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About this document

Scope and purpose

This document describes in details about how to design in the ICL5101 in a PFC and LLC application. It

illustrates all necessary steps to get a design, related environment up and evaluate. It provides all

information to become familiar with a comprehensive solution. As an example, the IFX ICL5101 evaluation

board is build up to have a reverence to this design in guide line.

The ICL5101 is a mixed signal PFC + resonant controller for SMPS and LED (also dimmable) lighting

applications using LLC topology for highest efficiency levels exceeding 94 %, including PFC for lowest

THD < 5 % and high power factor correction figures > 95 % @ > 50 % load in a wide line input voltage range.

The ICL5101 evaluation board is designed to show the performance and flexibility of the ICL5101. It supports

an output power of 110 W, easily configurable by using only resistor settings without any user interface tool.

Intended audience

This document is intended for anyone who needs to design in the ICL5101 in a customized board, either for

their own application tests or to use it as a reference for a new ICL5101-based development.

According to this guideline, an EXCEL based software tool is also available in version V1.1 in order to

minimize the calculation efforts.

Design Guide
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1 Introduction

Two-stage converter “PFC+LLC” is, at the moment, the most popular topology for middle power range
power supply which requires a good PF, THD and high efficiency – also for high ambient temperature
applications.

Common uses are two separate ICs for PFC control and LLC control. Redundant peripheral supply
and additional components may be required for redundant protection functions. Also, for improving
the cooperation of two separate IC use is the synchronisation of different voltage levels or different
timing meets the need of extended BOM cost.

Infineon smart “PFC+LLC” smart Combi controller ICL5101 combines PFC and LLC controller in one
slim SO16 package. By using digital PFC controller and notch filter, a high PF and very low THD
could be easily achieved with only 4 IC Pins and very few resistive peripheral components. The LLC
stage also requires only a few simple resistors at periphery for normal operation and protection
functions setting. The ideal cooperation of internal PFC and LLC blocks, the ICL5101 offers circuit
designers the possibility of using a few simple components to achieve a good performance and
reliable protection functions compared to the existing two IC solutions.

This Design Guide provides a guidance of how to design in a “PFC+LLC” converter using ICL5101
with an example of a wide input voltage range 110W/54V power supply by supporting an ambient
temperature of TAmb up to 100°C.

Figure 1 Demonstration Board of 110 W / 54 V Power Supply
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2 ICL5101 Pin configuration

2.1 Package: PG-DSO-16

Figure 2 Package PG-DSO-16

2.2 Pin Configuration

Pin Symbol Function

1 LSGD Low-side gate drive

2 LSCS Low-side current sense signal

3 VCC Chip Supply voltage

4 GND IC GND

5 PFCGD PFC gate drive

6 PFCCS PFC current sense signal

7 PFCZCD PFC zero current detection

8 PFCVS PFC voltage sensing

9 RFM Set RUN frequency

10 n.a. NOT APPLICABLE: Leave PIN OPEN

11 n.a. NOT APPLICABLE: SET to GND

12 OVP Over voltage protection of secondary output

13 OTP Over temperature protection

14 HSGND High-side GND

15 HSVCC High-side supply voltage

16 HSGD High-side gate drive

Table 1 PIN Configuration



Design Guide Line for PFC & LLC Converter using ICL5101

110W/54V Reference Design Brief Information

Design Guide 5 Revision 1.1, 2015-11-06

3 110W/54V Reference Design Brief Information

3.1 110W/54V reference design schematic

Figure 3 Reference design schematic
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3.2 110W/54V Reference Design Brief Specification

Items symbol Min Typ Max Units Remark

AC Input Voltage inU 85 110 / 230 305 VAC

DC Output Voltage outU 54 VDC

DC Output Current nomoutI _ 2037 mA

Max Output Current max_outI 2570 mA

Resonant Frequency rf 55 kHz

Line Input Frequency linef 47 / 57 50 / 60 53 / 63 Hz Europe / USA

Power Factor PF 96 % @ 80% to 100% Load

T. Harmonic Dist. THD 8 % @Pout=25W to 110W

Efficiency  94 % @Pout=110W, 230VAC input

Operation Ambient Temperature aT -40 50 80 ℃

Maximum comp. case temperature cT 105 ℃

Life Time lifet 50,000 hours

Table 2 Design Specification
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4 PFC Stage Design Guide

4.1 PFC Introduction

A Switch Mode Power Supply (“SMPS”) modulates the input voltage and current by switching on and
off of the power switch and stores and transfers the electrical energy by magnetics and capacitors to
achieve a voltage conversion and energy output. Nonlinear diodes are also necessary for SMPS.
When connecting such a SMPS to AC Grid, it shifts the current phase from the phase of the line
voltage and high current pulse generates high harmonic distortions to Grid. The phase shift caused
unwanted reactive power increases the loading of the Grid and the high harmonic distortion could
cause harmful effect to Grid or other electrical equipment connected to the Grid. This should be
avoided. For such a purpose, Power Factor Correction (“PFC”) circuit is required. PFC modulates the
input current of a SMPS to follow the waveform of the line voltage to minimize the reactive power and
harmonic distortion to the Grid.

