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Introduction

This document serves as a practical guide for designers who may have
limited experience with LLC resonant converters and/or the HiperLCS™-2
chipset. Given the complexities associated with designing resonant
converters, this guide focuses on providing step-by-step design
instructions, key considerations, and best practices. The goal is to help
users develop efficient and reliable designs that work the first time,
minimizing trial and error and reducing development time.

Determine, Input and Output Requirements

For this design example, we will create an LLC power supply for a
battery charger with the specifications described below. The circuit

will be fed from a boost-PFC front end. Figure 1 shows a flowchart that
will guide the use of PI Expert™, the free online tool from Power
Integrations.

Nominal Input Voltage: 400 VDC

Input Voltage Range: 350 V to 450 VDC
Output Power: 720 W

Output Voltage Range: 26 VDC to 60 VDC
Variable CC: Yes

Output Load: 4 Ato 12 A

Select core size based
on wire current
density and flux density
(see note A)

Set initial Fsynom target
to 90 kHz and VIN(RES)
=600V

Evaluate transformer
design
power?

Notes:

4. K; — coefficient of surplus ZVS energy

Adjust/Reduce
FsvnoM(target)

Is ficaLc) @ Vin(max)
< Fmax?

Reduce Lmaa:
1
L MAG o K,

Is hard switching
observed in HB waveform
at max output

1. Fsynom (Target) — Switching frequency at nominal input and output voltages
2. Ficaicy@Vinmax) — Expected frequency at maximum input voltage and minimum output voltage at full load
3. Fyax — Maximum switching frequency of the device. Frequency range dependent. (See LSR2000C parameter table in data sheet)

5. Vinemaxinverston) — Minimum Input Voltage for negative gain at 100% load. Below this voltage the gain becomes positive (unstable loop)
6. The red arrows show routing options for fine adjustment of the design.

Adjust Lggs:
Adjust Ky Lo

LRES o
VIN(GMAXINVERSION) oc éz RES

F SVNOM(TARGET)

- 1
LRES * ToTipk

IS VIN(GMAXINVERSION)
< VIN(MIN)
(see note D)

Build prototype
transformer
Does prototype Lrgs = Lres
(PIXIs)?
(see note E)

Adjust Ng to make

BAC (MAX)ACTUAL
~250 mT

Check corner cases,
Vout(max) and Iout(max)

Voutmmvy and Ioyt(miny PI-10286-022726

Figure 1.

Flow Chart for Implementing a CV/CC Design with the HiperLCS-2 Chipset.
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HiperLCS-2 Design Notes

Note A. Selecting Core Size and Wire Gauge

Generally, it is advisable to use cores with long center legs such as
ETD, EFD, PQ, and EEL. This will provide room for separating primary
and secondary windings in order to generate suitable leakage
inductance to set Fs.

Commonly used core geometries for different power levels.

100 W: EFD30
200 W: ETD34, POT3319, PQ3230
400 W: ETD39, PQ3230, POT4020
720 W: PQ3535

1.4 kW: ETD49, PQ40 or PQ50

Best transformer efficiency is a balance between core and copper
losses. For best efficiency, select number of turns such that flux
density is approximately 250 mT.

Choose wire gauge and number of strands such that current density
is in the range of 6-8 A / mm2.

If resultant wire volume is too big for the winding space, move to a
larger core size.

Use served Litz wire for primary and unserved Litz wire for secondary.

Current density and flux density will determine whether the correct
core size has been selected for the design.

Use the equation below to calculate K .. factor. The calculated
value will typically be in the range of 0.8 to 1. The practical limits for
core factor are 0.5 to 1.5. The designer should proceed with caution
when design choices result in values that exceed these limits.

K _ POUT
CORE — AEAW BW
Where,
Koo : Arbitrary number used to estimate power handling
capability of a certain core geometry
Poyr + Output power (mW)
A, : Core cross section area in mm?
A, : Core winding window area in mm?
B, : Bobbin winding width in mm
Guidelines

Keore ~ 0.8 to 1: Chosen core approaches nominal size

Keore <0.5: Core may be too big for the power level, consider
choosing smaller core if other parameters permit

Keore > 1.5: Core may be too small for the power level, check if
temperature is acceptable

AWG# 40-44 is recommended for high frequency designs (180 to 240
kHz)

AWGH# 38-40 is recommended for low frequency designs (90 to 120 kHz)

In choosing Litz wire, consider bundle-level skin effects, where the
high frequency current will only flow through the strands of the outer
layer. The equations below determines the practical limit on the
number of strands for a given design.

2
MNimax = 4(5_%

Where,

: Maximum number of strands to be twisted in a bundle
. : Diameter of an individual strand
f : Switching frequency
p  :Resistivity of conductor (1.72x10® Q-m for copper at 60 °C)
u, : Permeability of free space (4x107 & H/m)

T‘llMAX

Example: In a design where the switching frequency is 250 kHz and
AWG#42 wire strands (diameter of a single strand is .064 mm) is initially
selected, the equation gives n,,,,, = 34 strands. This means that 750
strands of AWG#42, would be grouped into 5 sub-bundles of wire with
30 strands each, which would themselves be combined into 5 bundles
to implement a design which avoids significant skin-effect.

Note B. Additional General Notes

The LSR2000C-HO005 IC is a frequency range 3 device and is the
recommended device for CV/CC applications because its wide
frequency range will accommodate the wide output voltage variation
expected with CC operation. Frequency range 3 is optimized for wide
range LLC operation from 60 kHz to 366 kHz.

Select CC operation in PIXIs, F
output voltage. Check that F
366 kHz.

svnomaraery @Nd provide the minimum

(CALC@VINMAX) Is less than FMAX WhICh Is

Use 120% of the maximum specified continuous output current as the
peak current value to ensure suitable margin.

Note C. PFC Input for Variable CC and Variable CV Designs
Choose resonant voltage to be ~1.5x the nominal input voltage to the
LLC. This is recommended for typical charger applications where

Y is approximately twice V- This value places the

OUT(MAX) !
resonance midway between V, and Vo7

OUT(MAX)

The minimum bulk voltage will be highly dependent on the bulk
capacitance. The valley of the minimum input voltage across the bulk
capacitor during full power, should be higher than the gain inversion
voltage.

Frequency range 3 is strongly recommended for this application since
both output voltage and output current are variable. The LSR2000C-HO05
IC has a reduced burst threshold to prevent this mode of operation at
very low output voltage and current. This will allow the design to meet
ripple current requirements.

Choose Fyourargery SUCN that F e, ouuax, 1S @pproximately 250 kHz to
provide margin when operating at the lowest CC and CV setting.

Switching frequency can go beyond 250 kHz providing that it remains
below F . of 366 kHz. It is advisable to confirm operation for corner

MAX
case conditions (V, and I ruax @Nd Vouramy @nd I

OUT(MAX) OUT(MIN)) '

Suggested L /L, ratio for this application is 1.8 to 2.5.

Note D. Setting Value of K,
K, is an arbitrary coefficient describing ZVS energy. Increased K,
means more magnetizing energy (i.e. lower magnetizing inductance)

For constant voltage designs the default value of K, is 2. For CVCC
designs, K, should be close to 1.

Lower K, may result in hard-switching at high frequencies — usually
during Vourem) and Touremny OF at no-load, resulting in lower efficiency
in these conditions. In contrast at higher output voltages and load
currents, frequency is much lower and results in more magnetizing
energy for ZVS, resulting in higher efficiency. It is also important to
verify that the primary switches are operating in ZVS during full load
conditions.
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E. Constructing the Transformer

With an integrated LLC transformer design, several design iterations
may be required in order for L . to approach the value described in
PIXIs. This may require a change in the construction of the transformer.

Check if transformer construction or chamber can be adjusted to
modify L

RES®

Primary Secondary

oTr>r O

Gap can be achieved through use of a sectional bobbin
or with margin tape

Figure 2.  Simplified Integrated LLC Transformer Build Diagram.

Lqes & gap: Modify the gap if desired change in L, is less than 10 pH.
Increasing the gap between primary and secondary windings

increases L, but reduces the winding window. This may force a

move to smaller wires in order to fit the required number of turns into
the available space. If a reduction of L, is needed, it is also possible
to eliminate the gap between primary and secondary windings (apart
from the thickness of the insulation tape) in single chamber designs.
This maximizes window usage efficiency. The example shown in
Figure 3 is the cross section of a transformer that does not have any
gap aside from the thickness of 3 layers of tape used to isolate the
primary and secondary windings from each other.

Lees & N2t Modify the number of turns if a change of more than

10 pH is required.

The leakage inductance is directly proportional to the square of the
number of primary turns. Changing the number of turns will there-
fore have a significant effect on leakage inductance. Increasing
number of turns will necessitate wire size reduction and increase
copper loss. Changing the number of turns will also change flux density.

With copper-loss, current density and flux density considered, if the
achieved value of L is still not equal to that described in PIXIs, then
modify PIXls to move the calculated value close to the measured L,
value.

