchronous rectifiers

The rectifying stage has a full-bridge configuration with 24 3.7 mQ 80 V OptiMOS™ 5 in Super SO-8 package.
With the numerous packages the dissipated power can be better spread, which brings higher cooling capability
and performance (lower Rpsion) increase due to temperature).

The FB rectifying configuration enables low losses for medium output voltage and medium output current
converters. Thanks to the transformer construction with its low leakage, the optimized layout with minimal
loop inductances, the OptiMOS™ 5 optimized output capacitance and low reverse recovery charges (Qrr) it is
possible to use 80 V voltage-class devices with more than enough margin for the maximum drain voltage
overshoot. The common 80 percent rated limit for the 80 V devices would be 64 V maximum.

The controller includes adaptive turning-on and turning-off delays for the SRs along the load for a minimum
body diode conduction time. The adaptive delays reduce conduction losses and generation of Qrr, which
translates into better efficiency and lower drain voltage overshoot (Figure 36).
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EE® /204

10.0A/div MO By:120M 10.0A 2.0ps  106.6ms106.7ms ( [ 20.0ms/div 100MS/s 10.0ns/pt

=D 7.0Vidiv MO By:200M ar 7.0V 20ps  106.6ms106.7ms \None  Normal | Single Seq

@D 5.0Vidiv By:1.0G AT 50V 20ps  106.6ms106.7ms 1 acgs RL:20.0M

T 5.0Vidiv By:1.06 T 5.0V 20ps  106.6ms106.7ms Cons February 13,2019  15:04:50
Value Mean Min Max St Dev Count Info T [106.652ms

T max 12.66V 12.659375 [12.66 12.66 0.0 1.0 @ [106.662ms

= max 5464V [54.63828  [54.64 54.64 0.0 1.0 @ 59758

Pk-Pk*  |43.79A 43792188 |43.79 43.79 0.0 1.0 €T [100.251kHz

T max 12.44V 12.439843  [12.44 12.44 0.0 1.0

@ Min -4.005V  |-4.0046875 [-4.005 -4.005 0.0 1.0

Figure 36 Gate driving pulses of the SRs near resonance. The SR turn-on is aligned to the primary-side
HB. The SR turn-off is also aligned to the primary-side HB.

In LLC converters, especially in wide output designs, the SRs have three main modes of operation:

e Atresonance (Figure 36) the gate signals of the SRs and the primary-side HB are synchronous and have
equal or similar duration.

e Above resonance (Figure 37) the SRs are delayed in relation to the primary-side HB gate signals,
although the pulse duration is still equal or similar. The delay between the primary and secondary
corresponds to the commutation time of the secondary-side current, which also corresponds to the
commutation time of the primary-side current through L..

e Underresonance (Figure 38) the activation of the SRs is synchronous to the primary-side HB. However,
the pulse duration of the SR is shorter than the one of the primary, in accordance with the natural
frequency of the resonant tank.
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f—— }

ON_delay

v e S
......... T T R T O T 1 VN Y S VAR S (T
10.0A/div 1MQ By:120M 10.0A 1.0ps 74.76ms74.77ms e /224 10.0ms/div 200MS/s 5.0ns/pt
7.0V/idiv 1MQ §y:200M 7.0V 1.0ps  74.76ms74.77ms None Normal Preview Single Seq
@D 8.0Vidiv 8,:1.0G T 80V 1.0ps  74.76ms74.77ms 0acgs RL:20.0M
@D 60.0V/div 1MQ §,:500M @) 600V  1.0ps  74.76ms74.77ms Cons April 26, 2019 14:19:22
Value Mean Min Max St Dev Count Info @ [74.768ms
@D Pr-Pk [73.46A  [73.45625 [73.46 73.46 0.0 1.0 @D 74.768ms
@ Max* 13.53v  [13.534999 [13.53 13.53 0.0 1.0 &« 170ns
D Max 4136V [413.55934 |4136 413.6 0.0 1.0 5.802MHz
@ Min -11.42v |-11.424999 |-11.42 -11.42 0.0 1.0
D max 4613V [46.126718 [46.13 46.13 0.0 1.0

Figure 37 Gate driving pulses of the SRs above resonance. The SR turn-on is delayed in relation to the

infineon

primary-side HB. The turn-off is also delayed in relation to the primary-side HB.

.....

