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1 Introduction

This document is an engineering report describing a 24 V, 150 W LLC DC-DC converter
utilizing a LCS702HG integrated LLC power stage IC. The report and board is intended
as a general purpose test platform to demonstrate operation and capabilities of the
HiperLCS family of devices.

The design operates from an input voltage range of 300 V to 420 V DC and requires an
auxiliary supply of 12 V. The high-voltage DC input in a typical system would be supplied
from a PFC stage and the 12 V from system bias or standby supply.

The document contains the power supply specification, schematic, bill of materials,
transformer documentation, printed circuit layout, and performance data.

1.1  Important Notes

For proper operation, the RD-239 must be used with a capacitor of at least 10 pF
between the +380 V input and the input return placed directly across the terminals.

In most systems where this converter is used a secondary side supervisory circuit or
output OV crowbar provides protection for output overvoltage. Therefore this design
includes short-circuit protection, but no provisions for output overvoltage protection.
Performing an overvoltage test by disabling the TL431 (U3) or optocoupler (U2) will
cause the output voltage to rise, exceeding the voltage rating of the output Schottky
rectifier (D2) and causing failure.

E Power Integrations, Inc.
Tel: +1 408 414 9200 Fax: +1 408 414 9201
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Figure 1 — Populated Circuit Board Photograph, Top View.
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Figure 2 — Populated Circuit Board Photograph, Side View (1).
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Figure 3 — Populated Circuit Board Photograph Side View (2)
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Figure 4 — Populated Circuit Board Photograph, Bottom View.
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2 Power Supply Specification

The table below represents the minimum acceptable performance of the design. Actual
performance is listed in the results section.

Description Symbol | Min Typ | Max | Units Comment

Input

DC Bus Voltage Vin 300 380 420 VDC DC Input Only.

VCC Voltage Vce 114 145 | VDC >15 V may damage U1

No-load Input Power (380 VDC) N/A W

Start-up Voltage VstaRT 360 VDC

Shutdown Voltage Vstop 285 VDC

Output

Output Voltage Vour 22.8 24 25.2 \Y; +5%

Output P-P Ripple Voltage VRiPPLE 240 mV 20 MHz bandwidth

Output Current lout 0 6.25 | 6.25 A

Total Output Power

Continuous Output Power Pout 150 w

Peak Output Power POUT PEAK 150 W

Efficiency Measured at 25 °C, 380 VDC Input

20% Load n 93.0 | 935 %

50% Load n 95.0 96 %

100% Load n 947 | 955 %

Dimensions 82.5x58.4 x34.8 mm Length x Width x Height
Higher ambient operation requires

Ambient Temperature tams 0 40 °C  |lower thermal impedance heat sink

for both 1C1 and output diodes

Power Integrations E
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3 Schematic
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Figure 5 — Schematic.

Power Integrations, Inc.
Tel: +1 408 414 9200 Fax: +1 408 414 9201

www.powerint.com Page 10 of 57



RDR-239 150 W LLC Converter Using LCS702HG 13-Sep-11

4 Circuit Description

The schematic in Figures 5 depicts a 24 V, 150 W LLC DC-DC converter implemented
using the LCS702HG, intended for demonstration of HiperLCS device operation. It is
designed to be supplied from a nominal DC input voltage of 380 V and a 12 V bias

supply.

For proper operation, the RD-239 must be used with a bulk capacitor of at least 10 pF
placed directly between the +380 V input (B+) and the input return (0 V), placed directly
across the terminals.

4.1 Primary

Integrated circuit U1 incorporates the control circuitry, drivers and output MOSFETs
necessary for an LLC resonant half-bridge (HB) converter. The HB output of U1 drives
output transformer T1 via a blocking/resonating capacitor (C11). This capacitor was rated
for the operating ripple current and to withstand the high voltages present during fault
conditions.

Transformer T1 was designed for a leakage inductance of 53 uH. This, along with
resonating capacitor C11, sets the primary series resonant frequency at ~278 kHz
according to the equation:

1

Te =68 L, xC,

Where fr is the series resonant frequency in Hertz, L, is the transformer leakage
inductance in Henries, and Cg is the value of the resonating capacitor (C11) in Farads.

The transformer turns ratio was set by adjusting the primary turns such that the operating
frequency at nominal input voltage and full load is close to, but slightly less than, the
previously described resonant frequency.

An operating frequency of 250 kHz was found to be a good compromise between
transformer size, output filter capacitance (enabling ceramic capacitors), and efficiency.

The number of secondary winding turns was chosen to provide a good compromise
between core and copper losses. AWG #44 Litz wire was used for the primary and AWG
#42 Litz wire, for the secondary, this combination providing high-efficiency at the
operating frequency (~250 kHz). The number of strands within each gauge of Litz wire
was chosen as a balance between winding fit and copper losses.