There are different kinds PFC circuit, boost, buck, buck-boost, flyback and etc. The most common
and popular one is boost PFC. There are three different operation modes of boost PFC: CCM
(Continuous Conduction Mode), CrCM (Critical Conduction Mode) and DCM (Discontinuous
Conduction Mode). The PFC block of ICL5101 operates at CrCM Mode during normal operation and
operates at DCM Mode at light load condition (approximately < 8% of nominal load). This helps
reducing switching frequency of the PFC circuit at light load to ensure circuit stability and high
efficiency. There is a hysteresis between CrCM and DCM Mode switching, which is shown in Figure
4.

Figure 4 PFC DCM / CrCM versus Power and ON Time



Design Guide Line for PFC & LLC Converter using ICL5101

PFC Stage Design Guide

Design Guide 8 Revision 1.1, 2015-11-06

The On Time is regulated and set by IC internal digital regulator according to output power sensed via
PFCVS pin and input voltage level sensed via PFCZCD pin. When output power decreases from
nominal load to light load, the On Time decreases. If the On Time is shorter than approximate 500ns,
PFC switches from CrCM Mode to DCM Mode. In the opposite direction, when On Time is longer than
approximate 4us, PFC switches from DCM Mode to CrCM Mode.

To achieve CrCM Mode PFC, the most ICs sense the half sinusoidal waveform of the input voltage
after bridge rectifier together with the feedback signal of the bus voltage to generate a reference
voltage for peak current control, so that the peak current could follow the input voltage waveform and
in parallel a stable bus voltage could be achieved. But the PFC block of ICL5101 has a constant “On
Time” control, which makes the inductor peak current to follow the input voltage waveform
automatically without sensing the input voltage waveform. This saves peripheral components.
Following equations explain the principle.

Define )(tU as input voltage after bridge rectifier and U


as peak value of )(tU , we could have

)sin()( wtUtU


 Equation 1

Define PFCL as PFC inductor, )(ti as inductor current, )(tI as inductor current peak envelope and

ont as MOSFET “On Time”, we could have

on

PFCPFC
t

tI
L

dt

tdi
LtU

)()(
)(  Equation 2

Insert equation 1 into equation 2, we get:

)sin()( wt
L

Ut
tI

PFC

on




 Equation 3

According to Equation 3, if ont is set to constant under a pre-set AC input voltage, )(tI follows input

voltage waveform automatically.

Define I


as peak value of )(tI , inP as input power, we have

PFC

oninin

L

Ut

U

P

U

P
I




 








4

22
2

Equation 4

2

4

U

LP
t PFCin
on 


 Equation 5

According to equation 5, ont depends on inP and U


. ICL5101 regulates ont to different value under

different power and input voltage conditions to achieve a gut PF and a stable bus voltage.
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4.2 ICL5101 PFC Design Procedure

4.2.1 Calculation of the PFC Inductor

For PFC application, with consideration of efficiency and EMI, normally a low switching frequency is
preferred. But in parallel to avoid audible noise the minimum frequency should be higher than 25 kHz.

Define inU


as peak value of input voltage, busU as PFC output voltage, PFCf as PFC switching

frequency, PFCP as PFC output power and  as efficiency. Then we have following equation for PFC

inductor:

PFCbusPFC

inbusin
PFC

fUP

UUU
L

***4

*)(*
2





 Equation 6

Differentiation in three different PFC inductors LPFC Values, after calculation choose the
lowest PFC choke value:

- LPFC_Vinmin @ VDCIN_min see Equation 6.a
- LPFC_Vinmax @ VDCIN_max see Equation 6.b
- LPFC_tonmax @ tON_max see Equation 8

PFCbusPFC

DCINbusDCIN
VinPFC

fUP

UUU
L

***4

*)(* min

2

min
min_


 In respect to Equation 6 Equation 6a

PFCbusPFC

DCINbusDCIN
VinPFC

fUP

UUU
L

***4

*)(* max

2

max
max_


 In respect to Equation 6 Equation 6b

Switching frequency equation could be converted from equation 6 as following:

PFCbusPFC

inbusin
PFC

LUP

UUU
f

***4

*)(*
2





 Equation 7

Equation 7 is a cubic equation of inU


. With fixed busU , PFC , PFCP and PFCL , the minimum switching

frequency min_PFCf could happen at peak value of maximum input voltage max_inU


or at peak value of

minimum input voltage min_inU


. To ensure min_PFCf > 25 kHz, PFCL should be smaller than the inductor

value calculated with max_inU


and min_inU


when set PFCf =25 kHz.
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Because ICL5101 has a limited maximum PFC Gate Signal On-Time max_PFCONt = 24 µs (see

datasheet ICL5101 chapter 3.4.4), it should also be considered that at min_inU


within max_PFCONt the

maximum required inductor peak current could be achieved to ensure the full output power. Then we
have following equation:

PFC

PFCONin

tonPFC
P

tU
L

*4

** max_

2

min_

max_




 Equation 8

In the end the real PFCL should be chosen to be smaller than the value which is calculated by equation

7 and 8. But it should also not be too small with consideration of EMI and ont based PFC mode

change which is introduced in chapter 4.1, especially for wide input voltage range design.