L

Ll

10.0ms/div 200MS/s 5.0ns/pt
Single Seq l

1acgs RL:20.0M

Cons May 03,2019 08:29:31

€D 10.0A/div 1MQ §y:120M €T3 10.0A 20ps  85.22ms85.24ms He» /1A
9.0V/div 1MQ 8y:200M 9.0V  20ps  85.22ms85.24ms None Normal
@D 8.0Vidiv By:1.0G T8OV 20ps  85.22ms85.24ms
@D 60.0V/div 1MQ §y:500M €T 60.0V  20ps  85.22ms85.24ms
Value Mean Min Max StDev  Count Info 85.224ms
€@ Pr-Pk 48934  [48.928125 [48.93 48.93 0.0 1.0 &P 85.231ms
@ max* 13.51V 13.509999  [13.51 13.51 0.0 1.0 o« 719
D max 4227V 42268121 |a22.7 422.7 0.0 1.0 €T [139.082x01z
@ Min -9.979v  |-9.9787494 |-9.979 -9.979 0.0 1.0
Max 56.63V 56.633906  [56.63 56.63 0.0 1.0

Figure 38 Gate driving pulses of the SRs under resonance. The SR turn-on is aligned to the primary-side

HB. However, the SR turn-off happens earlier than the primary-side HB.
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2.2.3 Dynamic response: load jumps

The controller includes a software-implemented digital compensator designed for a bandwith of 2 kHz with a
phase margin of 45 degrees and a gain margin of 12 dB, well within the standard stability criteria requirements.

The dynamic response to load jumps (Figure 39, Figure 40, Figure 41) correlates well with the expected
response of the designed compensation, with an overshoot and undershoot within 2.5 percent of the nominal
output voltage for 50 percent of load jump.

The small signal gain and phase of an LLC converter depends strongly on the load and operation point. The
usual approach is to design the compensation network for the worst case and accept the lossy performance in
the other conditions.

In this design an adaptive compensator was implemented with variable proportional and derivative constants
along the output voltage range. This enables a more consistent response of the converter (Figure 39, Figure 40,
Figure 41).

T
..... X
PR RS B e S i S e e S O S A
a}

N AN i ne (R A T Mt 2% £ 40587 400 M AR L AT AN At A AT Y A MBI 2879 o 418 1 s i O e R0 et WA O 14
10.0A/div 1MQ By:120M 10.0A 4.0ms -131.1ms 91. | | [H€IW Time  1,000.0m 20.0ms/div 100MS/s 10.0ns/pt
500.0mV/div 1 By20.0Mm T 500.0mV -131.1ms 91. |\ None  Normal ) Single Seq 1
@ 8.0V/div 8y:1.0G T 80V 40ms  -131.1ms 91. 1acqs RL:20.0M
@D 50.0V/div 1MQ §y:500M @) 500V 40ms  -131.1ms 91, Cons May 23,2019 09:24:51

Value Mean Min Max St Dev Count Info T 604mv
Pk-Pk  [56.25A 56.248438  [56.25 56.25 0.0 1.0 &7 [650.8mv
@ Max 1248V [12.478749 [12.48 12.48 0.0 1.0 o« 1.255v
D max 408.9V 1408.91406  (408.9 408.9 0.0 1.0
@ Mmin -3.118v  [-3.1175002 [-3.118 -3.118 0.0 1.0
Max 741.2mV  [741.17188m [741.2m  [741.2m 0.0 1.0
Freq"  [51.25kHz [51.247245k [51.25k 51.25k 0.0 1.0

Figure 39 Load jump 5Ato 35A at59.5V output. The converter gain increases and the phase margin
decreases, operating under resonance.
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Vds_LS |

Brown-out

294mv EE® Time  1,000.0m 10.0ms/div 200MS/s 5.0ns/pt

D 10.0A/div 1MQ §y:120M «»

500.0mV/div 1, By:20.0M &7 [ 600.8mv None Normal Single Seq 1

@D 8.0V/div 8y:1.06 o« [1.005v 1acqs RL:20.0M

@D 50.0V/div 1MQ By:500M Cons May 23,2019 08:27:22
Value Mean Min Max St Dev Count Info

©» PrPk [38.8A 38.8 38.8 38.8 0.0 1.0

@D max 12.35V 12.351249  [12.35 12.35 0.0 1.0

Max 406.6V 406.63281  [406.6 406.6 0.0 1.0

D Min 2765V [-2.7650002 |-2.765 -2.765 0.0 1.0

Max 637.2mV  [637.1875m [637.2m  |637.2m (0.0 1.0

Freq"  [84.6MHz [84.597701M [84.6M 84.6M 0.0 1.0

Figure40 Loadjump5Ato35Aat51.5Voutput

LA l

AR N O WO Y VR WA D0 I 3 I N 0 N W 0 0 0 L
€D 10.0A/div 1MQ §y:120M @D 10.0A 50ms -80.17ms -30. [ﬂ Time  1,000.0m ]lo.omwivzooms/- 5.0ns/pt
@D 800.0mV/div 1 By20.0m AT 800.0mV -80.17ms 30. [ None  Normal J| preview Single Seq 1
@D 8.0Vidiv §y:1.0G T8OV 50ms -80.17ms -30. 0 acgs RL:20.0M
TP 50.0Vidiv 1MQ B,:500M T 500V 50ms -80.17ms -30. Cons May 21,2019 14:43:18

Value Mean Min Max StDev  Count Info & 672mv
Pk-Pk  [33.84A  [33.840625 [33.84 33.84 0.0 1.0 &7 798.08mv
@ Max 13.69V  [13.694999 [13.69 13.69 0.0 1.0 .47V
D max 4116V [411.59375 |411.6 la11.6 0.0 1.0
@ Min -6.234V  |-6.2337496 |-6.234 -6.234 0.0 1.0
Max 851.6mV  [851.5625m [851.6m  [851.6m (0.0 1.0
@D Freq"  [20.94MHz [20.938289M [20.94M  [20.94M  [0.0 1.0 o

Figure4l Loadjump5Ato35Aat47.5Voutput. The converter gain decreases and the phase margin
increases operating above resonance. At the lower output voltages the converter operates in
burst mode at light loads.
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2.2.4 Soft-start-up

The controller implements a soft-start sequence to ensure the converter powers up with minimal stress
(voltage and current) on any of the components. During the start-up sequence the output voltage is ramped up
in closed-loop operation. The controller increments the output voltage reference within a timed sequence
(Figure 42, Figure 43).