The core material selected was NC-2H (from Nicera). This material yielded acceptable
(low loss) performance however selecting a material more suited for high-frequency
operation, such as PC95 (from TDK), would further reduce core loss and increase
efficiency.

Power Integrations E
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Components D1, R6, and C8 comprise the bootstrap circuit to supply the internal high-
side driver of U1.

Components C20, R5, and C1 provide filtering and bypassing of the +12 V input which is
the Vcc supply for U1. Note: V¢ voltage of >15 V may damage U1.

Voltage divider R1 to R4 sets the high-voltage turn-on, turn-off, and overvoltage
thresholds of U1. The voltage divider values are chosen to set the LLC turn-on point at
360 VDC and the turn-off point at 285 VDC, with an input overvoltage turn-off point at 473
VDC. Built-in hysteresis sets the input undervoltage turn-off point at 280 VDC.

Capacitor C9 is a high-frequency bypass capacitor for the +380 V input, connected with
short traces between the D and S1/S2 pins of U1.

Capacitor C12 forms a current divider with C11, and is used to sample a portion of the
primary current. Resistor R11 senses this current, and the resulting signal is filtered by
R12 and C7. Capacitor C12 should be rated for the peak voltage present during fault
conditions, and should use a stable, low-loss dielectric such as metalized film, SL
ceramic, or NPO/COG ceramic. The capacitor used in the RD-239 is a ceramic disc with
“SL” temperature characteristic, commonly used in the drivers for CCFL tubes. The
values chosen set the 1 cycle (fast) current limit at 5.5 A, and the 7-cycle (slow) current
limit at 3 A, according to the equation:

0.5
la =701
G2 R
Cl1+Cl12

lcL is the 7-cycle current limit in Amperes, R11 is the current limit resistor in Ohms, and
C11 and C12 are the values of the resonating and current sampling capacitors in
nanofarads, respectively. For the one-cycle current limit, substitute 0.9 V for 0.5 V in the
above equation.

Resistor R12 and capacitor C7 filter primary current signal to the IS pin. Resistor R12 is
set to 220 Q, the minimum recommended value. The value of C7 is set to 1 nF to avoid
nuisance tripping due to noise, but not so high as to substantially affect the current limit
set values as calculated above. These components should be placed close to the IS pin
for maximum effectiveness. The IS pin can tolerate negative currents, the current sense
does not require a complicated rectification scheme.

Resistor R10 sets the dead time at 330 ns and maximum operating frequency for U1 at
773 kHz. The Fyax input of U1 is filtered by C5. The combination of R10 and R19 also
selects burst mode “1” for U1. This sets the lower and upper burst threshold frequencies
at 338 kHz and 386 kHz, respectively.

E Power Integrations, Inc.
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The FEEDBACK pin has an approximate characteristic of 2.6 kHz per pA into the
FEEDBACK pin. As the current into the FEEDBACK pin increases so does the operating
frequency of U1, reducing the output voltage. The series combination of R8 and R9 sets
the minimum operating frequency for U1, at ~115 kHz. This value was set to be slightly
lower than the frequency required for regulation a full load and minimum bulk capacitor
voltage. Resistor R8 is bypassed by C3 to provide output soft start during start-up by
initially allowing a higher current to flow into the FEEDBACK pin when the feedback loop
is open. This causes the switching frequency to start high and then decrease until the
output voltage reaches regulation. Resistor R9 is typically set at the same value as R10
so that the initial frequency at soft-start is equal to the maximum switching frequency as
set by R10. If the value of R9 is less than this, it will cause a delay before switching
occurs when the input voltage is applied.

Optocoupler U2 drives the U1 FEEDBACK pin through R20 which limits the maximum
optocoupler current into the FEEDBACK pin. Capacitor C4 filters the FEEDBACK pin.
Resistor R21 loads the optocoupler output to force it to run at a relatively high quiescent
current, increasing its gain. Resistors R20 and R21 also improve large signal step
response and burst mode output ripple. Diode D3 isolates R21 from the Fyax/soft start
network.