For 110W/54V reference design, according to chapter 3.2,

min_inU


= VV 21.120285  and max_inU


= VV 34.4312305  .

In this design we choose VU bus 450 > max_inU


. As system efficiency requirement is 94% at full load

and 230Vac input, we could have

PFC

PFC
in

P
W

W
P


 02.117

%94

110
, at 110W output power and 230Vac input voltage.

As inP doesn’t show large change under different input voltage, for estimation calculation for PFCL we

could use the above inP for both min_inU


and max_inU


situation. Take WPin 02.117 ,

VUin 21.120min_ 


and VUin 34.431max_ 


into equation 6 and to ensure minimum switching

frequency to be larger than 25 kHz, PFCf is set to 28 kHz, then we could have:

µH
kHzVW

VVV
L VinPFC 808

28*450*110*4

94.0*)2.120450(*2.120 2

min_ 


 Calculation via Equation 6a

PFCL =808µH, at VUin 21.120min_ 


;

µH
kHzVW

VVV
L VinPFC 8.588

28*450*110*4

94.0*)3.431450(*3.431 2

max_ 


 Calculation via Equation 6b

PFCL =588.8µH, at VUin 34.431max_ 


.

According to equation 8 and max_PFCONt = 24µs, we could have

µH
W

µsV
L tPFCONPFC 9.740

110*4

24*94.0*2.120 2

max__  Calculation via Equation 8

PFCL =740.9µH, at µstPFCON 24max_  and VUin 21.120min_ 


.
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So the practical PFCL should be smaller than 588.8µH, for the reference design we choose PFCL
=580µH and a frequency of fPFC @ nominal Line Input Voltage of 230V of 108kHz:

kHz
µHVW

VVV
fPFC 108

580*450*110*4

94.0*)325450(*325 2




 Calculated via Equation 7

Calculation of the maximum PFC peak current PFCI


at min_inU


:

Maximum Input Current IINmax:

A
V

W

rPowerFactoU

P
I

in

in
IN 39.1

%99*85

117

*min_

max  Equation 9

Maximum PFC Peak Current IPFCPeak:

AAII INPFCPeak 9.32*2*39.12*2*max 


Equation 9a

With consideration of start-up condition and over power margin, the inductor saturation current

satPFCI _ should be at least

AAII PFCsatPFC 29.49.3*1.11.1_ 


Equation 9b

Calculations of the number of turn of the PFC choke NPFC:

We select an EFD30 core for the PFC choke; get values below of the data book of core.

K1 = 125
K2 = -0.712
Gap = 1.5mm

nHmmGapKA K
L 66,935.1*125*1 712.02   Equation 9c

Turns
n

µH

A

L
N

L

PFC
PFC 69,78

66,93

580
 Equation 9d

NPFC = 79 Turns

Cross checking of the calculated maximum saturation current from equation 9b with the maximum
saturation current of the selected core:

Data book values of EFD30:
Maximum Flux Density: Bmax = 340mT
Minimum Cross Section: Amin = 95mm²

A
nH

mmmT

NA

AB
I

PFCL

tPFCChokeSa 37.4
7966.93

²95340minmax
max 









 Equation 9e

IPFC_max < IPFCChokeSatmax 4.29A < 4.37A ok
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The practical satPFCI _ should be chosen also with consideration of efficiency, temperature rising,

allowed or required over power limit and dimension.

CrCM PFC block of ICL5101 needs one auxiliary winding of PFC choke for Zero-Current-Detection.
PFCZCD Pin senses the auxiliary winding voltage. When the PFCZCD Pin detects the voltage from
above upper level (max. 1.5V) dropping to under lower level (min. 0.4V) the IC will initiate one turning
on of PFC Gate. Normally the voltage dropping to under lower level is not critical, because when the
energy in inductor reduces to zero the L and C swinging starts and the voltage on inductor will then
change its polarity to negative automatically. The upper level of PFCZCD determines the turn ratio of
the main inductor winding to auxiliary winding. We need to set an appropriate turn ratio to make sure
that when MOSFET is turned off the voltage on PFCZCD Pin should be over 1.6V according to

datasheet chapter 3.4.2. Define PFCN as turns of PFC inductor main winding and ZCDN as turns of

auxiliary winding. We should ensure the turn ratio

7.11
6.1

3,431450

6.1

max_








V

V

V

UU

N

N
n

inbus

ZCD

PFC
PFC



Equation 10

75.6
7.11

79


PFC

PFC
ZCD

n

N
N Equation 10a

NZCD = 7

So in 110W/54V reference design
ZCD

PFC

N

N
should be smaller than 11.7. But to avoid high voltage on

auxiliary winding, we could select the closest integer larger than
7.11

PFCN
as the turn number of the

auxiliary winding.
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4.2.2 Selection of the PZC Zero Crossing Detection (PFCZCD) Resistor