WDa: (Bias_Pri)
3T-#30TIW

8
9

12
WD6: (1S): IT-#30 W ;7 |

888888¢ :

WD3: (Bias_Sec) 2T-#30 TW >

FL2
WD2: (Sec 2) 6T — Unserved Litz 0.1mm/600
FL3 |

FL4
WD1: (Sec 1) 6T — Unserved Litz 0.1mm/600
FL1

g%}&g wos: ey

Served Litz
******* Q

—s

17.0mm

15.0mm

(to be twisted)

Figure 3. Integrated LLC Transformer Build Diagram.

Hard Switching

Hard switching refers to the event where one of the half-bridge FETs
turns on when the voltage is not zero. It can be seen on the half
bridge voltage waveform as a change in slew-rate once the half
bridge current crosses zero.

This occurs when the tank circuit does not provide sufficient
magnetizing current to discharge the C of the switching transistor
to 0 V before it turns on.

Hard Switching
(Insufficient Magnetizing Current)

1 Zero Magnetizing 1
1 Current When Switch 1
10 | Turned On 1

N

-10

350

Zero Voltage Switching

15 1 N .
lon-Zero Magnetizing 1

Current
1 1
1 / \ 1
[/ 1
oL 1

-15

£y
1
1
1
1
1
1
1
1
1
1
1

1 PI-10304-020226

Figure 4.  Hard-Switching (left) vs. ZVS (right).
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Guide in Using PIXIs

Input and Output Parameters

o

ACDC_HiperLCS2_052025; Rev.2.0

AN-120

Minimum input voltage or Set to ~1.5x Vyom When designing for wide

Valley of the PFC bulk range CV/CC. This is typical for charger design
voltage where Voytmax ® 2XVoutmin
INPUT INFO  QUTPUT UNITS HiperLCs-2 Design | eet

General
Description
Input Parameters

VIN MIN

o w e oW oN

VIN RES

VIN NOM

e

VIN MAX

9 PRC

=

Output Parameters
11 voutl

12 | lout2 PK

13 | PoutlPK

14 | loutl CONT

15 | Poutl CONT

16 | External CC

17 | Vout1 in (€C)

18 wcc

19 RCC

20 | RCC Rated Power

Dictates peak power, increasing this will
reduce Lggs. For CV/CC set this to CC
level + margin (~120%)

V-15A-SynchRF-33T-6T-169uH-TEuH-2TnF-91kHz

350 Brownout Threshold Ve
€00 600 | Vv Input Voltage at Resonance - lower Vres to lower Npri
400 200 v Mominal Input Vollage - default CRM Vi DCM Wres=Vnam, CCM Vres<Vnom)
450 as0 v Maximum Input Voltage - decrease Vmax to lower Finax
YES v ¥ES Input Option
£0.00 60.00 | v Main Qutput Voltage
150 150 A Peak Main Output Current - default = 200% of lout1Cont - used to select device size - increasing (I0UTL PK) peak power will lower (LRES)
5000 W Main Qutput Peak Power
120 120 A uous Main Output Current - default f Ppeak - used Lo select device size - losses calculated at this power level
700 W ues Main Output Power
YES v YES Use external CC operation
26.0 %60 Vv Minimum Oulput Voltage when operating in CC - lower Vouthin lowers Lm and also lowers efficiency
0125 | v Oulput current sens ltage when operating at CC-Ahrehsold
300 ma Oulput current sens
04 W Oulput current sens rated power

Select YES on External CC option and input
the required lowest output voltage.

Figure 5.  PIXIs Screenshot: Input and Output Parameters.

Selecting the Frequency Range

This is the target frequency at VIN_NOM. Default

is the center frequency of range. For wide CV/CC,
set to 120 kHz then adjust Fsy(nomy and/or Cres as
needed to match Lggs of transformer (Changes both

Lm and Lggs). Set to frequency range 3

21 Estimated Parameters, Design Choices and Selections

22 | FSRange

23 | FS¥Wnom (Target)
24 | OQutput Rectifier
25 | Ron_SR1

26 | VF_SRL

27 Design Results
28 DESIGM RESULT
29 Device Variables
30 | DEVNAME

31 Qoss

32 RDSON

33  Fault Responce

3 w 3 Frequency Range
111.0 1110  kHz Switching Frequency at VinNom
SynchRF w SynchRF Output Rectifier

50  mO Syne. Rectifier ON Resitance

v Output Diode Average Voltage Drop
Design Passed Current Design Status

LCST268Z w LC5T268Z Pl Device Name

302 | nC Equivalent Combined Half-bridge charge (Qoss) at 430V

0260 0 RDSON of selected device

NON_LATCHING ~ NON_LATCHING

Figure 6.  PIXIs Screenshot: Frequency Range Selection.
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Tank Parameters

Cres—Value is chosen automatically but user may override the
selection. Cres with Lges defines the series resonant frequency
of the LLC tank. Adjust Cggs to match the measured

transformer Lggs. To adjust Lges - f(Peak power), f(Fs), f(Cres)

34 Tank Circuit Components & Operation Frequency Range

35 Integrated Magnetics YES v
36 LPNominal

37 tm

38 Lres

39 Cres 27.00
40 f_calc@Vbrownout

41 cale@resonance

42 f cale@¥nom

43 f_calc@Vinmar

44 VINGmaxlnversion

VING-gaininversion voltage. This is DC input voltage at
which control can no longer be guaranteed for-full load.
Design requires that VING < V. Modify Vges and
Vi to adjust VING.

Figure 7.

PIXIs Screenshot: LLC Tank Parameters.

Transformer Design

4
46
a7
48
49
50
5.
52
5
5
55
56
57
58
59
[
64

=

=

B oW

=]

Figure 8.

Core Dimensions/TRF Mechanical Parameters
AE

VE

MLT

AW

BW

Bobbin Chambers

ChambDist

Bobbin Height

Prim. Bobbin Chamber Width

Sec. Bobbin Chamber Width

K-PD

Transformer Generic Parameters

CR_TYPE

FR_TYPE
BACmax Actual

kSecChamb

Use for integrated magnetics this pace is not available for windings.
Separation between primary and secondary windings adds to leakage
inductance (Lrgs). Lres is also a function of turns and layer symmetry

Lres = f(Np)
For high frequency designs minimal or even no separation is needed. Lower
frequencies require larger separation.
Note:PIXIs only calculates Lggs value based on electrical parameters, physical/

construction parameters will not be induce changes of Lggs in the spreadsheet.

BACmax Actual

ksecChamb

Transformer Primary Parameters
Npri

Iprim RMS

Main Output Parameters

Nsec

(]

ISRMS

Increasing Nggc will lower down flux density and increase Npg;.

PIXls Screenshot: Transformer Design.

Primary inductance of the transformer when all
windings are open. This is the sum of Ly + Lggs

Integrated Transform,
Primary Induclance

Magnetizing inductance of transformer - modified by Kz, Device size and frequency
Series resonant o primary leakage inductance - modified by Pma

Series resonant capacilor,

equency at PoutCont at Vbrownout, full load - adjust Vingrownout

Source of ZVS energy. PIXIs calculates to provide
sufficient energy for ZVS. Adjust Ly = f(Kz), f(Vres)

1108 | kHz grequency (defined by Lres and Cres)

913 | kHz Frequency at Famant at Vnom - adjust FS Wnom Target or Vnom
2248 | kHz Expected frequency al Msgimum inpul voltage and full load; Heavily influenced by n_eq and primary turns
189.0\V Minimum Input Voltage for negatve Gain at 100 load. Below this voltage the Gain becomes positive (unstable loop)

The primary resonant (or leakage) inductance. Lgges
controls the peak power (not continuous power)

Should be less than Fyax

(366 ktiz) require a change in Lggg value.

delivered to the secondary. Increasing power will lower
Lres and vice versa. Adjusting target frequency will

Core parameters are automatically populated from database for known cores.

mmA2

Sformer Core Crogg/sectional area
cm*3
mm
mmA2

mm

Bobbin Chambers
Width of bobbin with no windings - empty space between primary/secondary generates leakage inductance
Height of the bobbin, maximum Stack height

Fart of the bobbin allocated for primary

Fart of the bobbin allocated for secondary

Penetration Depth multiplier (for Single Strand LITZ calulation)

PQ35 Transformer Core Type
397 Magnetic material used
23533 mT Estmated Flux Density at Vnom - increase Ns to reduce Bmax
0.50 Percentage of Bobbin Chamber Width used for Secondary Windings - Adjust to change Used Percentage of Primary/Secondary Windows
<2 pw =
PRI
SEC b
kSecChamb =—
BW L _|
L T
ChambDist

Increased Nggclowers flux density and core loss.
But increases copper losses.

Estmated Flux Density at Vnom - increase Ns to reduce Bmax

Calculated Primary Winding Total Number of Turns

359 A Transformer Primary Winding RMS Current at PoutCont and VinNom
6 secandary Number of Turns
2320 A Transformer Secondary Winding RMS Current

Percentage of Bobbin Chamber Width used for Secondary Windings - Adjust to change Used Percentage of Primary/Secondary Windows
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Magnetics Designer

DER-984.pixls v
Schematic PIXIs

Charts

PIXIs
- Designer De:

i 3 Transformer
Tot. Windings Height = 235.49%
I Core Section

t PQ3s
GAP=0mm
T Bobbin Section
L pQas3s

FLs
FL9

4 Losses

|- Total Losses = 18.347T1W
I Primary =3500.24 mW

I Secondary =13634.3 mW

In the magnetics designer tab, the designer can modify
the construction wire type and size of the transformer to
determine how much copper can fit into the winding
window.