4.2 Output Rectification

The output of transformer T1 is rectified and filtered by D2 and C14, C15. These
capacitors are X5R dielectric, carefully chosen for output ripple current rating. Standard
Z5U capacitors will not work in this application. Output Rectifier D2 is a 60 V Schottky
rectifier chosen for high efficiency, Intertwining the transformer secondary halves (see
transformer construction details in section 8) reduces leakage inductance between the
two secondary halves, reducing the worst-case PIV to 57 V, allowing use of a 60 V
Schottky diode with consequent higher efficiency. Additional output filtering is provided by
L1 and C16. Capacitor C16 also damps the LLC output impedance peak at ~30 kHz
caused by the LLC “virtual” output series R-L and ceramic output capacitors C14 and
C15. It also improves the response to fast, high amplitude load steps. Resistors R13 and
R18, along with the U3 reference voltage, set the output voltage of the supply. Error
amplifier U3 drives the feedback optocoupler U2 via R14. Components C17, C19 and
R14, R16, R17, and R21 determine the gain-phase characteristics of the supply. These
values were chosen to provide stable operation at nominal and extreme load/input
voltage combinations. Resistor R15 allows the minimum required operating current to
flow in U3 when no current flow occurs in the LED of optocoupler U2. Components C10
and R23 are a soft finish network used to eliminate output overshoot at turn-on. Resistor
R23 provides an artificially high ESR for C23, so that the output impedance of the TL431
(U3) dominates the gain-phase response.

Power Integrations E
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RDR-239 150 W LLC Converter Using LCS702HG
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5 PCB Layout

0.042 DIA. SLOTS x 2
0.050 DIA.x 0.180 LONG SLOTS x 3

N\

Qosa

3230

Figure 6 — Printed Circuit Layout, Top Side.
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o

R17 R23

I‘

Figure 7 — Printed Circuit Layout, Bottom Side.
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6 Bill of Materials

Item | Qty Ref Des Description Mfg Part Number Mfg
1 2 C1C6 1 uF, 25 V, Ceramic, X7R, 1206 C3216X7R1E105K TDK
2 3 C2C4C5 | 4.7 nF, 200 V, Ceramic, X7R, 0805 08052C472KAT2A AVX
3 1 c3 220 nF, 50 V, Ceramic, X7R, 1206 ECJ-3YB1H224K Panasonic
4 1 c7 1 nF, 200 V, Ceramic, X7R, 0805 08052C102KAT2A AVX
5 2 C8C10 330 nF, 50 V/, Ceramic, X7R FK24X7R1H334K TDK
6 1 C9 22 nF, 630 V, Ceramic, X7R, 1210 GRM32QR72J223KW01L Murata
7 1 C11 6.2 nF, 1600 V, Film B32672L1622J000 Epcos
8 1 C12 47 pF, 1 kV, Disc Ceramic DEA1X3A470JC1B Murata
9 1 c13 2.2 nF, Ceramic, Y1 440LD22-R Vishay
10 | 2 C14 C15 10 uF, 35 V, Ceramic, X5R, 1210 GMK325BJ106KN-T Taiyo Yuden
11 | 1 C16 470 uF, 35 V, Electrolytic, Very Low ESR, 23 EKZE350ELL471MJ20S | Nippon Chemi-Con

mQ, (10 x 20)
12 1 c17 2.2 nF, 200 V, Ceramic, X7R, 0805 08052C222KAT2A AVX
13 1 C19 3.3 nF, 200 V, Ceramic, X7R, 0805 08052C332KAT2A AVX
14 1 C20 47 uF, 35V, Electrolytic, Gen. Purpose, (5 x 11) ECA-1VHG470 Panasonic
15 1 D1 600V, 1 A, Ultrafast Recovery, 75 ns, DO-41 UF4005-E3 Vishay
16 1 D2 60 V, 30 A, Dual Schottky, TO-220AB STPS30L60CT ST Micro
17 | 1 D3 75V, 300 mA, Fast Switching, DO-35 1N4148TR Vishay
18 | 1 ES,:APECT';J\DM“ :?W'Qkoﬁrg"rﬁ; e’TEIfge Clip, 20.76 mm L x 8 NP975864 Aavid Thermalloy
19 1 HS1 Heat sink, Diode, Custom, Al, 3003, 0.62Thk Custom
20 1 HS2 Heat sink, Diode, Custom, Al, 3003, 0.062 Thk Custom
21 1 M ?F;(:’n:(s)i\t/igg r(;ié(dlse) gie;]ader, 0.156 pitch, Vertical, 26-48-1031 Molex
_ 0,