According to table 3.2 in datasheet of ICL5101, the current flowing through PFCZCD Pin is

recommended to be in the range of -3mA < PFCZCDI < 3mA. A resistor ZCDR is required to limit the

current flowing through PFCZCD Pin. Define auxPFCU _ as the voltage on PFC inductor auxiliary

winding.

When PFC MOSFET is off, the maximum positive voltage on auxiliary winding is

VVV
N

N
UUU

PFC

ZCD
inbusauxPFC 22.29

79

7
)2,120450()( min__ 


Equation 11

When PFC MOSFET is on, the minimum negative voltage on auxiliary winding is:

V
N

N
UU

PFC

ZCD
inauxPFC 2.38

79

7
2,431max__ 


Equation 12

According to table 3.2 in datasheet of ICL5101, the minimum clamping of positive voltage on
PFCZCD Pin is 4.1V and the maximum clamping of negative voltage on PFCZCD Pin is -1V. We

should have the first criterion for ZCDR selection:










k
mA

VV

mA

VU
R

auxPFC

ZCD 4.8
3

1.42.29

3

1.4_
Equation 13













k

mA

VV

mA

UV
R

auxPFC

ZCD 4.12
3

)2.38(1

3

1 _
Equation 14

The PFCZCD Pin has a THD correction function, which extends the pulse width of PFC Gate signal

according to detected PFCZCDI . This could help to optimise the PFC input current waveform especially in

the area near AC voltage zero crossing. Figure 5 shows the THD correction principle, which could
also be found in chapter 2.3.5 in datasheet of ICL5101.

Figure 5 THD Improvement Automatic Pulse Width Extension
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So ZCDR plays an important role for optimising the THD. The first value of ZCDR can be calculated

according to equation 15. A good practical value is given by a current < 1.5mA. For our example we

use 800µA. In 110W/54V reference design,
7

79


ZCD

PFC

N

N
and VBUS = 450V








 k
µA

V

µA

U
N

N

R
bus

PFC

ZCD

ZCD 8.49
800

450
79

7

800
Equation 15

This is recommended by datasheet. The good practical ZCDR value should be then fine-tuned in the

application because there is a dependency on LPFC and the used PFC MOSFET.

Based on the calculation result of equation 13 and 14, we have RZCD resistance which should be

above 12.4kΩ (  kR ZCD 4.12 ). According to equation 15, the first value could be chosen as

 kRZCD 8.49 . After fine-tuning (adjustment of RZCD to the best THD results in vary the resistance

up or down), THD is optimised when the zero crossing detection resistance is  kR ZCD 1.51 . Figure

6 shows the calculated components from chapter 4.2.1 and 4.2.2 in red.

Figure 6 PIN Setup showing the calculated Components in red
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4.2.3 Selection of the PFC Current Sense (PFCCS) Resistor

According to table 3.4.1 in datasheet the minimum value of turn-off threshold of PFCCS Pin is

VV PFCCSOFF 95.0min_  . See datasheet chapter 3.4.1. The shunt resistor should be chosen to allow

the maximum inductor peak current PFCI


. We have following criterion:

PFC

PFCCSOFF
PFCCS

I

V
R 

min_ Equation 16

But in the other side PFCCSR should also not be too small, because it should limit the peak current to be

smaller than the inductor saturation current:

satPFC

PFCCSOFF

PFCCS
I

V
R

_

max_
 Equation 17

VVPFCCSOFF 05.1max_  is the maximum value of the turn-off threshold of PFCCS Pin.

Selection of the practical value of PFCCSR also depends on how large over power is allowed for the

converter and whether the PF and THD should also be good during over power situation.

In 110W/54V reference design, we have defined inductor saturation current at AI satPFC 6_  and set

the input current limitation for 130W. So

A
V

W

U

P
I

ACINin

PFC

PFC 33.4
2*85

130*4*4

min_

max_  


Equation 17a

According to Equation 16:

 22.0
33.4

95.0min_

A

V

I

V
R

PFC

PFCCSOFF

PFCCS  . In practical we separate PFCCSR to 4 parallel connected

resistors for resistance value fine-tuning and also for thermal distribution. In the end we have

 143 RR and  82.08483 RR

Figure 7 PIN Setup showing the calculated Components in red
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4.2.4 Selection of PFC MOSFET

MOSFET selection is related to specified room temperature, DC-Link voltage, converter power,
switching frequency, required efficiency, required limitation of component temperature rising,
converter dimension and structure. In the end the practical MOSFET should be selected after testing
and verification even at worst abnormal situation.