Windings Info 0O

Total Transformer Loss: 18.347 W

Core Losses: 1212 W;

Copper Loss: 17.135 W
Primary: 3500.24 mi;
Secondary: 13634.3 mW;

Total Copper Weight: 38.52g

Section 1 Stack Fill Factor: 108.929%;

Electrical Dia...

PQ35/30-3C97
[ iy

o S
sz <
WP

2

rn

o mix2AnG

L Core Losses=1.213W

s+ 3] Winding Construction
&3 Primary

|- Turns=33
L 1xtitz

L served

104.72%H; Primary; IRMS = 3.504;

5.67L; 33T; 1xLITZ 300%44 S; CMA = 337.16 Cmils/A;
LENW=312.5.cm;

RDC = 91.66 m0; RAC = 180.35 m); WeightCU =
17.16.g; Pw = 3500.24 mW;

Section 2 Stack Fill Factor: 126.57%;

L str./AWG = 300x44

in the drop-down window.

[ op=12mm
| LAYERS=5.67 Winding Properties
[ CMA=337.16 Cmils/A . . - 1

Active Section Section 1 Type Power
|- W_Height=104.72%

Copper and core losses are also calculated and shown

Figure 9.  PIXIs Screenshot: Magnetics Designer.

Implementation of Variable CV

This section showcases two approaches for dynamically adjusting
output voltage - using either variable resistors or an MCU based
approach.

Variable CV using Variable Resistor
R60, R64 and R62 form a resistance ladder that senses the output
voltage, and applies it the no-inverting input of an amplifier. Gain is

set by R57 and R66. The output of the amplifier stage is applied to
the FB pin of the HiperLCS2-HB IC. R65 limits the current into the FB
pin. Biasing is adjusted such that as R64 is varied, the output voltage
of the charger will change to keep the FB pin voltage at 3.75 VDC.

VOUT
(e, BPS
R60 < C18
82.5kQ S 10 pF
35V
R64 i}
C20 200 kQ
100 pF == W'} e—
100 V us R65 3
1 M321 L% Baviews7-F Lo
R62 AA 31 > 4 MWy =>|_°
4.87 kO< Egg /2
0,
VOUT_RTN 1% 10 ko
(e, 1%
AAA
\AAJ
R57
24.9 kQ

1%

1Design uses variable resistor showing

adjustment when the direction is clockwise

_l_ PI-10277-022026
GND

Figure 10. External Variable CV Control Circuit using Variable Resistors.
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Variable CV Using MCU/CAN

In EV charging applications typically an output relay is positioned
between the charger and the load. In order to minimize inrush
current, the controller instructs the charger to set its output voltage
close to that of the battery string before the load is connected. The
output voltage of the power supply is measured via the potential
divider formed by R80 and R81, and is applied the ADC of the MCU.
The MCU will then produce a PWM signal "MCU_VPWM" that will be
filtered by a 2 stage RC filter (R45-C55 and R87-C60) which converts

the PWM signal into a DC voltage. This method of creating a
reference voltage is popular as it avoids the need for an expensive
DAC. Fast dynamic response of the reference signal is not required in
charger applications since there are no CV or CC changes. The
filtered PWM signal is then applied to the amplifier with gain set by
R70 and R69. The output of the amplifier directly biases the FB pin of
the HiperLCS2-SR IC. This approach allows the MCU to directly
control the output voltage.

PWM Signal from MCU
R85 R42 1 E
11.8 kQ 470 Q GSA O———
MCU_IPWM 1% 5% R 1
° AN AMN +12V Oe—— >
3
ON O3
R87 R45 3
11.8ke  11.8kQ ¢ =3 DY
DC Control Voltage (Filtered PWM Signal) 1% 1% MCU_VPWM 5
AVAVAV AVAVAV 5
6 To MCU
MCU_RELAY O—] 6
7
GSA O—————]
zcz59 zcz28 2(:260F 2C255F 8 ’
== 22pF =22 uF 3= 22 4F S 2.2 IOUT-ADC O—————{ 8
25V 25V 25V 25V 9
BAT-ADC O————={ 9
0
GSA 1
° CON10
$ 150k $ 10k
< 150 kQ < 10 kQ
T 1% T 1% our+
R76A < R80
1ko usB Ri33 0 $30k
1% 7. < 1%
1% 5 : LM358D 1% BAVIGWS-7-F g VOUT-ADC ’
VVv 7
6| (e,
& R8t
310kQ
AN This is a dual op-amp with the supply on the CC loop section GSA 1%
R70 )
24.9 kQ
A PI-10274-012926

Figure 11. External Variable CV Control Circuit using PWM from MCU.
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Implementation of Variable CC

Designers may opt to change charging current based on battery type
and charge state. This can be implemented as either a continuous
range or via discrete steps. Similar to variable CV, there are two
approaches to showcase variable CC operation-on-board variable
resistors or via an MCU.

Adjust CC using Variable Resistors
In Figure 12 the voltage developed across the current sense resistors
is amplified by U7 before being fed into a non-inverting error amplifier

USA. A reference voltage for the error amplifier is obtained from U4,
a 2.5 Vreference. To adjust CC, R64 and R152 for a voltage divider
which is applied to the error amplifier. R151 and C39 provide a zero
that provides phase boost to increase phase margin. R147 and C114
provide low pass filtering at the output of the error amplifier. The
output of the amplifier USA will provide an error signal to the FB pin.
In response to this bias signal, the controller in the LSR2000C IC will
adjust the output current of the LLC to regulate the FB voltage to
3.75V.

+5V
o
s uz
INA180A1IDBVR >
Cs+ 3 ,\5
(o2 " Nl aan IOUT_SENSE
n Wy
R139
2 5.11 kQ
1%
Current Sense C103 C104
10 nF=—= =10 uF
l 50V 6V
GSA
[og
1
+2.5 leSZ REF_CC R151 4R71‘IZ2 1?6& D9
R53 10 kQ 15 kQ 1% 1% BAV16WS-7-F gg
Ska O 1% N A
¥ L M MV ’ ’ MW ’ M A A
Cc43 \% U4
1uF=— TL431CDBZR
25V
1L C46 Cl14
10 = 1uF =——=470 nF
l €39 2V 50V
R64 470 nF
10 kQ 50V
GSA
[og
1. REF_CC net denotes the reference input node for the CC error amplifier USA PI-10275-020526

Figure 12. External Variable CC Control Circuit using Variable Resistors.

Variable CC Using MCU/CAN

Figure 13 shows a circuit for providing dynamic adjustment of output
current via an MCU. The output of the current sense amplifier is fed
into both the error amplifier and to the ADC of the MCU. The MCU
determines the output current via the output of the current sense
amplifier and generates a corresponding PWM signal depending on
the state of charge of the battery. The PWM signal passes through a
2-stage low pass RC filter formed by R42, C28, R85 and C59 which
converts the PWM to a DC signal.
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+3v e R42 R85
R105 1—0¢sA a0 1L8k2  MCU CURRENT
1kQ 2 A A CONTROL
u7 5% IOUT-ADC 2 —03 +12V Wy WA
INA180A1IDBVR Wy 3 O ON
< IS O l Tour_sense A Q meu tewm| | FR, Bk
4] A NE 1o 1o Mcu_gpwm
R139 Wy VWV
T 2 A ]5-11%,/:9 6 F-———0 Mcu_reLay 8 | 59 |
Current Sense 9.%1%4,39 an | Lgo [ A, - e XL
l 3 o o sov | | 1V He , mcu_tpwm T 324° T 224F
:: glk:.g 9 o_o BAT-ADC
Gé‘ > +12V 2 |———o0 vouT-ADC GgA
CON10
R147 R60
R151 D9
MCU CURRENT 15k o 1262 BAVIGWS7F g
CONTROL ‘v‘v:v MW AW
REF_CC
39 a 1C46F A cua4
@ T2V TR
G(S:A PI-10276-012926
Figure 13. Variable CC Control Circuit using PWM from MCU.
Loop Stability
In order to correctly assign poles and zeros to achieve stable
operation it is necessary to derive the transfer function for the power
supply and external CV and CC bias circuits if present. This is shown
below. Q1
Deriving Plant Transfer Function AL
. . . Vint Cr Y
The energy delivered per switching cycle can be described by the net — +—
charge on the resonant capacitor plus the charge on the C . of the 2 —

MOSFETSs of the half-bridge as they are charged and discharged
between V and 0 V.

Net Charge delivered per cycle:

QNET = CeAVr + 2C, Vi 1)

Where,

AVer = Ver(tHofr) — VergtLoff)

Cr = Resonant Capacitance

C; = Junction capacitance of each MOSFET

Vin = Input Voltage

Q2

g "

Secondary

Rectifier

PI-10287-111725

Figure 14. Simplified LLC Circuit.
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0.0
1

/ '

1.0 T
1

Ves(Q1)

Ves(Q2)

Tiofr THoff

PI-10302-022326

Figure 15. LLC Primary-Side Voltage and Current Waveforms.

From equation 1 we can derive the input power per switching cycle.