22 N I
23 | 2 | NUTINUT2 | Nut, Hex, Kep 6-32, Zinc Plate 6CKNTZR Coﬁ:‘g’"':r‘]’t”ﬁfg_
24 | 2 R1R2 976 kQ, 1%, 1/4 W, Thick Film, 1206 ERJ-8ENF9763V Panasonic
25 | 1 R3 976 kQ, 1%, 1/4 W, Metal Film MFR-25FBF-976K Yageo
26 1 R4 20 kQ, 1%, 1/8 W, Thick Film, 0805 ERJ-6ENF2002V Panasonic
27 1 R5 4.7 Q, 5%, 1/4 W, Thick Film, 1206 ERJ-8GEYJ4R7V Panasonic
28 | 1 R6 2.2 Q, 5%, 1/4 W, Thick Film, 1206 ERJ-8GEYJ2R2V Panasonic
29 | 1 R8 36.5 kQ, 1%, 1/4 W, Thick Film, 1206 ERJ-8ENF3652V Panasonic
30 1 R9 7.68 kQ, 1%, 1/4 W, Thick Film, 1206 ERJ-8ENF7681V Panasonic
31 1 R10 7.68 kQ, 1%, 1/4 W, Metal Film MFR-25FBF-7K68 Yageo
32 1 R11 24 Q, 5%, 1/4 W, Thick Film, 1206 ERJ-8GEYJ240V Panasonic
33 1 R12 220 Q, 5%, 1/8 W, Thick Film, 0805 ERJ-6GEYJ221V Panasonic
34 1 R13 86.6 kQ, 1%, 1/4 W, Metal Film MFR-25FBF-86K6 Yageo
35 | 1 R14 7.5 kQ, 5%, 1/8 W, Thick Film, 0805 ERJ-6GEYJ752V Panasonic
36 1 R15 1 kQ, 5%, 1/8 W, Thick Film, 0805 ERJ-6GEYJ102V Panasonic
37 1 R16 1.5 KQ, 5%, 1/8 W, Thick Film, 0805 ERJ-6GEYJ152V Panasonic
38 | 1 R17 22 kQ, 5%, 1/8 W, Thick Film, 0805 ERJ-6GEYJ223V Panasonic
39 | 1 R18 10 kQ, 1%, 1/8 W, Thick Film, 0805 ERJ-6ENF1002V Panasonic
40 1 R19 143 kQ, 1%, 1/8 W, Thick Film, 0805 ERJ-6ENF 1433V Panasonic
41 1 R20 1.2 KQ, 5%, 1/8 W, Thick Film, 0805 ERJ-6GEYJ122V Panasonic
42 1 R21 4.7 kQ, 5%, 1/4 W, Thick Film, 1206 ERJ-8GEYJ472V Panasonic
43 1 R22 0 Q, 5%, 1/4 W, Thick Film, 1206 ERJ-8GEYOROOV Panasonic
a4 1 R23 47 Q, 5%, 1/8 W, Thick Film, 0805 ERJ-6GEYJ470V Panasonic
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45 2 RTV1 RTV2 Thermally conductive Silicone Grease 120-SA Wakefield

46 2 ggsgw; SCREW MACHINE PHIL 6-32 X 5/16 SS PMSSS 632 0031 PH Building Fasteners
STD1 STD2 Post, Circuit Board, Female, Hex, 6-32, snap,

47 4 STD3 STD4 0.375L, Nylon 561-0375A Eagle Hardware

a8 | 1 1 Custom Transformer, Bobbin, EEL25.4, SNX R1545 Santronics USA

Vertical, 11 pins ( 2 mounting pins)

49 1 TP1 Test Point, YEL, THRU-HOLE MOUNT 5014 Keystone

50 3 TP2 TP4 TP6 | Test Point, BLK, THRU-HOLE MOUNT 5011 Keystone

51 1 TP3 Test Point, RED, THRU-HOLE MOUNT 5010 Keystone

52 1 TP5 Test Point, ORG, THRU-HOLE MOUNT 5013 Keystone

53 1 TP7 Test Point, WHT, THRU-HOLE MOUNT 5012 Keystone

54 1 U1 HiperLCS, ESIP16/13 LCS702HG Power Integrations

55 1 U2 Optocoupler, 35V, CTR 80-160%, 4-DIP LTV-817A Liteon

56 1 U3 IC, REG ZENER SHUNT ADJ SOT-23 LM431AIM3/NOPB National Semr
WASHER1 Washer Flat #6, SS, Zinc Plate, 0.267 OD x

57| 2 | wasHER2 | 0.1431D x 0.032 Thk 620-62 Olander

E Power Integrations, Inc.
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7 Transformer Design Spreadsheet