The starting pulses follow a predefined timing sequence to ensure ZVS and avoid hard commutation on the
primary-side HB (Figure 44).

The maximum stress occurs on the drain and gate voltages of the primary-side devices due to the high turn-off
current transitions. However, the maximum peak voltages can be controlled, increasing the turn-off resistor in
the driving path. The main benefit of turning off the resistor is reduced ringing, although extreme values may
increase switching losses.

Vds'_LS'

AiLr —

Vgs_LS
10.0A/div 1MQ By 120M @528 [ﬂ J16A 10.0ms/div 200MS/s 5.0ns/pt
8.0V/div 1MQ §,:200M @& 60.755ms \None ~~ Normal ) Single Seq 1
@D 8.0V/div B8y:1.0G6 T |60.76ms 1acqs RL:20.0M
@D 50.0V/div 1MQ 8,:500M @™ [16.458Hz Cons May 10, 2019 07:59:26
Value Mean Min Max St Dev Count Info

Pk-Pk  |48.8A 4.8 48.8 48.8 0.0 1.0

@D max 13.73V 13.727498 [13.73 13.73 0.0 1.0

T max 4220V (42195313 4220 422.0 0.0 1.0

@ Min -9.979v  |-9.9787503 |-9.979 -9.979 0.0 1.0

Max 53.85V 53.854996 [53.85 53.85 0.0 1.0

Figure 42 Start-up sequence at 40 A load, 400 V input and 51.5 V output. The maximum voltage
overshoot-undershoot in drain and gate of the HV MOSFETSs occurs during the start-up, where
the HB operates with the highest turn-off currents.
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Vds —— 0
overshoot

ringing

10.0A/div

1MQ §y:120M

-340ps

We® /204

10.0ms/div 200MS/s

5.0ns/pt

«»
o« 7.0vidiv 1MQ 8,:20.0M «©» 564ms None Normal Single Seq 1
@D 8.0Vidiv §y:1.0G 75.98ms 1acqs RL:20.0M
50.0V/div 1MQ 8,:500M € 131611z Cons May 14, 2019 08:46:08
Value Mean Min Max St Dev Count Info

@ PrPk [43.06A  [43.05625 [43.06 43.06 0.0 1.0

D Max 13.61V 13.612499 [13.61 13.61 0.0 1.0

@ Max 4224V [422.39844 |422.4 422.4 0.0 1.0

@ Min -10.15V  [-10.145 -10.15 -10.15 0.0 1.0

&® max 5623V [56.228591 [56.23 56.23 0.0 1.0

Figure 43 Start-up sequence at 40 A load, 400 V input and 55.5 V output. The maximum voltage
overshoot-undershoot in drain and gate of the HV MOSFETSs occurs during the start-up, where
the HB operates with the highest turn-off currents.
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-~ } + ¥ ¥ - t
iLr

Vds_SR
NSNS T S ST T ST [T S S N S S S S M S S S [T S TS N T S Y Y N R
& 8.0A/dIv 1MQ By 120M T B.OA  20ps  -6.12ps 13.88ps A /1124 10.0ms/div 200MS/s 5.0ns/pt
7.0V/div 1MQ By:200M 7.0V 20ps  -6.12ps 13.88ps None Normal Single Seq
7D 4.0Vidiv By:1.0G T 40V 20ps  -6.12ps 13.88ps 1acqgs RL:20.0M
@D 50.0vidiv 1MQ By:500M €T 500V 2.0ps  -6.12ps 13.88ps Cons March 04, 2019 07:44:38

Value Mean Min Max St Dev Count  Info

D Max 13.59v  [13.593125 [13.59 13.59 0.0 1.0
Max 53.77v  |53.770938 [53.77 53.77 0.0 1.0
@ Pe-Pk [33.68A  [33.676248 [33.68 [33.68 0.0 1.0
D max* 407.3V 407.27344  |407.3 407.3 0.0 1.0
«&» min 9338V [-9.338125 [-9.338 -9.338 0.0 1.0

Figure 44 Starting-up sequence. The pulse sequence at the start ensures ZVS of the HB devices while
maintaining the peak-to-peak current within reasonable values.
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2.2.5 Resonant tank

The current through the primary side of the converter is nearly perfectly sinusoidal at the resonant frequency,
around 70 kHz (Figure 45).