P = VinfswCr AV + 2C, Vi @)

Since Cr blocks the DC content of the half bridge switching wave, its
voltage is symmetrical to one half of the input voltage. Therefore we
can say in equation 3 that:

Verattorn + Veratom = Vin ©)
Vererotn = Vin = Verattorr
AVer = Verasiorn = (Vi = Verariorn) “@
AVer = 2Veretror = Vin

Since the HiperLCS-2 IC senses the voltage signal from Vg + V4
rather than Vg, we need to derive the relationship between V_, with
the combination of V . and V.

In an LLC half bridge resonant converter, at the instant the low side
switch is off:

Att =t oy

ViR + Vim = Vin = VergtLofr)

Secondary

Rectifier

PI-10287-111725

Figure 16. LLC with High-Side FET (Q1) On and Low-Side FET (Q2) Off.

Secondary

Q2

10

Rectifier

L1

PI-10289-111725

Figure 17. LLC with High-Side FET (Q1) off and Low-Side FET (Q2) on.

Att =ty

Vir + Vim = “VergiHofr)

V|r + V| are sensed through an auxiliary winding that is tightly
coupled to the primary side winding. This will then be fed to the IS
pin of the HiperLCS2-SR IC where it will create an internal sense
voltage V..

= NISP(\/LR + \/LM)

RIS ZIS + VOFFSET (5)

W
Where,

Nisp = Nis/Np: is the turns ratio of IS winding to primary winding
Ris: is the IS pin sense resistor

Z1s: Impedance presented by the IS pin (72 kQ)
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Substituting Viz + Vin = “Vergor

Att= tHoff
Nise (- Ve
V= WZB + Vorrser
Nisp (- V&
Wi - Vorrser = %M"m)zls
IS
= & V. -V
VCR(tHOff) - NIGPZIQ( OFFSET |_|_)
Vergtorr) = GisVinn ©)
Where,

Gis = Ryg/(NispZis):  Sense gain of IS pin signal
VthH = VOFFSET - VLL: IS S|gna| hlgh-SIde off threshold

Vorrser:  Internal comparator offset voltage

Substituting equation 6 into equation 4
N_=2GV, -V,

IS " thH I

Substituting AV = 2G,\V,,,—V,, into P,

P = Vinfsw Cr (2Gis Virws = Vin) + 2C; Vi

thH

The equation is linearized around the operating point by keeping the
term proportional to a small change in Viy.

The derivative of Pyy with respect to Vy,y is:

d PIN

AV = VinfswCr2Gis

Therefore, the small-signal variation in input power is:
PIN(S) = VIN fSWCRZGISVthH(S)
Calculating Py in terms of Vgt and output impedance:

2
Pour = %

The derivative of Pgyt with respect to Vg is

dPour - %
dVo Z

Therefore, the small-signal variation in output power is:

Por(5) = 52 (s)

Assuming that power supply losses are negligible
Pw(s) = Pour(s)
Vi Ce2Gis Vo (5) = Vo (5)
Vo(S) _ VinfewCr2GisZ,

Vi (S) 2Vo
Vo (S) — VinfswCrGisZ,
Vi (S) Vo

Where Z, is the output impedance which is the combination of output
capacitance and load.

Z
s A FpEEE=E=_-——_——_—— 1
T ¢ 1
—— .
g 1 G [ 1
Secondary 1 R 1
Rectifier - Lg I
1 REsR 1
1 1
1 & 1
" J S 4
PI-10290-011426

Figure 18. Circuit Diagram of Effective Output Impedance.
Z — RL(]. + SRESRCo)
"7 14 5Co(Ri+ Resk)

Substituting Z, into the equation gives us the

VO(S) — \/INfSWCRGIsRL(]. + SRESRCO)

= _ .
Vi (S) Vo (1 + s(R. + Resz)Co) G(s) @

Equation 7 shows that the plant has a single pole and a single zero.
The locations of the pole and zero can be calculated below:

_ 1 8
fZ_ZTCXRESRXCo ®

_ 1 - 1 ©
ZT[X(RL+RESR)XCO - anRLXCo

fp

we can disregard Rgsg because it is << Ry
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Application Note

Plotting the derived equations using C, = 780 uF, R

AN-120

ESR

=19 mQ and

R =5 Q, the corresponding ploe and zero locations can be determined.
From equations (8) and (9), we can get f; = 10.7 kHz fp = 40.8 Hz.

Figure 19 shows the locations of the pole and zero for the plant.

Pole = 40 Hz

Zero =10 kHz

40
o)
pt
@

g 20
'c
o
©
=

0_

0_
=
[7]
S

u —45 A
%]
(1]
=
o

-90

1.6

16

1.6e+02 1.6e+03
Frequency [Hz]

1.6e+04

1.6e+05

Figure 19. Plant Pole Zero Map.

Main CV Loop Compensation Transfer Function

The HiperLCS-2 CV loop uses an Operational Transconductance
Amplifier (OTA) as the error amplifier with Type II compensation.
Figure 20 shows a simplified representation of the FB network. Note
that the type II compensator in the OTA also introduces a pole at the

origin.
Heu(s) Heo(s) Hes(s)
F===n1 F====== hl
vouTt 1 1 I comp
1 [ | o L o
1 (| 1
B P J_ 1
R1 I A I
1 > 11 CG3== 1
’ 1 (| 1
R4 Vrer > - 1 1IR2 1
1 (| 1
1 11 1
1 11 1
1 11 1
e o = d e e e oo o e -1
PI-10291-111725

Figure 20. Circuit Diagram of the Voltage Feedback Loop.
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Application Note AN-120
The transfer function can be written as:
R
Ho(s) =521
R, +R, V. V
IN ouT
o, S
He(s) =gm an
_ 1+5sR,C,
Ha(s) S(C3+C1)+ R,C:C,s?
Hc(s) = ch(S)XHc3(S) VERR
Hev(s)
1+ SR2C1 FB Ladder
Hc(s) =gm (10 Resistor
c(s) g S<C3+C1)+R2C3C1SZ
Note: H,(s) is not yet included. This will be accounted for in the CC
loop derivation section. Hc(s)
The transfer function Hc3(s) can be used to calculate for the locations Internal Main
Control

of the pole and zero.

_ 1

- 27TXR2XC1

_ G+G
27Z'XR2><C1XC3

f;

fp

CV-Only Loop
Combining all equations to get the overall transfer function for CV
mode. Lcy(s) can be written as.

Lo (S) = G(S) X Hey (8) X He(S)

Figure 21. CV Closed-Loop Diagram.
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Generally, it is desirable to put the crossover frequency between the
plant’s pole and zero locations. For CV-mode-only designs, the
crossover frequency is typically set at 5 kHz. In a design that also
offers CC operation, the bandwidth of the CC loop and the crossover
frequency will be lower. In CC mode this loop will dominate.

Following an approach similar to the K-factor method where the poles
and zeros are replaced by a factor K will show the maximum phase
boost at the crossover frequency. Larger value of K results in more
phase boost, but generally the poles and zeros from the compensation
circuits must be close to the plant pole and zero. A typical starting
value for K is 5.

Gain

1 » Frequency
Iz fc fr
_lc =Kxfc
K

Placement of Pole and Zero with Respect to Crossover Frequency.

Figure 22.

For this example set 2.5 kHz as the target crossover frequency.
Using a factor of 5 to calculate f, and f, will give:

f= o= 25KHZ _ 5501,

fo=Kxfc=5%2.5kHz = 12.5kHz

The equation for the poles and zeros of the compensator was derived
in equation (10). Substituting the calculated frequencies into this
equation, corresponding RC values can be determined.

Calculating capacitor value for the Zero:

A S
z 27[ X Rz X C1
Using 75 kQ for R2:
_ 1 _
G= ST X 75KQ X500 Hz — 4.2nF - 4.7nF

Calculating capacitor value for the Pole:

G+G

fP: 2TEXR2XC1XC3

Using 75 kQ for R2 and 4.7 nF for C1:

= 4.7 nF
= (12.5kHz x 27 X 75KQ X 4.7 nF)- 1

=176 pF — 150 pF

These values can be added to the CV (only) equation to confirm that
gain and phase margins are acceptable.

Lov(S) = G(S) X Ho (S) X Hc(S)

It can be seen in Figure 23 that the result is close to the target
crossover frequency and provides very good phase margin.

=
—_ 50_
1]
E Fc=2.8 kHz
'c
2 o
=

_90_
g
T PM = 85
o]
(%]
18]
e
o

=135 A

1.6 16 1.6e+02 1.6e+03 1.6e+04
Frequency [Hz]

1.6e+05

Figure 23. Closed Loop Bode Plot of CV Loop.
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External Current Loop Compensation Transfer
Function

The error amplifiers are used to regulate output current by regulating
As described previously the charger designs using the HiperLCS2-SR the FB pin of the LSR2000C IC. Figure 24 shows the simplified
chipset employ an external circuit to implement CC operation. diagram of the external current loop and the derivation of its transfer
function follows.