HiperLCS_041311;
Rev.1.0; Copyright

HiperLCS_041311_Rev1-0.xls; HiperLCS Half-Bridge,

. INPUTS | INFO | OUTPUTS UNITS Continuous mode LLC Resonant Converter Design
Power Integrations
Spreadsheet
2011
Enter Input Parameters
VBULK_NOM 380 V Nominal LLC input voltage
Brownout threshold voltage. HiperLCS will shut down if
Vbrownout 280 Vv voltage drops below this value. Allowable value is
between 65% and 76% of VBULK_NOM. Set to 65% for
max holdup time
Vbrownin 353 V Startup threshold on bulk capacitor
VOV_shut 465 Vv QV protection on bulk voltage
VOV _restart 448 \% Restart voltage after OV protection.
Minimum value of bulk cap to meet holdup time
CBULK 103 uF requirement; Adjust holdup time and Vbulkmin to change
bulk cap value
tHOLDUP 21.8 ms Bulk capacitor hold up time
Enter LLC (secondary) outputs The sprea_dsheet assumes AC stacking of the
secondaries
VO1 2400 240 Vv Main Output Voltage. Spreadsheet assumes that this is
the regulated output
101 6.25 6.3 A Main output maximum current
VD1 0.60 0.60 \Y Forward voltage of diode in Main output
PO1 150 W Output Power from first LLC output
V02 0.0 \Y Second Output Voltage
102 0.0 A Second output current
VD2 0.70 \% Forward voltage of diode used in second output
PO2 0.00 W Output Power from second LLC output
P_LLC 150 W Specified LLC output power
LCS Device selection
Device LCS702 LCS702 LCS Device
RDSON (MAX) 1.39 ohms RDSON (max) of selected device
Coss 250 pF Equivalent Coss of selected device
Cpri 40 pF Stray Capacitance at transformer primary
PCOND_LOSS 1.4 W Conduction loss at nominal line and full load
TMAX_HS 90 deg C Maximum heatsink temperature
Theta J-HS 9.1 deg C/W The;rmal resistance junction to heatsink (with grease and
no insulator)
Expected Junction 102 deg C Expectd Junction temperature
temperature
Ta max 50 deg C Expected max ambient temperature
Theta HS-A 29 deg C/W Required thermal resistance heatsink to ambient

LLC Resonant Parameter and Transformer Calculations (generates red curve)
Po 154 w Output from LLC converter including diode loss
Vo 24 60 Vv Main Output at transformer windings (includes diode
drop)
Desired full load switching frequency of PFC and LLC.
f_target 250 kHz 66 kHz to 300 kHz, recommended 250 kHz
Parallel inductance. (Lpar = Lopen - Lres for integrated
Lpar 287 uH transformer; Lpar = Lmag for non-integrated low-leakage

transformer)
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Primary open circuit inductance for integrated
transformer; for low-leakage transformer it is sum of

Lpri 340 uH primary inductance and series inductor. If left blank,
auto-calculation shows value necessary for loss of ZVS at
80% of Vnom

Series inductance or primary leakage inductance of

Lres 53.00 53.0 uH integrated transformer; if left blank auto-calculation is for
K=4
Kratio 5.4 Ratio of Lpar to Lres. Maintain value of K such that 2.1 <
’ K < 11. Preferred Lres is such that K<7.
Series resonant capacitor. Red background cells
produce red graph. If Lpar, Lres, Cres, and
Cres o 6.2 nF n_RATIO_red_graph are left blank, they will be auto-
calculated
Secondary side inductance of one phase of main output;
Lsec 5.098 uH measure and enter value, or adjust value until f_predicted
matches what is measured ;
o Leakage distribution factor (primary to secondary). 99%
m 50 % o L )
signifies most of the leakage is in primary side
n_eq 7.50 Turns ratio of LLC equivalent circuit ideal transformer
. Primary number of turns; if input is blank, default value is
Npri ALY 49.0 auto-calculation so that f_predicted = f_target
Nsec 6.0 6.0 Secondary number of turns (each phase of Main output).
: ' Default value is estimate to maintain BAC<=2000 Gauss
. Expected frequency at nominal input voltage and full
f_predicted e kHz load; Heavily influenced by n_Ratio and primary turns
f res 278 KHz Series resonant frequency (defined by series inductance
— Lres and C)
f_brownout 180 kHz Switching frequency at VBULK_MIN, full load
f par 110 KHz E?rallel resonant frequency (defined by Lpar + Lres and
Min frequency, at Vbrownout and full load. Set HiperLCS
f_inversion 164 kHz minimum frequency to this value. Operation below this
frequency results inoperation in gain inversion region
Vinversion 256 Vv Minimum input voltage of LLC power train before low freq

gain inversion point. Optimum value is equal Vbrownout

RMS CURRENTS AND VOLTAGES

Primary winding RMS current at full load and nominal

IRMS_LLC_Primary 0.99 A input voltage (Vbulk) and fnominal_actual
Winding 1 (Lower
secondary Voltage) 4.8 A Winding 1 (Lower secondary Voltage) RMS current

RMS current

Lower Secondary
Voltage Capacitor 2.8 A Lower Secondary Voltage Capacitor RMS current
RMS current