In PFC circuit with 450V DC-Link voltage and with surge protection diode from bridge rectifier to DC-
Link capacitor (diode “D2” in 110W/54V reference design) normally 600V MOSFET is enough. To

choose a suitable DSonR , following brief theoretical calculation for MOSFET power loss could be taken

as reference for the first selection. The practical DSonR and package should be chosen according to

above mentioned concrete criteria in the end.

Usually MOSFET loss includes conduction loss, switching on loss, switching off loss and Gate driving
loss. Switching on loss in CrCM and DCM PFC is not necessary to calculate, because the current in
PFC choke is zero at MOS switching on moment. But the loss of MOSFET output capacitor still needs
to be considered.

The conduction loss and switching loss is hard to calculate, because in CrCM PFC the MOSFET
switching frequency changes with the input voltage.

In order to approximately calculate the loss more easily, the input voltage of one double-line-
frequency cycle can be segmented to several segments (e.g. in 110W/54V reference design, it is
divided to 128 segments) and inside each segment the input voltage is approximated as constant,
then also the switching frequency is constant. MOSFET power loss of each segment is calculated and
will then be accumulated together for one cycle.

The segmented AC input voltage could be expressed as a function of time “t”, the segment number “i”

and RMS value of “ inU ”:
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Note: “floor ()” is the round down equation to next possible integer.

“ lineT ”
linef

1
 , is the line frequency cycle.

The PFC Inductor peak current envelope could be expressed as:
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The MOSFET on time could refer to equation 5. The off time till to inductor current dropping to zero
could be expressed as:

),,(

),,(
),,(

_

_

_

rmsininbus

rmsinpeakPFC

rmsinoff
UitUU

UitIL
Uitt




 Equation 20

The time from zero inductor current to MOSFET is turned on again could be expressed as:

ossPFCresonance CLt  2
2

1
Equation 21

Note: “ ossC ” is the MOSFET output capacitance which could be read from datasheet.

The total switching cycle could be expressed as:

resonancermsinoffonrmsinsw tUitttUitt  ),,(),,( __ Equation 22

To approximately calculate the MOSFET conduction loss during one double-line-frequency cycle, the

time “t” in one cycle should be digitalized to n
i

Tline 
2

" . The conduction energy loss could then be

expressed as:
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The conduction power loss is then:

lineconcycleconMOSloss fEP  2___ Equation 24

Note: The DSonR value should be chosen based on the practical operation temperature. E.g. in

110W/54V reference design, a peak case temperature not over 105°C is required. The MOSFET

junction temperature should be anyway lower than 150°C. Then we choose the DSonR value based on

150°C junction temperature from the diagram from datasheet.
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MOSFET switching energy loss could be approximately calculated as following:
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The switching power loss is then:

lineswcycleswMOSloss fEP  2___ Equation 26

Note: “ trofft ” is the time period during turning off when MOSFET voltage and current changes. It

could not be calculated exactly because the parasitic GDC and DSC capacitances change with the

MOSFET DSV . It can only be briefly approximately calculated according to Figure 8 as following:

32 TTttroff  Equation 27

Figure 8 PFC MOSFET Turn OFF Procedure
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)1ln(**)(
_
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th
issgoffg

V

V
CRRT  Equation 29

Note: “ GDQ ” is the Gate-Drain charge of MOSFET at Drain Source voltage at 200V sees MOSFET DS

“ plategV _ ” = VPlateau is the Gate plateau voltage see MOSFET DS

“ int_gR ” is the internal gate resistance of MOSFET see MOSFET DS.

“ offgR _ ” is external set Gate resistance for turning off loop see MOSFET DS

“ offV ” = VPFCGDASD turning off loop see DS of ICL5101 Chapter 3.4.5

“ issC ” is MOSFET input capacitance at 400V drain source voltage see MOSFET DS

“ thV ” = VGS(th)typ is the MOSFET Gate threshold voltage see MOSFET DS
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U , power loss of MOSFET output capacitor could be

neglected because the “ dsU ” of the MOSFET is zero at turning on moment for CrCM PFC.

Gate driving loss could be approximately presented as:
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Note: “ gQ ” is Gate charge total.

“ gU ” is Gate driver voltage.

With above theoretical calculation method an approximate power loss could be calculated for pre-
selected MOSFET.

The absolute limit for MOSFET selection is that the junction temperature should be in the limit of maxjT

at the situation of the case temperature stabilized at customer required case temperature cT .