The resonant capacitor voltage at full load and during the start-up sequence is plotted in Figure 46 and Figure
47 respectively.

10.0A/div 1MQ §y:120M 10.0A 50ps  -84.01ms 83 (ﬂ Time 22A 10.0ms/div 100MS/s 10.0ns/pt

8.0V/div 1MQ §y:200M arD 8oV 50ps  -84.01ms -83. | (None Normal Single Seq 1

@ 8.0Vidiv §y:1.0G6 T8OV 50ps  -84.01ms $3. 1acgs RL:10.0M

50.0V/div 1MQ By:500M @) 500V 5.0ps  -84.01ms 23 Cons May 09, 2019 12:09:32
Value Mean Min Max StDev  Count Info & [-83.999ms

©@» Pk-Pk  [38.78A 38.782813 [38.78 38.78 0.0 1.0 & |-s3.984ms

@ Max* 12.37V 12.369998  [12.37 12.37 0.0 1.0 - |14

Max 407.6V |407.50375 |407.6 407.6 0.0 1.0 & [70.423x0z

@ Min -2.445V  |-2.4450008 |[-2.445 -2.445 0.0 1.0

&» max 5402V [54.021246 [54.02 54.02 0.0 1.0

Figure 45 Resonance frequency. Characteristic sinusoidal current through Lr at the resonant frequency
of the resonant tank.

AV_Cr —

@D 10.0A/div 1MQ §y:120M @ 10.0A 50ps  93.58ms93.63ms e /S 12a 10.0ms/div 200MS/s 5.0ns/pt

50.0V  Offset:200.0V  1MQ By:200M 500V 50ps  93.58ms93.63ms None Normal Preview Single Seq

@D 4.0Vidiv 8,:1.0G €T 40V 50ps  93.58ms93.63ms 0 acqs RL:20.0M

@D 50.0V/div 1MQ §,:500M @) 500V 5.0ps  93.58ms93.63ms Cons April 04, 2019 12:07:29
Value Mean Min Max StDev  Count Info 350V

Pk-Pk  [T1.47A  [11.471875 [71.47 71.47 0.0 1.0 &7 58.03v

@D Mmax 14.24v 14.243125 [14.24 14.24 0.0 1.0 [ o« | 291.97v

@ max* 4217V [421.67969 |421.7 421.7 0.0 1.0

D Min 10.63V  |-10.6275  [-10.63 -10.63 0.0 1.0

& max 3508V [350.83594 [350.8 350.8 0.0 1.0

Figure 46 C, atfullload (65 A), nominalinput 400V and nominal output 51.5V.

Application Note 330f54 Revision 1.0
2020-01-15



o~ _.
3300 W 52 V LLC with 600 V CoolMOS™ CFD7 and XMC™ Infineon
EVAL_3K3W_LLC_HB_CFD7
Experimental results

- - - - - . — . * v ¥ Jp—— $
S e — e e
L el el ) o B o | F— P~ Y MSY MMM MNM
Vds LSh-m RN RN SRR nn| BUE
iLr NN
| VY |
o_Cr \ \,’ IR} \,
V YTy
‘ \.) LJ ) 5 | | | | ~
ol i i i e S S e e e i S e e e e
PO PP (7 N I NV YO 9 N YO S Y W 1 VR, Ml P B
10.0A/div 1MQ 8y:120M 10.0A 10.0ps -29.6ps 70.4ps J12A |[ 10.0mstdiv 200ms/s 5.0ns/pt
@D 500V Offset:200.0V  1MQ §y:200M €13 50.0V  10.0ps  -29.6ps 70.4ps \None  Normal | Single Seq
@D 4.0Vidiv §,:1.0G €T 40V 10.0ps  -29.6ps 70.4ps 1acqs RL:20.0M
@D 50.0v/div 1MQ §y:500M D) 500V 10.0ps  -29.6ps 70.4ps Cons April 04, 2019 12:11:56
Value Mean Min Max StDev  Count Info & [230.97v
Pk-Pk  [39.79A  [39.792188 [39.79 39.79 0.0 1.0 &7 [155v
T Mmax 1421V [14.210625 |14.21 14.21 0.0 1.0 o« 7597V
D max 419.4v  [419.4375  [419.4 [419.4 0.0 1.0
@ Min 1037V [-10.365 -10.37 -10.37 0.0 1.0
Max 2745V [274.51563 [274.5 2745 0.0 1.0

Figure 47 C,during start-up at nominal input 400 V and nominal output 51.5V.

2.2.6 Brown-in and brown-out

The converter starts up above 375V input and shuts down under 350 V (Figure 48), giving enough room for the
operation during hold-up time when the LLC converter is part of a full AC-DC power supply. The amount of bulk
capacitance required during hold-up time can be calculated with the equation (7).