Winding 2 (Higher

secondary Voltage) 0.0 A Winding 2 (Higher secondary Voltage) RMS current
RMS current

Higher Secondary

Voltage Capacitor 0.0 A Higher Secondary Voltage Capacitor RMS current
RMS current

Cres_Vrms 91 Vv Resonant capacitor AC RMS Voltage at full load and

nominal input voltage

Virtual Transformer Trial - (generates blue curve)

Trial transformer primary turns; default value is from

New primary turns 49.0 )
resonant section
New secondary 6.0 Trial transformer secondary turns; default value is from
turns ) resonant section
New Lpri 340 uH Trial transformer open circuit inductance; default value is
from resonant section
New Cres 76 nF Trial value of series capacitor (if left blank calculated

value chosen so f res = f target
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New estimated Lres 53.0 uH Trial transformer estimated Lres

New estimated Lpar 287 uH Estimated value of Lpar for trial transformer

New estimated Lsec 5.098 uH Estimated value of secondary leakahe inductance

New Kratio 5.4 Ratio of Lpar to Lres for trial transformer

New equivalent

circuit transformer 7.50 Estimated effective transformer turns ratio

turns ratio

.V pow_ertraln 246 \Y Voltage on Bulk Capacitor below which ZVS is lost

inversion new

f_res_trial 250 kHz New Series resonant frequency

f_predicted_trial 252 kHz New nominal operating frequency

. Primary winding RMS current at full load and nominal

IRMS_LLC_Primary 1.01 A input voltage (Vbulk) and f predicted_trial

Winding 1 (Lower _— .

secondary Voltage) 5.0 A R’_MS current through Output 1 winding, assuming half
sinusoidal waveshape

RMS current

Lower Secondary

Voltage Capacitor 3.2 A Lower Secondary Voltage Capacitor RMS current

RMS current

Winding 2 (Higher s -

secondary Voltage) 5.0 A RMS current through Output 2 wmcljlng, Output 1 winding
is AC stacked on top of Output 2 winding

RMS current

Higher Secondary

Voltage Capacitor 0.0 A Higher Secondary Voltage Capacitor RMS current

RMS current

TRANSFORMER CORE CALCULATIONS (calculates from resonant parameter section)

Transformer Core EEL25 EEL25 Transformer Core

Ae 0.4 cm”2 Enter transformer core cross-sectional area

Ve 3.0 cm”3 Enter the volume of core

Aw 107.9 mm”2 Area of window

Bw 22.0 mm Total Width of Bobbin

. Enter the loss per unit volume at the switching frequency
A

Loss density 200.0 mW/em"3 and BAC (Units same as kW/m"3)

MLT 3.1 cm Mean length per turn

N_CHAMBERS 2.0 Number of Bobbin chambers

W_SEP 30 mm Winding separator distance (will result in loss of winding
area)

Ploss 0.6 w Estimated core loss

Bpkfmin 141 mT First Quadrant peak flux density at minimum frequency.
AC peak to peak flux density (calculated at f_predicted,

BAC 181 MT | Vbulk at full load)

PRIMARY WINDING

Npri 49.0 Numper of primary turns; determined in LLC resonant
section

Primary gauge 44 AWG Individual wire strand gauge used for primary winding

Equalept Primary 0.050 mm Equivalent diameter of wire in metric units

Metric Wire gauge

Primary litz strands 125 125 N‘um.ber of strands in Litz wire; for non-litz primary
winding, set to 1

Primary Winding o Primary window allocation factor - percentage of winding

’ 50 % :

Allocation Factor space allocated to primary

AW_P 47 mmA2 Winding window area for primary

Fill Factor 43% % % Fill factor for primary winding (typical max fill is 60%)

Re3|§t|V|ty_25 75.42 m-ohm/m | Resistivity in milli-ohms per meter

C_Primary

Primary DCR 25 C 114.42 m-ohm Estimated resistance at 25 C

Primary DCR 100 C 153.32 m-ohm Estimated resistance at 100 C (approximately 33% higher
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than at 25 C)

Primary RMS

current 0.99 A Measured RMS current through the primary winding
Measured AC resistance (at 100 kHz, room temperature),

ACR_Trf_Primary 245.31 m-ohm multiply by 1.33 to approximate 100 C winding
temperature

Primary copper loss 0.24 w Total primary winding copper loss at 85 C

Secondary winding 1 (Lower secondary voltage OR Single Note - Power loss calculations are for each winding

output) half of secondary

Output Voltage 24.00 V Output Voltage (assumes AC stacked windings)

Sec 1 Turns 6.00 Secondary winding turns (each phase )

Sec 1 RMS current 48 A RMS current through Output 1 winding, assuming half

(total, AC+DC) ) sinusoidal waveshape

Winding current (DC 3.13 A DC component of winding current

component)