Following equation could be applied for this limit:

  )(** max___________max TrSWlossthjcdriveMOSlossCossMOSlossSWMOSlossconMOSlossthjccj PZPPPPRTT  Equation 32

Note: “ thjcR ” is the stable junction case thermal resistance of MOSFET.

“ thjcZ ”is the transient junction case thermal impedance of MOSFET, which is related with

pulse width and duty cycle, which could be checked in the “Max. Transient thermal
impedance” diagram in MOSFET’s datasheet.

“ max___ TrSWlossP ” is the maximum transient switching off loss which happens at peak of min_inU

(minimum AC input voltage):
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Equation 33

In 110W/54V reference design, with consideration of different criteria and requirements mentioned in
begin of this chapter; we selected IPP60R125C6 after practical testing.

4.2.5 Selection of the PFC Gate Resistance (PFCGD)

The Gate Resistance should be selected with consideration of MOSFET power loss and EMI. A larger
Gate Resistance slows down the turning on/off time, which leads to higher switching power loss, but it
is good for EMI because of small dv/dt. Vice versa is good for switching power loss but bad for EMI.

The PFC Gate Driver of ICL5101 has a driver ability of 100mA sourcing and 500mA sinking. In order
to maintain high switching frequency and low switching loss a big MOSFET is used. Therefore, a
totem pole driver circuit is necessary, which consists of Q13 and Q5. For a freely setting of turning
on/off time, the gate resistance is also separated to two paths with R10 and R65. The value of the
gate resistances is adjusted to efficiency and EMI to RPFCGD = R82 = 22Ω. 

Figure 9 PIN Setup showing the calculated Components in red
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4.2.6 Selection of the Bridge Rectifier

The selection of a bridge rectifier should be based on the practical requirement of input voltage range,
surge current, efficiency and maximum allowed case temperature. Some main selection criteria are
listed here.

1) Diode reverses breakdown voltage brBRV _

The maximum reverse voltage brBRV _ should be larger than the maximum peak input voltage max_inU


.

2) Average forward current
The bridge rectifier’s average forward current limit at the required maximum case temperature should

be larger than the maximum value of average input current max__ avinI , which could be calculated

according to following equation 34 and AI in 39.1ˆ
max_  from equation 9:

max_max__
ˆ*

2
inavin II


 Equation 34

AAI avin 89.039.1*
2

max__ 


3) Peak surge forward current BRFSMI _

The bridge rectifier’s peak surge forward current BRFSMI _ should be able to cover the practical surge

current requirement.

4) Forward voltage BRFV _

To achieve a high efficiency, the rectifier forward voltage BRFV _ should be as small as possible at the

nominal operating input current.

In 110W/54V reference design, a really low BRFV _ bridge rectifier LL15XB60 is chosen to meet the

high efficiency and low temperature requirement.
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4.2.7 Selection of the PFC Boost Diode

PFC boost diode is important for system efficiency. To select a PFC boost diode its forward voltage

dPFCFV __ , average rectified forward current dPFCFI __ , peak repetitive forward current dPFCFMI __ ,

reverse breakdown voltage dPFCbrV __ , reverse recovery time dPFCrrt __ are the first important

parameter to be checked.

1) Reverse breakdown voltage dPFCbrV __

The reverse breakdown voltage dPFCbrV __ should be higher than busU . In our reference design for

single phase input voltage and 450VDC bus voltage, dPFCbrV __ = 600V is enough.

2) Peak repetitive forward current dPFCFMI __

The maximum peak repetitive forward current dPFCFMI __ should be larger than peak PFC inductor

current PFCI


.

3) Average rectified forward current dPFCFI __

The limit of the average rectified forward current dPFCFI __ decrease with decreasing duty cycle and

increasing diode case temperature. The detailed relation diagram between average forward current
and duty cycle is normally not given in the datasheet. So for the selection of a diode for first trying, we
could select a diode whose average rectified forward current at required case temperature is larger

than the PFC output average current outPFCI _ at maximum system power.

A
V

VA

U

UI

U

P
I

bus

OUTout

bus

sys

outPFC 308.0
450

54*57.2*max_max_

_  Equation 35

4) Forward voltage dPFCFV __

Forward voltage is directly related with system efficiency. It should be as small as possible. With the
same current flowing through the diode, normally a diode with higher average rectified forward current
limit has also lower forward voltage. Sometimes in purpose to achieve a high efficiency, this diode
could be overdesigned from current ability point of view.

5) Reverse recovery time dPFCrrt __

For CrCM PFC and DCM PFC a normal fast recovery diode is enough. Reverse recovery time around
200ns is acceptable.

To meet the efficiency and temperature requirement, in reference design 8ETL06P from IR is chosen.
It is 600V fast recovery diode with very low forward voltage.
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4.2.8 Selection of PFC DC Link Capacitor (PFC BUS Capacitor)

Normally the bulk capacitor has to fulfil two requirements, bus voltage double line frequency ripple
(The input and output high frequency ripple could be neglected here because for bulk capacitor the
line frequency is not regulated and its ripple is much larger than the high frequency ripple.) and
holdup time. In this reference design, the holdup time is not required.