2
Cbulk (Vin,nom_zVin,min) — Po max Thold (7)
Nbcbc

At the lower input voltages the converter operates deep under resonance (Figure 49).
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3P 10.0A/div 1MQ §y:120M @ 10.0A 20ms -22.1ms -2.1ms EEI» Time  800.0mA 20.0ms/div 100MS/s 10.0ns/pt

8.0V/div 1MQ 8,:20.0M 8.0V  20ms -22.1ms -2.1ms None Normal Single Seq 1

@D 8.0Vidiv 8y:1.06 T80V 20ms -22.1ms -2.1ms 1acqs RL:20.0M

@D 50.0Vidiv 1MQ §,:500M @) 500V 20ms -22.1ms -2.1ms Cons May 14, 2019 12:59:23
Value Mean Min Max StDev  Count Info 352.28V

@D prPk [4574A [45.735038 [45.74 45.74 0.0 1.0 @D s00v

@D max* 12.32v [12.318749  [12.32 12.32 0.0 1.0 o« a7.72v

D max 14063V |406.27342 [406.3 406.3 0.0 1.0

@™ Mmin -2.42V -2.4200005 |-2.42 -2.42 0.0 1.0

Max 53.21v  [53.214997 [53.21 53.21 0.0 1.0

Figure 48 Brown-out. The converter turns off when the input voltage falls under approx. 350 V.
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@D 4.0Vidiv 1MQ §,:200M G 40V 40ps  -133.1ps-93.06ps None Normal Single Seq
@D 10.0V/div 8y:1.0G €T 100V 40ps  -133.1ps-93.06ps 1acgs RL:20.0M
@D 30.0V/div By:1.0G6 T 30.0V  4.0ps -133.1us-93.06ps Cons February 05,2019  13:41:28
Value Mean Min Max StDev  Count Info D [773.4ps
@ Max 13.8v 13.8 13.8 F_a.l 0.0 1.0 @ 789.52s
D max 28.11V 111874  [28.11 28.11 0.0 1.0 16.12ps
@ Pk-Pk*  [36.86A  [36.864372 [36.86 36.86 0.0 1.0 & ez.035krz
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Figure 49 Brown-out. The converter operates deep under resonance when the input voltage decays

(boost operation). A similar scenario would occur during the hold-up time operation.
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2.2.7 Over-current protection

Several redundant protection mechanisms have been implemented on the fully digital control solution with
XMC™ microcontrollers from Infineon. The multiple protections ensure reliable operation under any operating
conditions of the converter.

Specifically for the over-load protection or OCP of the converter, also including solutions in the hardware, these
are the main mechanisms:

e Clampingdiodes on the primary side of the converter. Limits the maximum current and voltage ripple
on the resonant tank capacitors. Moreover, limits the primary- and secondary-side maximum peak
currents.

e Cycle-by-cycle peak current limit. An integrated analog comparator whithin the XMC™ limits the
maximum primary-side peak current to 40 A (Figure 50).

e Maximum average output current. The average output current of the converter is measured through a
resistive shunt. The maximum average load current is limited to 68 A with a programmable time delay
(Figure 51). The maximum average current limit varies at higher output voltages to avoid the clamping
diodes’ conduction in steady-state (Figure 11).

e Output UVLO. In the event of short-circuit or strong overloads, the output voltage of the converter
drops out of control. The converter detects the abnormal working conditions when the voltage goes
out of a +3V window around the output voltage reference setting.

ey |

= =— AiLr

Vds_SR 1—

, | )
&7 346A None Normal

10.0A/div 1MQ By:120M
@ 8.0V/div 1MQ By:20.0M
@D 8.0Vidiv By:1.0G6

50.0V/div 1MQ By:500M

500.0ps/div. 100MS/s 10.0ns

Preview Single Seq
0 acqs RL:500.0k
Cons May 14,2019 14:08:56

Value Mean Min Max St Dev Count Info
@D PePk [78.24A 78.239063  [78.24 78.24 0.0 1.0
@ max* 13.66V 13.663749  [13.66 13.66 0.0 1.0
Max 397.5V 397.47655 [397.5 397.5 0.0 1.0
@ Min -9.856V  |-9.85625  |9.856 9.856 0.0 1.0
Max 3.641V 3.641249  [3.641 3.641 0.0 1.0

Figure 50 OCP at start-up. Several redundant protection mechanisms protect the converter from
overload at start-up: cycle-by-cycle peak current limit, maximum load current and voltage
rise time-out.
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€ 10.0A/div 1MQ §,:120M @ 10.0A 5.0ps  -2.569ms 25 | | =W Time  800.0mA 5.0ms/div 500MSis 2.0ns/pt

50.0V/div 1MQ §,:20.0M 500V 50ps  -2.569ms 2.5 | (None Normal Single Seq

@D 8.0Vidiv §y:1.0G (T 80V 50us  -2.569ms 25 1acqs RL:25.0M

50.0V/div 1MQ §,:500M @I 500V 5.0ps  -2.569ms 25 Cons May 15,2019 14:19:55
Value Mean Min Max St Dev Count Info

@D Pi-Pk [75.92A  [75.920313  [75.92 1592 0.0 1.0

@ Max* 1229V [12.287499 [12.29 12.29 0.0 1.0

Max 408.6V  |408.59375 |408.6 [408.6 0.0 1.0

@ min -12.74V  [12.736249 [-12.74 -12.74 0.0 1.0

Max 4092V [409.19531 [409.2 409.2 0.0 1.0

Figure51 OCP, slow mechanism

2.2.8 Burst mode operation

For further reduction of power losses under light-load conditions the controller implements burst mode
operation. The threshold of burst is adaptive for the different output voltages (Figure 13).