Winding current (AC A

RMS component) 3.68 A AC component of winding current

Sec 1 Wire gauge 42 AWG Individual wire strand gauge used for secondary winding

Equivalent

secondary 1 Metric 0.060 mm Equivalent diameter of wire in metric units

Wire gauge

Sec 1 litz strands 270 270 Number of strands used in Litz wire; for non-litz non-
integrated transformer set to 1

ge:::é';/'ty—% 21.96 m-ohm/m | Resistivity in milli-ohms per meter

DCR_25C_Sec1 4.08 m-ohm Estimated resistance per phase at 25 C (for reference)
Estimated resistance per phase at 100 C (approximately

DCR_100C_Secf 5.47 M-OM | 339/ higher than at 25 C)

DCR_Ploss_Sect 043 W Estimated Power loss due to DC resistance (both
secondary phases)
Measured AC resistance per phase(at 100 kHz, room

ACR_Sect 8.75 m-ohm temperature), multiply by 1.33 to approximate 100 C

winding temperature . Default value of ACR is twice the
DCR value at 100 C

ACR_Ploss_Sec1 0.24 W Estimated AC copper loss (both secondary phases)

Total winding 1 Total (AC + DC) winding copper loss for both secondary

Copper Losses 0.66 W phases

Capacitor RMS 2.8 A Output capacitor RMS current

current

Co1 4.8 uF Secondary 1 output capacitor

Capacitor ripple 30 % Peak to Peak ripple voltage on secondary 1 output
voltage : ° capacitor

Note - Power loss calculations are for each winding

Secondary winding 2 (Higher secondary voltage) half of secondary

Output Voltage 0.00 \Y Output Voltage (assumes AC stacked windings)

Secondary winding turns (each phase) AC stacked on top

Sec 2 Turns 0.00 of secondary winding 1

Sec 2 RMS current 4.8 A RMS current through Output 2 winding; Output 1 winding
(total, AC+DC) ’ is AC stacked on top of Output 2 winding

Winding current (DC

0.0 A DC component of winding current
component)
Winding current (AC _—
RMS component) 0.0 A AC component of winding current
Sec 2 Wire gauge 42 AWG Individual wire strand gauge used for secondary winding
Equivalent
secondary 2 Metric 0.060 mm Equivalent diameter of wire in metric units
Wire gauge
. Number of strands used in Litz wire; for non-litz non-
Sec 2 litz strands 0

integrated transformer set to 1

Resistivity 25 59292.53 m-ohm/m | Resistivity in milli-ohms per meter
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C_sec2
Transformer
Secondary MLT 3.10 cm Mean length per turn
DCR_25C_Sec2 0.00 m-ohm Estimated resistance per phase at 25 C (for reference)
~ Estimated resistance per phase at 100 C (approximately
DCR_100C_Sec2 0.00 m-ohm 33% higher than at 25 C)
DCR_Ploss_Sect 0.00 W Estimated Power loss due to DC resistance (both
secondary halves)
Measured AC resistance per phase(at 100 kHz, room
~ temperature), multiply by 1.33 to approximate 100 C
ACR_Sec2 0.00 m-ohm winding temperature . Default value of ACR is twice the
DCR value at 100 C
ACR_Ploss_Sec2 0.00 W Estimated AC copper loss (both secondary halves)
Total winding 2 Total (AC + DC) winding copper loss for both secondary
0.00 w
Copper Losses halves
Capacitor RMS 0.0 A Output capacitor RMS current
current
Co2 N/A uF Secondary 2 output capacitor
Capacitor ripple N/A Y Peak to Peak ripple voltage on secondary 1 output
voltage ° capacitor
Transformer Loss Calculations Does not include fringing flux loss from gap
Primary copper loss
(from Primary 0.24 W Total primary winding copper loss at 85 C
section)
Egg:ndary copper 0.66 \W Total copper loss in secondary winding
Transformer total 0.91 w Total copper loss in transformer (primary + secondary)
copper loss
AW_S 46.59 mm*2 Area of window for secondary winding
Secondary Fill 33% o % Fill factor for secondary windings; typical max fill is
Factor ° ° 60% for served and 75% for unserved Litz
Signal pins resistor values
Dead Time 330 330 ns Dead time
Burst Mode 1 1 S‘elect Burst Mode: 1, 2, and 3 have hysteresis and have
different frequency thresholds
f_max 773 KHz Ma)f internal clock frequency, dependent on dead-time
setting
Lower threshold frequency of burst mode, provides
f_burst_start 338 kHz hysteresis. This is switching frequency at restart after a
bursting off-period
Upper threshold frequency of burst mode; This is
f_burst_stop 386 kHz switching frequency at which a bursting off-period stops
DT/BF pin upper 7.62 k-ohms | Resistor from DT/BF pin to VREF pin
divider resistor
D.T./BF pln_lower 145 k-ohms Resistor from DT/BF pin to G pin
divider resistor
Start-up resistor - resistor in series with soft-start
Rstart 7.62 k-ohms capacitor; equivalent resistance from FB to VREF pins at
startup
Start-up delay; delay before switching begins. Reduce
Start up delay 0.0 ms R_START to increase delay
. : Resistor from VREF pin to FB pin, to set min operating
Rfmin 34.7 k-ohms frquency; This resistor plus Rstart determine f_MIN
Softstart capacitor. Recommended values are between
C_softstart 0 0.2 uF 0.1 uF and 10 uF
Ropto 3.9 k-ohms Resistor in series with opto emitter
OV/UV pin lower 20.00 20.0 k-ohm | Lower resistor in OV/UV pin divider
resistor
OV/UV pin upper 2.92 M-ohm Total upper resistance in OV/UV pin divider