VOouT

______ 4L — — — aPI-10292-022726
Figure 24. External CC Control Loop.
Hcci(s) is the transfer function of the current sense amplifier and RC Writing the transfer function for the whole CC loop:
filter. In Figure 24, R21 and C21 provide a noise filter for the _
amplified signal derived from the sense resistor. Hee (S) = Heet (8) X Heca (8) X Heea (5)
A XRs
Heet (8) = o — _—
i (S) 1+ sCuRy AXRs(1+ sCx»R,, (11)
Hee(s) =

Ais amplifier gain. Rg is the sense resistance (Rg;q.)- (1 +sCaRxt)(1 +5CxsRys)
Hcca(s) is the transfer function for the error amplifier. R22 and C22 The output signal of the CC control loop I, which gives:
form a zero that provides phase boost. The non-inverting error- Vb

amplifier also introduces a pole at the origin. Io X Hec(S) = W X Hec(S)

1
SC» Rz

H.;(9) is the transfer function for the RC filter. The OTA has a very
fast response which necessitates to provision of the RC filter to
prevent noise and transients from effecting the CC output. The RC
filter has minimal effect on the overall loop response.

_ 1
Hes (S) = 1+CoRon sCR»

He(S) =1+
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Assuming the diode is ideal and applying nodal analysis, we can
re-arrange the circuit shown in Figure 25. Ms _ RRuRs+RiRH(S) _ Howc(s)

Vo ~ R.(R:Rx+ R;Rs+ R4Ry) 12)
Where,
FB o = IO<RL + Rs)
R1 T R24 R. >> Rs
W MWh Vi = IR
0 — l1om\L
Io xRy
il 1 1 +_I_°X Hec(s) In CV mode, there will not be any feedback from the CC error-
T— & rmg B o amplifier.
<>
R4
\/FB = —Vo
PI-10293-112125 R:+ R4
VFB = Hcv(S) Vo
Where,
Figure 25. Nodal Analysis of FB Pin with CV and CC Loop. R.

o) =R+,

Vo - Vis + Hec (S)Io- Vs — Ve
R R4 R4

R24(Vo - VFB) +R; (Hcc(s)Io - VFB) =

R
R24Vo + Rl HCC(S) Vo = RiRa \/FB + (Rl + R24)\/FB
R R4

L

R,

24
Ve
4

4

o = R.R2R4 + R;RsHc (S)
FB

= Ru(R:Rus + RiRy + RiRay) 0

Ragrations
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Combining Derived Equations

Combining equations provides an overall transfer function including
CC mode L¢c (5).

v Vour
IN G(s)
Plant
VERR
Hcvec(s)
External
CvCC
He(s)
Internal Main
Control

Figure 26. CV + CC Closed-Loop.

Lec(S) = G(S) X Hevee (S) X He(S) 3)

Tuning the External CC Loop

Introducing an external error amplifier for the CC loop, configured

as non-inverting integrator, adds a pole at the origin. This combined
with the CV loop origin-pole and the plant pole from the output
capacitance and load impedance, creates a significant phase roll-off.
To maintain stability, the zero of the CC loop error-amplifier should be
placed near the plant pole to offset this effect.

The pole and zero from the CC loop can be calculated as,

1
=1+
Hee (S) SC.R»
1+sCyuRy
He(S) =" —pn
cc2 ( ) s(:22 RZZ
Plant pole is located at,
o1
P72 X R xCo
CC loop zero is located at,
1

fo= 21 X Ry X Cp

VOouT

VOouT

R22

>_ FB
; i
:

]
C22

PI-10278-022726

Figure 27. Circuit Diagram of External CC Control Loop .

oower

integrations
WwWw.power.com

Rev. B 03/26



https://www.power.com/company/sales/sales-offices
https://www.power.com/company/sales/sales-offices

Application Note

AN-120

Measuring Loop Response with a Frequency Analyzer

Hees(s)
b B o |
11 1
Vour
11 1 Io,
11 1 Ic R1Z
" P 3
" R23 | R24 D3 FB
—0
I | T>
11 1 < B
" c23 | R4S
11 1
11
11 |
1 1
JL — — J PI-10353-022726

Figure 28. Effect of Voltage Feedback Resistors in the CC Loop.

When measuring the bode plot of the CC loop, the signal is taken
from the I path. However, as shown in Figure 28, during CC mode
the CC loop controls regulation. There is still a fixed current
introduced by V,; (I.,). This current acts as a fixed gain in the transfer

function and must also be considered. To include this in the loop
measurement, the circuit shown in Figure 29 is used which will account
the currents going into the FB pin from both I__and I

Noise Injection Resistor | <

Vour
) t
Ig l Frequency
Response
Analyzer

+ AC Noise *

Injection
S

\A A4

o R23 R24
External CC Circuit My MWy ,\1 Q1 FB
— C
Ieg
C23=F= >
R4S

° PI-10354-012926

Figure 29. CC Loop Bode Plot Set-Up.

Instead of the external CC circuit directly sourcing current into the FB
pin, it is now biasing the base of Q1 which modulates the current (I_.)
going into the FB pin. This allows gain and phase response of the I,

path which includes both currents for I and I, to be measured.
This will allow measurement of the bode plots for both CC and CV
modes with the same set-up.
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In the design example, the plant pole is at ~40 Hz. Using

R22 = 15 kQ and C22 = 470 nF, the zero is positioned just before
the plant pole, preventing rapid phase roll-off and ensuring adequate
phase margin.

CC Loop Zero = 22 Hz| I Plant’s Pole =~ 40 Hz|
50 4 T

5 T
S 254 |Crossover Frequency =~ 480 Hz
2
2 0 1
=
&
£ -25-

=50 +———+ e e e e

_go -
k=
7]
B
(1)
©
£ —135 A
o — ey .

R Phase Margin = 50°
LB SR | 4 L LIS er AN, R L L LT 2 s 2 L . LTS 0 05, B ¥
16 1.6e+02 1.6e+03 1.6e+04
Frequency [Hz]

Figure 30. Closed-Loop Bode Plot of CC Control in Correctly Compensated Design.

Conversely, reducing the capacitor C22 to a very small value, (4.7 nF), A 470 nF capacitor and a 15 kQ resistor combination is a good
shifts the zero far beyond the multiple poles. This causes the phase compromise. As a general rule, position the zero for the CC loop
to diminish before the crossover frequency, resulting in a loss of close to the plant’s pole location.

phase margin as shown in Figure 31.

Plant’s Pole = 40 Hzl |CC Loop Zero = 2.3 kHz
E \
5 504
§ Crossover frequency = 260 Hz |
£ o
[+
= \
750-----w| T T T T LA B R A | T 1 . rrr
_go =
= —135 1
]}
2
o —180 1
©
£ —225 1 \
—270 1 ] -45° No Phase Margin
16 | 1eet02  16e+03!  1leetos

Frequency [Hz]

Figure 31. Closed-Loop CC Bode Plot of Control with poor Placement of Loop Zero.
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To check the accuracy of the derivation, gain and phase plots from predicted in the simulation. This was because the derivation

bench measurements were compared to the derived transfer assumed 100% conversion efficiency and ignored energy storage in
functions. Figure 32 shows similar results with respect to the the resonant components. The assumption is valid because the
measured crossover frequency and phase margin. However, in the effect only becomes apparent close to the switching frequency -

high frequency region, the actual measurement showed no roll-off as beyond the useful range of the model.

Bench Calculation

60

180
5 8

Magnitude [dB]
°

"-____“ -25
% o -“" % -50
o . Y £ "

Phase [deg]

-60
-180

N =

1 Frequency ™ 16 1.6e+02 Frequenlc.ge[;gf 1.6e+04
Crossover Frequency ~ 300 Hz Crossover Frequency ~ 480 Hz
Phase Margin ~ 53° Phase Margin ~ 50°

Figure 32. Bench and Calculation Bode Plot Correlation.
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CC Loop Large Signal Filter For the example circuit, 4.7 kQ and 470 nF were chosen which gave
the smallest current ripple across various loads (E-load, capacitor
bank and battery) seen in the actual bench measurements. These
values have been proven to work across several designs.

In order to regulate output current, the current from the CC loop
must go into the FB pin. The FB pin drives a transconductance
amplifier which regulates the output voltage and provides very fast

dynamic response. This fast response can make the circuit Note: For charger designs that are housed in metal enclosures,
Susceptible to noise. This is not an issue with CV mode, because ensure that both primary and Secondary sideY capacitors have a
ripple or noise seen at the FB pin will still give <1% output ripple solid connection to earth/enclosure via the PCB and mounting screws
voltage which is adequate for power supply applications. However to prevent circulating noise that can increase output current ripple.
for battery chargers, <1% output voltage ripple can cause >10%

current ripple because of the low impedance characteristics of the Figure 34 shows bench measurement of CC loop response with and
load. without the RC filter.