The implemented algorithm limits the maximum switching frequency of the converter and enters burst mode
when the output voltage goes above a programmable threshold over the reference value (Vo er + 750 mV) (Figure

52).

A ANNLEN S ™ T T T T 01 ) L L
T,
W T
! )
1 ' ‘ l d .
<
T T *
CLUEHHER
EREEE R R R R R AR RN R R R R RRRRRRRRRRRRRRE}
vv_\vrv{v\vmv}vvrvv;vvv vlvv(ff(vv’v‘vffvv\vvvvv}vf
AR R
R
| = | . L L . L . T L .
€D 10.0A/div 1MQ By 120M D [sa911v He» /2.0 10.0ms/div 200MS/s 5.0ns/pt
5.0V/div 1MQ 8,:20.0M D 387 None Normal Single Seq
@D 8.0Vidiv 8y:1.0G 1,081V 1acqgs RL:20.0M
@D 50.0V/div 1MQ §,:500M Cons May 13,2019 12:50:02
Value Mean Min Max St Dev Count Info
@ PPk [38.16A  [38.159375 [38.16 38.16 0.0 1.0
@ Max® 1369V [13.688749 [13.69 13.69 0.0 1.0
Max 409.4v  409.4375  |409.4 l409.4 0.0 1.0
o Min 9.364V  |-9.3637501 |9.364 9.364 0.0 1.0
€D max 45.21v 45211718 [45.21 45.21 0.0 1.0

Figure 52 Burst mode. Start-up and stop at light load conditions: 4 A load, 400 Vinput and 43.5V
output.
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Burst mode ensures that in every condition the HV MOSFETSs operate under full or partial ZVS (Figure 53 and
Figure 54) which reduces the power loss and maintains the smooth QR transitions of the drain and gate
voltages (resulting in little or no overshoots and better EMI).
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@D 7.0vidiv 1MQ By:200M arP 7.0V 100.0ps 71.33ms72.33ms None Normal Single Seq

@D 8.0V/div §,:1.06 T 8.0V 100.0ps 71.33ms72.33ms 1acgs RL:20.0M

50.0V/div 1MQ 8,:500M T 50.0V  100.0ps 71.33ms72.33ms Cons April 24, 2019 12:49:07
Value Mean Min Max St Dev Count Info

@& PePk [37.49A  [37.491248 [37.49 37.49 0.0 1.0

@ Max* 13.53V 13.534999 [13.53 13.53 0.0 1.0

@ max 14114V [411.39844 (4114 411.4 0.0 1.0

@ Min -8.865V  |-8.8649995 |-8.865 -8.865 0.0 1.0
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Figure 54 Burst mode. Full burst sequence. The switching resumes in ZVS, without overshoot or current

stress.
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2.3 Thermal map

The temperatures of the main components of the converter were discussed in the previous sections. The
following figures show the thermal distribution of the converter, from bottom (Figure 55) and top view (Figure
56), operating at full load and nominal conditions: 400 V input and 51.5V output.

The hottest spot of the converter is the integrated magnetic structure. The high density of the converter
concentrates the losses of the secondary-side MOSFETSs, the transformer and the resonant inductancein a
small area. Moreover, the open-frame design decreases the effectiveness of forced cooling solutions.

70.1°C

SRs drivers

22.8°C

Figure 55 Thermal capture at 65 A load with open case and 25°C ambient temperature. Bottom view.
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82.6°C

HV
MOSFETs

20.6°C

Figure 56 Thermal capture at 65 A load with open case and 25°C ambient temperature. Bottom view.
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3 User interface

The controller includes serial communication interface (UART) and a propietary protocol allowing the
parametrization of the HV MOSFET dead-times, output voltage settings, protection activation/deactivation and
monitoring of status.

The user interface for Windows OS (Figure 57) is an example of the capabilities of the communication library
included within the controller firmware. The user interface was specially developed to communicate with the
controller through the XMC™ Link (converts UART to USB), although other serial communication interfaces are
also possible.

There are two available versions of the GUI:

e Advanced user interface with run-time parametrization capabilities of dead-times, output voltage,
protections and working modes (Figure 57).

e Simplified user interface intended for monitoring the converter during run-time (Figure 58).