The maximum double-line frequency ripple current is the PFC output current PFCoutI _ .

mA
V

W

U

P
I

PFCbus

PFC
PFCout 252

%97*450

110

*
_ 


Equation 36

If we have ppripplebusU __ as bus voltage peak to peak ripple requirement. We could have following

equation for bus capacitor busC calculation:
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“ cbusESR ” is the ESR of “ busC ”, which is normally very small and the influence is also very small for a

capacitor impedance with large double-line frequency ripple. So it could be neglected and Equation
37 could be approximated to following form:
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Equation 38

Please note that ICL5101 has an overvoltage protection whose threshold is 109% of rate voltage.

That means the target ppripplebusU __ must be lower than 18% of busU . Normally a safety distance

should be hold between peak ripple voltage and the overvoltage protection limit to avoid miss
triggering generated by distortion, protection limit tolerance or parameter deviation based on

temperature and aging. E.g. we could choose 2.5% as the limit. Then as in our reference design busU

=450V, ppripplebusU __ =11.25V. According to equation 38 we have:

µF
VHz

mA
Cbus 3.71

25.11*50**2

252




busC =71.3uF. For voltage class, with consideration of overvoltage protection threshold, 500V

capacitor is required. But it is hard to find a suitable electrolytic capacitor which is from dimension and
capacitance point of view suitable for our reference board in this voltage class. Also with
consideration of targeting high efficiency and long life, the ESR of the capacitor should be selected as
small as possible and the allowed maximum ripple current should have enough margins. So in the
end two long life low ESR 150uF/250V electrolytic capacitors are selected to be connected in series
here. In the schematic in Chapter 3.1, they are C5 and C8.



Design Guide Line for PFC & LLC Converter using ICL5101

PFC Stage Design Guide

Design Guide 24 Revision 1.1, 2015-11-06

To symmetrize the voltage stress on two in series connected capacitors, an in parallel connected
voltage divider is used. To reduce the voltage stress on each resistor, 4 resistors are used. They are

67R , 68R , 61R and 63R . This voltage divider should be high ohmic to reduce the power loss. In

reference design, all four resistors are set to 1M.

4.2.9 Selection of PFC BUS Voltage Sensing Resistor (PFCVS)

For ICL5101, the typical value of reference voltage for bus voltage detection is PFCVSrefV = 2.5V see

Datasheet chapter 3.4.3. To achieve a 450V bus voltage, the voltage divider consisting of 12R , 13R ,

14R and 15R should be configured as following:


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
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VV
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PFCHighf

PFCLow

PFCLowPFCHigh

PFCLow
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f

GES

PFCLow 5.25
5.2450

4562*5.2*

Re

ReRe Equation 39

To reduce the voltage stress on each resistor, the high side resistance of the voltage divider is

separated to three resistors 12R , 13R and 14R . The total resistance of the voltage divider should be

high ohmic enough to reduce the power loss. But also with consideration of the PFCVS Bias Current

AIA PFCVSBIAS  11  illustrated in ICL5101’s Datasheet, value of 15R should not be too large.

Otherwise the influence of the Bias Current would be significant to shift the bus voltage level.

In our reference design, 13R = 14R =2M, 12R =562K and 15R =25.5K.

Figure 10 PIN Setup showing the calculated Components in red
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5 LLC Stage Design Guide

5.1 LLC Introduction

LLC is a resonant topology. It shifts the operation frequency to achieve a stable output under different
input and load conditions. A picture with typical “Gain” vs “Switching Frequency” curves of LLC circuit
is shown in Figure 11 Different curves refer to different Quality Factors “Q”, which indicate different
loadings. “M(fn,λ,Q)” is the output voltage to input voltage gain and “fn” is the normalized switching
frequency based on the resonant frequency of resonant capacitor and resonant inductor.

Figure 11 Example Gain Curves of a LLC Circuit

The standard LLC could be in half-bridge or full bridge form. It mainly consists of two (half-bridge) or
four (full bridge) power switches, one resonant capacitor, one resonant choke (in many situation it
could also be as leakage inductance and integrated in power transformer) and one power
transformer. The simplified LLC circuits are shown in Figure 12 and Figure 13.

Figure 12 Standard LLC Circuit
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Figure 13 LLC Full Bridge Circuit

Nowadays LLC topology is becoming more and more popular in middle and high power DC/DC
converter. Even in converter with power range smaller than 100W, LLC topology could often be seen.

The most important advantage of LLC topology is that it could achieve “ZVS” at wide output power
range from full load even down to no load condition, which results high system efficiency.