A low pass filter (R23 and C23) after the CC error-amplifier helps
reduce ripple. This filter asserts a strong effect on large signals. The
RC value has minimal effect on AC small signal analysis and
associated gain-phase plots.

vee Verr_raw v v
vee ERR_RAW ERR_FILTER
LOAD_RTN V+
A u2 R24 D3 B LOAD_RTN
FB
GND
C22
1l PI-10279-022726 _| PI-10280-022726
Ll

Figure 33. Simplified Schematic without RC Filter (left), and with RC Filter (right).
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Without RC Filter

C1-V_HB, 200 V/div
C4-1_out, 2 A/div
Time division: 10 ms/div

Iout Ripple pk-pk = 1.7 A

With RC Filter

C1-V_HB, 200 V/div
C4-1_out, 2 A/div
Time division: 10 ms/div

Iout Ripple pk-pk = 465 mA

Figure 34. Output Ripple Current with E-load (55 V_12 A).
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: i .‘Q ""’f | h_f‘\‘-‘ |

Il
iin

: ok = C1-V_HB, 200 V/div
Iout Ripple pk-pk = 17.8 A Al out, 5 A/div

Time division: 10 ms/div

C1-V_HB, 200 V/div
C4-1_out, 1 A/div
Time division: 10 ms/div

Iout Ripple pk-pk = 630 mA

Figure 35. Output Ripple Current with Battery Load (46 V_12 A).
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Without RC Filter

'H|gh frequel
dips/spikes
the output of
error amp

a

4l

I Ripple pk-pk = 1.7 A C1-V_HB, 200 V/div
our FHIPPE PP C2-Verr_raw, 1 V/div

C4-Tout, 5 A/div
Time division: 10 ms/div

With RC Filter

The RC filter slowed down the

4l cc i
CCloop-preventing unr

response to high frequency noise

C1-V_HB, 200 V/div

Iout Ripple pk-pk = 540 mA
C2-Verr_raw, 1 V/div

C3-Verr_filter, 1 V/div
C4-Iout, 1 A/div
Figure 36. Output Ripple Current with E-load (55 V_12 A). Time division: 10 ms/div
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Transient Response of the CC Loop

Good CC loop stability can be demonstrated by performing a dynamic
load test. Changing the load voltage from 55 V (high end of output
voltage for a typical 60 V charger design) going down to 26 V
(worst-case deep discharge state of a 48 V battery) creates a sudden
load change. In real-world applications, batteries will not typically
experience a sudden jump in voltage, but the aim of this test is to
show the stability of the loop.

Figure 37 below shows the stability of the CC loop after a load
transient step of 55 V to 26 V voltage transient at 12 A CC load.
The load current overshoots and is heavily influenced by the output
capacitor. When the load voltage changed from 55 V to 26 V, the
charge stored in the output capacitors delivered current to the load
until it discharged to the new load voltage of 26 V.

File Vertical Timebase Trgger Display Cursors Measure Math Analysis Utiies Support

Output Current K

Load VoItagé

e
2

Figure 37. Load Transient Response Waveform.

Zoom | &y

C1: Load Voltage, 20 V/div
C3: Output Current, 5 A/div
Time division: 10 ms/div
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Improving Output Ripple Current

AN-120

With resistive loads, the output ripple current is typically very low, as
most of the switching current ripple filtered out by low impedance of
the output bulk capacitors compared to the load impedance. However,
for battery charger applications or applications with a highly

capacitive load, the impedance of the load may be lower than the
impedance of the output capacitance. Current ripple will appear on
the path with the lowest impedance which in this case is the load,
causing output current ripple to rise.

Q1

L

Q

4

1

Resistive Load

Q3
L

T1
§ Switching Current Ripple
% Cour J- 1 RLZ[Z]
c1 _|_ [ T

[z]

PI-10297-022726

Capacitive Load

Q1
Q3
AL 1 L
VIN C n
+ \ Switching Current Ripple
—_ C —/
AR [I 111
>
'|E > Cour = [Z] 3
c1 ¥ 1 T [z] T
-

4 - ore
Q PI-10298-011626 Capacitive
Load

Figure 38. Diagram Showing the Effect of Capacitive Load on Output Current Ripple.
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Resistive Load (58 V / 12 A)

3 imebase Trigger Display Cursors Measure. sis s Sup Zoom | 'y

¢l

2l
Switching Current Ripple < 100 mA C2: V_out, 500 mV/div
Overall Current Ripple = 266 mA C3: I_load, 1 A/div
Time division: 20 ms/div
Zoom time division: 17.8 psec/div
12 mF Capacitive Load (58 V / 12 A)
o imebase Trigger Display Cursors Measure sis Utties Sup i

& T v
¥ e s, W ¥ -
"""""""""" A e T A A T AR e A T N T T AR T T A T A T R R AT A
g e Ry e ey Nl Al et NN N N N RPN NN NN N
@
Switching Current Ripple < 900 mA C2: V_out, 500 mV/div
Overall Current Ripple = 1.83 A C3: I_load, 1 A/div

Time division: 20 ms/div
Zoom time division: 17.8 psec/div

48 V / 60 Ah NMC Battery Load (48 V / 12 A)

e imebase Trigger Display Cursors Measure sis e Supy Zoom |5

2 ; .
eV T Ve eV i A e dh g T i Ca W e e e U e Wa e e Ve e Vi
PN NN T e W T TN e e W N Dt T e e e W e WA W e el |

%

Switching Current Ripple < 300 mA C2: V_out, 500 mV/div
Overall Current Ripple = 946 mA C3:I_load, 1 A/div

Time division: 5 ms/div
Zoom time division: 21.5 psec/div
Figure 39. Output Current Ripple with Different Load Types.
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Application Note

AN-120

To minimize switching current ripple coming from power supply going
into the load, an LC post filter was added (as shown in Figure 40) to
direct ripple current into the output filter capacitors.

Without Output LC Filter (Capacitive Load)
Q1
1C @
L o S
VIN C
+1 > Switching Current Ripple
J— >
Q S l 1
: 4 3
L C Corm (2] D3
c1 = T T
" .
@ PI-10299-011426 Capacitive
Loa

With Output LC Filter (Capacitive Load)

Q1
1 a

Tl
+ [
—_ L1

Q 1 (2]
COUTI COUTZ <
'| [z] TS 2]
c1 [ T T
'|' T
Q4

Switching Current Ripple

1

Capacitive

PI-10300-011426
Load

Figure 40. Diagram Showing the Effect of Adding a Two-Stage Filter.

The size of the post filter will depend on the switching frequency
ripple-current specification. Using the formula for inductor voltage,
the ripple current induced by the desired output ripple voltage can be
estimated.

Lrirer = Vkeeie a

Where,

Vv .

ppLes OULPUL voltage ripple

di: target output current ripple

dt: period of the peak to peak ripple current. This is 2x the LLC
switching frequency

Example: A 60 V/12 A power supply switching at 85 kHz, pk-pk output
with a current ripple limit of less than 1 A. For margin, target 0.5 A
to calculate the inductance required. The next step is either to
measure the actual output voltage ripple or assume 0.5% for a
typical power supply that requires <1% voltage ripple.

Lenrer = VRIPPLE%

5.9
LFILTER = 0.50/0 X 60 VWT

Lewrer = 3.5 pH

(14

Next, calculate filter capacitor that will determine the cutoff
frequency. The power supply switching frequency (f,,) is 85 kHz.

Set cutoff frequency in the range of 1/10 to 1/20 of f,. In this case a
1/20 multiplier is used.

fow
20

Deriving C from the cutoff frequency formula:

fc =

fc = 1
Zn«/ﬁ
2nfeFL
¢ (27[%) L

_ 1
€= (21 x 85kHz/20) x 3.5 pH

= 400 pF
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Figure 41 shows measurement results, for an off-the-shelf 4.7 uH
inductor, and 390 pF capacitor.

Comparison on a 12,000 pF Capacitive load:

Capacitive Load without LC Filter

File ™ Vertical Timebase Trgger Display Cursors Measure Math  Analysis  Utilities  Support Zoom | w5

@ [

g

Switching Current Ripple ~ 900 mA C2: V_out, 500 mV/div
Overall Current Ripple = 1.83 A C3: I_load, 1 A/div
Time division: 20 ms/div

Zoom time division: 17.8 usec/div

Capacitive Load with LC Filter

Fils Vertical Timebase Trgger Dispiay Cursors Meastre Math Anaysis  Utiities  Support Zoom ]|

%

Switching Current Ripple ~ 210 mA C2: V_out, 500 mV/div
Overall Current Ripple = 764 mA C3: I_load, 1 A/div
Time division: 5 ms/div

Zoom time division: 21. 5 psec/div

Figure 41. Comparison of Output Current Ripple with and without Second Stage Filter (cont. next page).

oower n

integrations
WWW.power.com Rev. B 03/26


https://www.power.com/company/sales/sales-offices
https://www.power.com/company/sales/sales-offices

Figure 42 shows measurement results, for an off-the-shelf 4.7 uH
inductor, and 390 pF capacitor.