@) Infineon SMPS o
FILE
MOSFET:. | Board: Converter: LLC 3300W Soft Version: 1.0
VOLTAGES STATUS | FAULTS PROTECTIONS
Output voltage: INIT I ——
12800 | ADC units
[#] INPUT UVLO
BRIDGE
Buck | & [7] FAN DETECTION
Dead time MAX 687.5ns Deadtime MIN 500 ns
&8 =| Timer steps 40 =1 Timer steps
-Send
(]
_____ |
Gr \ -
‘T’ 3300W |
| |
N | |
" C, | R+ |
| E | § : 600V CoolMOS™ CFD7
| ~ =
|
|
N | |
b |
a1 Y
N Wz ow J
\ '
. _—————
L HV DC Supp\y LV CC Load B
o]
H L T
v | Curent O 0.00A v| Curent O 01A e [NTC O 24°C ."—:
M
1| Votage O || vottage O 826V P | Ambient O 23°C Inflneon
P P R y
u || Power O u || Power O 1W .
T T

Adapter plugged-in and ON (COM15)

Figure 57 3300 W LLC HB advanced user interface
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Converter: LLC 3300W Soft Version: 1.0
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yl| Curent O 0.00A OFF
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LV INPUT Receive
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e
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Figure 58 3300 W LLC HB simplified user interface
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4 Summary

This document introduces a complete Infineon system solution for a 3300 W LLC DC-DC converter from 400V to
51.5V achieving 98.1 percent peak efficiency. The achieved power density is in the range of 4 W/cm? (66 W/in3),
which is enabled by the use of SMD packages, the innovative stacked magnetic construction and the innovative
cooling solution.

Infineon’s 600 V CoolMOS™ CFDY in TO-247 package, the latest and best-performing fast body diode device
from Infineon, combined with an optimized layout and an optimized driving circuitry, achieves incomparable
performance with minimum stress on the devices, enabled also by the innovative cooling concepts presented
in this board.

This DC-DC converter proves the feasibility of HB LLC as a high-efficiency topology for a 3300 W converter, at
the level of full-bridge LLC or dual-stage LLC when combined with the latest, best-in-class Infineon devices with
their benchmark low Rosion) and low parasitics.

This DC-DC converter also proves that digital control, powered by Infineon XMC™ microcontrollers, is not only
capable of controlling LLC topology but is also the most effective way to overcome its difficulties and pitfalls.
Moreover, the included protection mechanisms and control schemes further boost the realibility and
performance of the latest Infineon devices, achieving the best possible efficiency.
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Figure 61 3300 W LLC HB controller card with XMC4200-F64K256AB
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6 Bill of materials (BOM)

Parts designators in bold are produced by Infineon.

Table 2 Main board components
Designator Value Tolerance | Voltage | Description Comment
T3, T4 IPW60R018CFD7 600V CoolMOS™ THT
Q1, Q2, Q3, Q4, Q5, Q6, Q7, BSC037NOSNS5 80V optiMmos™ SMD
Q8,Q9,Q10,Q11,Q12,Q13,
Q14, Q15,Q16,Q17,Q18, Q19,
Q20, Q21, Q22,Q23, Q24
T2 BSS306N OptiMOS™ SMD
IC5 1EDI20N12AF EiceDRIVER™ SMD
1C2,1C3,1C4,1C6 2EDF7275F EiceDRIVER™ SMD
IC7,I1C8 IR1161LTRBP SR controller SMD
D9, D10 BAT165 40V Schottky diode SMD
D3, D4, D5, D6 Bat54-04 30V Schottky diode SMD
C1,C56 1pF XTR 25V Ceramic capacitor SMD
C2,(C9,C20,C29,C52,C54,C57, |1uF X7R 25V Ceramic capacitor SMD
C61, C63
C3 4.7nF 50V Ceramic capacitor SMD
C4,C8 4.7nF Y2 300V Ceramic capacitor THT
C5, C65, Ce66, C67,C68, C69, 33nF 3 percent |630V Foil capacitor THT
C70,C71,C72,C73,C74,CT75,
C76,C77,C78,C79
Ce, C87 10 uF 10 450V Foil capacitor THT
percent
C7,C10,C14,C23,C53,C59 100 nF X7R 25V Ceramic capacitor SMD
C11,C12 220 uF 450V Polarized capacitor | THT
C13,C28 100 nF XTR 630V Ceramic capacitor SMD
C15,C16,C17,C18,C21,C22, 680 UF 20 63V Electrolytic THT
C24, C25, C26,C27,C51 percent capacitor
C19,C30, C31,C32,C33,C34, 2.2 uF X7R 100V Ceramic capacitor SMD
C35, C36, C37,C38, C39, C40,
C41, C42,C43,C44, C45, C46,
C47, C48,C49,C50,C81,C82,
C83
C55, C58, C62, C64, C80, C84, 10 uF X5R 25V Ceramic capacitor SMD
C85, C86, C88, €89, C90
Ce0 1nF X7R 50V Ceramic capacitor SMD
C91, C92, C93, C94, C95, C96 220 pF NPO 500V Ceramic capacitor SMD
C97, C98 100 pF NPO 50V Ceramic capacitor SMD
D1,D2 DFLS1100 100V Standard diode SMD
D7,D8 ES3J+ 600V Standard diode SMD
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Bill of materials (BOM)

Designator Value Tolerance | Voltage | Description Comment
H1, H2 HT20000280 Heatsink THT
H3 HT10000280 Heatsink THT
IC1 TL431 Adjustable precision | SMD

shunt regulator
KL1, KL2 PK1064 Probe holder THT
L1 2.5mH Inductor THT
L2 90 uH Inductor THT
L3 Ferrite bead 60 Q at Magnetic SMD