resistor
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RDR-239 150 W LLC Converter Using LCS702HG

LLC capacitive divider current sense circuit

8-cycle current limit - check postivie half-cycles during

slow current limit 2.78 A
brownout and startup

fast current limit 5.00 A ;t-;:rytﬁlg current limit - check positive half-cycles during

LLC sense 47 E HV sense capacitor, forms current divider with main

capacitor P resonant capacitor

RLLC sense resistor 239 ohms LLC cprrent sense resistor, senses current in sense
capacitor

IS pin current limit Limits current from sense resistor into IS pin when

- 220 ohms 8

resistor voltage on sense R is < -0.5V

IS pin noise filter 10 nE IS pin bypass capacitor; forms a pole with IS pin current

capacitor ) limit capacitor

IS pin noise filter 724 kHz This pole attenuates IS pin signal

pole frequency

LOSS BUDGET

LCS deV.ICB 1.4 w Conduction loss at nominal line and full load

Conduction loss

Output diode Loss 3.8 W Estimated diode losses

Transformer

estimated total 0.91 Total copper loss in transformer (primary + secondary)

copper loss

Transformer

estimated total core 0.6 W Estimated core loss

loss

Total transformer 1.5 w Total transformer losses

losses

;I'otal estimated 6.6 w Total losses in LLC stage

osses

Estimated Efficiency 96% % Estimated efficiency

PIN 157 W LLC input power

SECONDARY TURNS AND VOLTAGE CENTERING CALCULATOR

This is to help you choose the secondary turns -
Outputs not connected to any other part of
spreadsheet

Target regulated output voltage Vo1. Change to see

Vi 24.00 effect on slave output

V1d1 0.60 Diode drop voltage for Vo1
N1 6.00 Total number of turns for Vo1
V1_Actaul 24.00 Vv Expected output

V2 0.00 Vv Target output voltage Vo2
V2d2 0.70 \% Diode drop voltage for Vo2
N2 0.00 Total number of turns for Vo2
V2_Actual -0.70 \% Expected output voltage

Separate Series Inductor (For non-integrated transformer only)

Not applicable if using integrated magnetics - not
connected to any other part of spreadsheet

Lsep 53.00 uH Desired inductance of separate inductor

Ae_Ind 0.53 cm”2 Inductor core cross-sectional area

Inductor turns 10 Number of primary turns

BP_from 1502 Gauss diﬂ)ux for core loss calculations (at f_predicted and full
Expected peak 2.8 A Expected peak primary current

primary current ' P P P Y

BP_fmin 2804 Gauss Peak flux density, calculated at minimum frequency fmin
Inductor gauge 44 AWG Individual wire strand gauge used for primary winding
Equ|.va|er.1t Inductor 0.050 mm Equivalent diameter of wire in metric units

Metric Wire gauge

Inductor litz strands 125.00 Number of strands used in Litz wire

Inductor parallel

Number of parallel individual wires to make up Litz wire
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wires
Resistivity 25 T
C Sep Ind 75.4 m-ohm/m | Resistivity in milli-ohms per meter
Inductor MLT 7.00 cm Mean length per turn
Inductor DCR 25 C 52.8 m-ohm Estimated resistance at 25 C (for reference)
- - - Y
Inductor DCR 100 C 70.7 m-ohm Estimated resistance at 100 C (approximately 33% higher
than at 25 C)
Measured AC resistance (at 100 kHz, room temperature),
ACR_Sep_Inductor 113.2 m-ohm multiply by 1.33 to approximate 100 C winding
temperature
Inductor copper loss 0.1 w Total primary winding copper loss at 85 C
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