Comparison on Battery load:

Battery Load without LC Filter

“File Vertical Timebase Trigger Display Cursors Weasure Math Analysis Utiifies Support Zoom

D |y SR e e
E i A

N T )
TR e T Ty

A A A A N A A A A A R A A A N AN A A SN AI A A R IATEATN,
S L T i Tt R TN T TR
%
Switching Current Ripple ~ 300 mA C2: V_out, 500 mV/div
Overall Current Ripple = 946 mA C3: I_load, 500 mA/div
Time division: 5 ms/div
Zoom time division: 21.5 usec/div
Battery Load with LC Filter
e Vertical Timebase Trigger Display ors  Measure Analysis ties  Support ZM,..
R A it R N TR i i B S £ a AN S
@l - L
2
Switching Current Ripple ~ 105 mA C2: V_out, 500 mVv/div
Overall Current Ripple = 764 mA C3: I_load, 500 mA/div

Time division: 5 ms/div
Zoom time division: 21.5 psec/div

Figure 42. Comparison of Output Current Ripple with and without Second Stage Filter.
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Application Note

AN-120

Comparing Measured Current Ripple on a Battery Versus
Calculated Value

From the equation (14), calculate ripple current from known switching
frequency (hence dt) and our measured output voltage ripple before

adding the LC filter. From measurement above, V,,, . = 266 mV,
dt = 5.5 s, Lype = 47 uH
Lenrer = Vkrroie E
: dt 5.5us
= — = X—-—cg— =
di = Vkwee [ 0.266 V 4.7 uH 311 mA

Measured ripple current is around 100 mA <1% of the rated current.

Effect of LC Filter on Small Signal Analysis

Adding an LC filter may have negative effect on the overall loop.
Phase starts to drop at the resonant frequency of the LC filter. So
when choosing the LC values, it is important to be aware that the
resonant frequency of the filter must be higher than the crossover
frequency. In this case, provided that the resonant frequency of the
post filter is >1 kHz, adding the post filter will not have an impact on
phase margin. >1 kHz is safe for charger designs.
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Transformer Guidelines 1. Primary and secondary are separated by a divider to create
primary and secondary chambers. Apply with at least one turn to

Construction ensure a complete final turn and to ensure consistent termination
position.

The HiperLCS-2 IC chipset can support the use of an integrated LLC
transformer, utilizing the leakage flux to form the resonant inductor.
Generally, the transformer consists of 2 chambers, primary and
secondary to generate a suitable leakage inductance.

All bias windings must be coupled to the secondary chamber.
For a bias winding coupled to the primary, the bias voltage will be
unpredictable as it will be highly dependent on the magnitude of
half-bridge current.

IS winding must always be tightly coupled to the primary
chamber. If the IS winding is coupled to the secondary, the primary
current information that is crucial for control will be lost.

For battery charger applications, the LLC operates from CCM to deep Divider/ Barrier f
DCM. In DCM operations, ring behavior may influence switching _
frequency variation, which can, in turn, affect output ripple.
Optimized IS winding construction is required to eliminate this effect.

Figure 44. Transformer Showing Primary, Secondary and Barrier.

Recommended IS winding Construction: 2. Add tape or marker that is half of the primary chamber width.
IS Windi This serves as a marker and indicates that the IS winding should
Inding be positioned as only on the half of the primary chamber
g f . winding- window that is away from the barrier.
=1 ! ]
2 —
FL2
7 ‘/%/b O.O8 (W [
s |1 ; Secondary
88

20mm

fto be twisted)

IS winding is coupled tightly to primary winding to

obtain primary current information from the integrated
resonant inductor (leakage inductance)

Figure 45. Transformer Showing Placement of Marker Tape.

Figure 43. IS Winding Build Diagram. 3. Wind the IS winding. Spread the turns across the allocated

window defined by the marker tape. Avoid placing the turns of IS
on top of each other.

4. Twist the IS winding start and finish before terminating to the
pins.

Figure 46. IS Winding Construction.
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Figure 47 shows ideal IS waveform, the circled portions on the right
image shows the DCM ring. This is inherent to the transformer but

by following the recommended IS winding positioning, the likelihood
of DCM ring pickup is greatly reduced.

t ‘ j IS Waveform with DCM Ring Pickup
Ideal IS Waveform : _ -

o
N/

>

Figure 47. IS Waveform Comparison with and without DCM Ring.

Core Selection

A transformer that features a long center leg is recommended. This
allows room for primary and secondary windings to be positioned
side-by-side generating suitable leakage inductance. Examples are
EFD, ETD and PQ.

Figure 48. Typical Transformers used for Integrated LLC Transformer.
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Application Note

AN-120

Using Horizontal Transformer: Simplify IS Winding
Termination

If horizontally oriented bobbins similar to image shown in Figure 49
are used, it is possible to simplify IS winding termination. In a
vertically oriented bobbin, where the IS winding is wound in the
primary chamber and always has to cross the isolation barrier to

reach the secondary-side. For a horizontally oriented bobbin, the IS
winding wound in the primary chamber can be terminated to the
primary side pins of the bobbin which will go down to the PCB. On
the PCB, 2 signal traces routed differentially go to the IS components.
It is important to ensure creepage and clearance are maintained on
the layout.

Isolation
barrier Secondary
5 chamber

Vertical Transformer

Primary chamber

IS Winding terminated directly to
primary terminals without twisting

Isolation barrier

Secondary chamber Primary chamber

Horizontal Transformer

Figure 49. Diagram Showing use of Horizontal Transformer can Simplify IS Construction.

IS winding terminated to the
primary side pins of the bobbin.
PCB trace goes to IS pin on

the secondary side while
maintaining creepage

and clearance

{d2

LY R

Maintain proper
creepage andclearance
between primary and

secondary

= BI0

CEY

(TILLILT T IR
oS

B2E a!

Figure 50. Sample PCB Layout using Horizontal Transformer with IS Winding Terminated in Primary Side.

power
integrations
WwWw.power.com

Rev. B 03/26


https://www.power.com/company/sales/sales-offices
https://www.power.com/company/sales/sales-offices

Application Note

AN-120

Using a Signal Transformer in Place of an IS Winding
Another approach is to separate the windings and employ a signal
transformer, this will eliminate the need for special IS winding

techniques. This can be implemented by placing a small transformer
in parallel with the main LLC transformer shown in Figure 51.

Secondary
Rectifier

LLC Main Transformer
( -y Signal

; Ny Transformer
2 < (EE16)

Figure 51. LLC Design using a Signal Transformer.

Guidelines for Design of Signal Transformer

Calculate the number of turns needed to match the core area of the
signal transformer. Equation (15) can be used to ensure in the same
flux density for the signal transformer as for the main LLC transformer
avoiding the possibility of saturation.

sl = N'XISS\IPRI (15)
Where,
Ny, Signal transformer number of turns
N,g- Main LLC transformer primary number of turns
A, Main LLC transformer core area

A,: Signal transformer core area

Equation 16 shows the calculation of the secondary number or turns.
The 30 V value limits the voltage on the secondary winding to prevent
unwanted noise due to high dv/dt.

30 V X Negy )

Nsenesee) = Vi

Because of the difference between high frequency and low frequency
HiperLCS2-HB parts, there is a slight difference in IS current
requirement between these when calculating the IS resistor value.

For high frequency devices H003, H004 and HOO05 use equation (17.1):

— \/IN X NSEN(SEC)

Ris = 170 A X New

(17.1)

For low frequency devices H0O01 and H002 use equation (17.2):

_ Vin X Neeneseo)

Ris = 17.2
27pAX N (17.2)
Where, K SN
R: IS resistor value
N : Number of turns for the signal transformer

SEN(SEC)" e
secondary winding

Note: Calculated R, value is only the initial value as it may
require tuning to match burst threshold requirements.
Increasing R ¢ will increase burst threshold and power limit
and vice versa.
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Application Note

AN-120

R, Tuning Example

To fine tune the IS resistor value, once the power supply has been
built, measure the IS signal waveform directly at the signal transformer
secondary winding at nominal input voltage and nominal output power.
Measure the step voltage shown in Figure 52 to calculate the IS
resistor value.

j— VSTEP .
Rs =17 pA  (for high frequency parts H003, H004 and H005)
j— VSTEP
5= 27 uA (for low frequency parts H001, and H002)

In this example, the step voltage is 22.9 V for an H002 device

R. = Vo _ 229V

5= 27 1A —szSOkQ

I
File Vertical Tiwbase Tigger Display Cursors Measurw WMath Analysis Utitis Suppet

Figure 52. Sample IS Winding Waveform.

To check the burst threshold, monitor the half-bridge voltage with an
oscilloscope, start at a load where the LLC is switching at full frequency
or continuous switching (i.e. no off-time in the half-bridge voltage).
Then, gradually decrease the load until the LLC starts to operate in
burst mode. This is easily spotted and will appear as gaps in
switching, (use ~5 msec/ div oscilloscope setting)

Figure 53 shows the actual burst threshold results on the example.
Full load current is 9.2 A. Burst threshold is typically 10 — 25% of full
load, depending on the application:

1st iteration (850 kQ): Using the calculated 850 kQ IS resistor resulted
on 0.1 A or ~1% burst threshold which is lower than the desired value.

2nd iteration (935 kQ): increasing IS resistor value by 10% increases
burst threshold to 0.2 A (2%) burst threshold which is still low.

3rd iteration (980 kQ): gives us burst threshold of 1.3 A or 14% which
is in the desired range. As shown in Figure 53, decreasing the load
from 1.4 A to 1.3 A shows the transition from normal (full frequency)
operation to burst mode.

—
Fie Votical Tibsn Togger Display Cursors. Measus Math Ansyss Unlties, Suppert

Load = 1.4 A

Load Current ad = a8

Full frequency mode Burst mode
sy L X

C1: V_HB, 200 V/div
C4: Load Current, 500 mA/div
Time division: 5 ms/div

Figure 53. Waveform Showing Transition from Full Frequency to Burst Mode.