100 MHz

OP1 TS321IDBVR Low-power single SMD

operational

amplifier
R1, R4 4R7 1 percent Resistor SMD
R2, R6 82k 0.10 Resistor SMD

percent
R3 3k3 1 percent Resistor SMD
R5 27k 1 percent Resistor SMD
R7, R8, R19, R20 470 k Resistor SMD
R9, R10, R11, R14, R15, R16, RO01 1 percent Resistor SMD
R17,R18
R12, R13, R37, R40 OR 1 percent Resistor SMD
R21 11k Resistor SMD
R22 6k8 Resistor SMD
R23, R25 12k Resistor SMD
R24 4k7 Resistor SMD
R26 1.4k Resistor SMD
R27 17.4k Resistor SMD
R28 2R2 1 percent Resistor SMD
R29, R31 10R 1 percent Resistor SMD
R30, R32 30k 1 percent Resistor SMD
R34, R36 100R 1 percent Resistor SMD
R41, R42, R44, R4T 10k 1 percent Resistor SMD
R43, R46 47R 1 percent Resistor SMD
R45, R48 39k 1 percent Resistor SMD
TR1 MG100002270 Magnetic THT
TR2 EP7-3C96 Pulse transformer THT
TR3 CT05-100 Magnetic THT
U2 SFH6186-2 Optocoupler SMD
X1 MKDS 5/ 3-6,35 - Connector THT
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Bill of materials (BOM)

Designator Value Tolerance | Voltage | Description Comment
1714968
X2, X3 Power element M6 Connector THT
with internal thread
LP - 8-pin
X5, X6, X7, X8 SSM-103-L-DH Female header, 6 SMD
contacts
X9, X10 1715022 phoenix Pin header THT
contact
X11 SQW-116-01-L-D Pin header,2x 16 THT
contacts
X12 53398-0471 Pin header, 5-pole SMD
fan
X13 B2B-ZR 25V Connector THT
Table 3 Control board components
Designator Value Tolerance | Voltage | Description Comment
IC5 XMC4200-F64K256 AB XMC™ SMD
1C2 IFX91041EJ V33 IC buck SMD
D3, D4, D7 Bat54S 25V Schottky diode SMD
D6 BAS3010 50V Schottky diode SMD
C1,C2,C17,C18,C42,C43 15 pF X7TR Ceramic capacitor | SMD
C3,C4,C14,C20,C24 330 pF X7TR Ceramic capacitor | SMD
C5 10 uF X5R 30V Ceramic capacitor | SMD
Ce,C7,C21,C25,C26,C28, 100 nF X7R 30V Ceramic capacitor | SMD
C29,C34,C35,C36
C8,C10,C11,C12,C13,C27, 10 puF X5R 50V Ceramic capacitor | SMD
C31,C32,C33
C9,C19,C22 an7 X7TR 6.3V Ceramic capacitor | SMD
C15 22 nF X7R 25V Ceramic capacitor | SMD
C16 220 nF X7R 50V Ceramic capacitor | SMD
D1 Red LED 50V LED SMD
D2 Orange LED 50V LED SMD
D5 Green LED 50V LED SMD
IC1 TL431 50V Integrated circuit | SMD
IC3 OPA2376AIDR Integrated circuit | SMD
L1 Ferrite bead 60 Q at 100 Magnetic SMD
MHz
L2 47 uH WE-LQS SMD SMD
power inductor
R1, R2, R6, R10 10R 1 percent Resistor SMD
R3, R8, R28 22 k 1 percent Resistor SMD
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Designator Value Tolerance | Voltage | Description Comment

R4,R16,R17,R23, R27, R69, 510R 1 percent Resistor SMD

R70

R5 200R 1 percent Resistor SMD

R7,R9 1k 1 percent Resistor SMD

R29 10k 0.1 Resistor SMD
percent

R30, R41 4k99 0.1 Resistor SMD
percent

R32, R36 124 R 0.1 Resistor SMD
percent

R33, R35, R37 49k9 0.1 Resistor SMD
percent

R40 12k4 0.1 Resistor SMD
percent

X1 TMM-116-03-L-D Connector SMD

X2 TSM-104-01-F-DH-A Female header THT

XTAL1 12 MHz Crystal oscillator SMD

Table 4 Driver board components

Designator Value Tolerance | Voltage | Description Comment

IC1 2EDS8265H EiceDRIVER™ SMD

X1, X2, X3, X4 TSW-103-07-F-S Pin header THT

C2 100 nF XTR 25V Ceramic capacitor | SMD

R1, R3 10R Potentiometer SMD

R2, R4 100R Potentiometer SMD

C1,C3,C4 1uF X7R 25V Ceramic capacitor | SMD

D1, D2, D3, D4 BAT165 40V Schottky diode SMD

X5, X6, X7, X8 TSM-103-01-L-DH-A Pin header 6 SMD
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