Note: When fine tuning the IS resistor values, the PS pin resistor
must be 75 kQ, adjust the IS resistor until burst threshold is ~15% of
full load. For applications where <2% threshold is desired, follow the
same procedure, but once IS resistor and burst threshold is ~15%,
PS pin resistor can be increased from 75 kQ to 255 kQ, which this will
provide a burst threshold of approximately 2%. This method ensures
that the IS pin receives the appropriate operating current.

When using HOO5 for charger applications, a 255 kQ PS resistor can
be used directly. The IS resistor can be calculated using the equation
Ris = Vg / 17 pA. Fine-tune the R ¢ value as needed to optimize
P,..x @nd the burst threshold.
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Application Note

AN-120

Figure 54 shows an example of ripple current and IS signal with the
conventional IS winding and signal transformer arrangement.
Following the IS winding method will result in good ripple performance
by adding a small signal transformer (EE16 in this example). It is
possible to further reduce ripple current, making this approach
suitable for applications requiring very low output ripple. It will also
simplify construction of the main transformer.

Using Integrated Current Sense Winding:

Output Load current ripple = 6.5%
oo~ - S Bt

e ™~ "~ = P "
N\ J N I\ \ AN 1N
Nk Jad o pod \. Nox e N o Nt
w g, & VM 7 i 7 W, 7 ey 7 W

- o 7 fr | N

IS winding signal

Using EE16 Signal transformer:

i Output Load current ripple =3.4%
e e

~ ™~

™ ™ ™ i N
2N\ 2 N 2.\ /. AN ¢
\h// N // N "// P\\J/ \Wm /’ N M/ \\\ M//’ \\"4

(ol
IS winding signal

N o~ N

kA

Figure 54. IS Signal Comparison between Typical IS Winding Construction and
a Design Employing an IS Signal Transformer.
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Application Note AN-120

Layout Guidelines

A good PCB layout will minimize debugging. Refer to Figure 55 for ground connections. Each ground pin is
intended for a different part of the circuit to improve noise immunity.
All ground pins are star-connected internally within the device.

Primary-Side Schematic

BULK_+
[
5 R34
R3 5 c3 =L Sr s R
LuF B:
Ls0Ma 2 16!:\/ 35V 3 o
N e ' ol
~ " H:periiﬁsz-us 50V
b |__‘
/ 150 Mo 3 LC57253\ BPH 5vH__[HD ca8 6 R29
, 1% g ‘ 10 wF = 130 wF S50
35V 5V -
1 RS & | f 2 1S
I 100 Mo < | HSD |:||: ! D °
| 28T 2T
I a I ,_ HB l | 3 o1l G:S>B
| TYow S i o 13 8 Gs
4oV g- FL = ggon\lj
| ee] I| Primary 3T 2r
I g . Controller BPL 5@ e 7 SBIAS
Use GP|Pin for 5VL I
| decouplling capacitor, FL, sl gy e
| L and PP as small signal I 1=
ground 8 \ T r
ovp R6
I O—'Wv—( 158 ko I 1 F |
Q4 1% ¥
| MMBTAO6LTL o 5‘1- | I |
1uF T1
\ . T b4 I I I PQ35/35
\~__c______, 1 . | IS%EOPF
RIN |_use s Pin for PFC bulk | WA s

— o capacitor return and primary \ _ PLS976-L11525 AN-120
bias winding capacitor

Figure 55. Primary-Side Schematic Recommended Grounding.

Secondary-Side Schematic

+48V +48V
FL3, FL4 ) Réa JS=R o
Use GSA for SR FET sensing 000 3% MMSZ52628T1G
. c12 25 c14 26 | ca7 c42 20
and BPS capacitor return =390 nF =390 pF == 1 yF 2390 uF == 1 uF 2= 390 uF 5= L pF —
s sov T sov Tioov T 8oV Tioov T sV Troov
~ o —— VR10 S R R60
N LA “MMsz52578-7-F 323kal 21000
FL2  \ 1pp10on13s305aksAt | GND
) :
o \ \ R36 ;:I A A SBIAS
3 WA <
\ 1 10k 3 1 R40 D5
\ \ L 1000 c49 Usia
\ 4 1% T 180F
\ R3 50V
AT §
v e
-_—
qt )
FLL IPPIQON1IS305AKSAL  ~ o o
W
D1A L I R63 c1s l E—
22MQ 100 pF, 50 V
il —
1 R16 c19
150 k2, 1% 2.20F 50V
I AN I
i}
J MA—MW—WA—]} s
R63  RI7 RIS CI3
169k 806k 357k 470 pF
1% 1% 1% 200V
o R18
2[5 |2 75 ko
s A#f% GSB
p S |
Secondary Controller I— G5B
5Vs : : PI-9978b-020926
3 - c17
GP HiperLCS2-SR 10 wF
o—— u2 10V

LSR2000C-H002

Figure 56. Secondary-Side Schematic Recommended Grounding.
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Application Note

AN-120

SR MOSFET

The length of the power traces for the 2 phases of the SR MOSFETs
should be routed such that they are equal in length. This ensures
equal current distribution between the 2 phases resulting in balanced
thermal performance. Figure 57 shows the recommended method of

sensing the drain voltage of each SR MOSFET. Differential measurement
must be implemented, sensing directly at the drain and source of the
MOSFET, before going into D1/D2 and GSA pins. Differential sensing
improves signal integrity for SR control and minimizes noise due to
high dv/dt signals.

s ||f‘ 1

l?‘\ lnaniH

Dedicated sense return
path for each SR
MOSFET source. Kelvin
connected close or
directly at the GSA pin

D1 and D2 sense
running in parallel with
their corresponding
Source and G1/G2
traces to minimize
noise and maximize SR
pulse duty

Figure 57. SR MOSFET PCB Layout Guidelines.

IS Signal

The IS signal is a critical control input. Minimizing IS pin noise is a
key layout requirement. Route the IS signal trace and components

such that there is a short direct path between the controller and the
IS pins of the transformer.

IS signal

™~

Minimize the IS loop. Place IS components
as close as possible to the controller

Do not route high voltage switching signals
like D1/D2, G1/G2 and IS across the small
signal section of the controller like FB, CMP
and PS

Figure 58. IS Signal PCB Layout Guidelines.
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Application Note AN-120
Secondary Signals General Notes
Layout the board
GSB is a localized such that the VIS

small signal GND for
CMP, FB, VIS RTN
and 5V decoupling
RTN

D1, D2, Gi, G2:
Switching/noisy
signals are
grouped together

_[
for better noise
isolation. Avoid
routing this traces
1§
|
sSu

across small signal

signal from the
transformer is close
to secondary device
avoiding long traces.
Place IS resistors and
capacitors as close to
the IS pin as possible

CMP and FB network
should be grouped
together near the
CMP and FB pins and
isolated from noisy

traces signals.
Figure 59. Signal Traces PCB Layout Guidelines.
Placement of Decoupling Capacitors
Place decoupling capacitors as close as possible to the device pins.
Primary
Secondary BPH

L]}
Ag- 23J1aqiH |
8PS~

Figure 60. Placement of Decoupling Capacitors on PCB Layout.
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Application Note

AN-120

Using Horizontal Bobbins

When using horizontal bobbins do not put the controller (LSR2000C)
under the transformer, as it would be exposed to fringing flux which
could potentially interfere with the secondary-primary FluxLink™

communication.

X Do not place underthe transformer

\/ Recommended approach is to put at the side of the transformer

Transformer p

Figure 61. PCB Layout Guidelines on placing LSR2000C with Respect to the Transformer.

Do not Place a Half Bridge Plane on Top of

High-Side Dra

in and/or Ground Plane

Placing a plane connected to HB node on top of a ground plane or
drain plane will cause high currents because of the capacitance
formed between the 2 planes.

Half-bridge (HB)
exposed pad

High-side Drain (HB)
exposed pad

I =C*dv/dt

C = €*A/ d; where A is area
Larger area will generate
larger currents

2 planes (HB and HD) that are
capacitively coupled + high
dv/dt of Vg to Vgyg may
trigger primary current
protection. This also applies
to HB and primary return.
Layout should minimize
overlap between these two
planes

Figure 62. Poor Layout showing Capacitively Coupled Switching Nodes.
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Application Note

L Pin and PP Pin

The L pin is a high impedance pin, and is prone to noise. If noise is
coupled into this trace then it can mistrigger Line OV/UV which can
momentarily terminate switching midcycle and if sustained it will
trigger a shutdown. To avoid this keep the trace as short as possible

AN-120

and away from any noisy traces.

Similarly the PP pin is a high impedance pin, keep it away from noisy
signals as this may corrupt PP discovery during start up which will
cause the primary controller to select a different frequency mode
triggering a frequency confirmation error.

Place PP resistor close
to PP pin. Do not
route noisy traces
close to PP trace.

PP resistor

Line sense
resistors

Place line sense
resistors as close as

possible to the IC pin.
Keep noisy traces

(such as those connected
to the PFC drain node)
away from line sense
trace.

Figure 63. Layout Guidelines for Positioning the L Pin and PP Pin Resistors.
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