To design an LLC circuit, the most important thing is to select suitable gain curves so that it could
achieve following targets:

1) Small operation frequency variation range around resonant frequency  good for EMI, high
efficiency;

2) Small magnetization current  high efficiency;
3) “ZVS” in whole operation range high efficiency;
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5.2 ICL5101 LLC Design Procedure

5.2.1 Selection of LLC Resonant Frequency

When the LLC circuit operates at resonant frequency, it could achieve the highest efficiency and at
that point the voltage Gain does not dependent on the load any more. This could be the ideal
operation point for LLC circuit. But with consideration of the real operation condition, the coupling
between primary and secondary winding of the power transformer is influenced by load condition, the
output load could vary under different requirements and the DC-Link voltage also always shows
double line frequency ripple. So to achieve a good input and output regulation, an LLC circuit could
not operate stably at a fixed resonant frequency. In real application we need to set the LLC circuit to
operate in a frequency range around its resonant frequency and this range should be as small as
possible. Then how large should the resonant frequency be?

Normally the operation frequency selection is based on the requirement of system efficiency and
power density. It also affects EMI result. High switching frequency leads to smaller dimension and
allows high power density but it is more difficult to achieve high efficiency and needs a better thermal
solution. The maximum switching frequency is normally limited by driver ability. Lower switching
frequency is good for EMI and also easier to achieve high efficiency if the dimension is allowed.
The adjustable run frequency of the half-bridge driver of ICL5101 is in the range of 20 kHz to 130 kHz,
which could be set by a resistor between “RFM” pin to GND according to following equation:

RFM

RUN
R

Hz
f




8105
Equation 40







 k
kHz

Hz

f

Hz
R

sw

RFM 96.11
8.41

10*510*5 8

min_

8

calculated via Equation 40

We choose a RRFM = 12.1kΩ Resistor. RRFM is the resistance between “RFM” pin and GND and set
the minimum frequency when open loop.

Based on the reference board dimension requirement and also with consideration of EMI effect, we
selected our LLC resonant frequency at around 55 kHz. The minimum and maximum operation
frequency would then be defined according to the selected LLC Gain curve.
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5.2.2 Parameter Selection of LLC Resonant Tank

A simplified LLC resonant circuit with main parameters is shown in Figure 14, which is similar as the

circuit in Figure 12 Only the power transformer here is separated to two parts: primary inductor “ mL ”

and ideal transformer “TR” with turn ratio of “n:1” from primary winding to secondary winding.

Figure 14 Simplified LLC Resonant Circuit

The steps to select suitable parameters for LLC resonant tank could be abstracted as following:

1) Select turn ratio of power transformer primary winding to secondary winding;
2) Select Quality Factor “Q” for operation point at maximum load on Gain curve plot based on

pre-estimated “λ”. “λ” is the ratio of resonant inductor “ rL ” and transformer primary inductor

(also called “magnetizing inductor”) “ mL ”. Different value of “λ” might be tried until suitable 

Gain curves are selected in the end, which could match the frequency range and efficiency
requirement;

3) Calculate and select “ rC ”, “ rL ” and “ mL ” according to selected resonant frequency “ rf ”,

Quality Factor “Q” and inductor ratio “λ”;
4) Calculate the minimum operation frequency and maximum operation frequency.

5) Calculate the voltage stress on “ rC ”, the peak current flowing through “ rL ” and the peak

magnetizing current of the power transformer for resonant capacitor, resonant inductor and
power transformer selection and design.

Here let’s take the LLC design procedure of 110W/54V reference design as an example.

Step 1):

The turn ratio of the transformer is at first selected according to following equation:

31.4
)8.054(2

05.1450

)(2 _

_












VV

V

UU

MU
n

DoutFout

Selnombus
Equation 41

“ nomM ” is the wished Gain of LLC circuit at nominal output power at rated input and output voltage. As

we know from LLC topology when the operation frequency is at left side of the resonant frequency,
the output diodes work in DCM mode it would minimize the diode power loss and increase the

efficiency. To ensure the high efficiency, normally “ nomM ” is selected slightly higher than 1 but not too

far away from 1. In the reference design, “ SelnomM _ ” is selected with the value of 1.05.
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“ DoutFU _ ” is the forward voltage of output diode. To increase the efficiency, “ DoutFU _ ” should be as

small as possible. For theoretical calculation before we select a concrete diode, the value of “ DoutFU _ ”

could be assume as 0.8V, which could anyway not influence the calculation result so much.

The calculation result of equation 41 is 311.4n . Because the transformer coupling is not 100%,
when taking the leakage inductance into account, assuming 1% of primary inductance as leakage
inductance value, then the effective transformer turns ratio could be calculated as following:

29.499.0 5.0  nne Equation 42

Step 2):

With effective turns ratio 29.4en , we could then calculate back for “ nomM ”. The recalculated

value:

045.1
450

)8.054(*2*29.4)(*2*








V

VV

U

UUn
M

bus

Foute
nom Equation 42a

With consideration of bus voltage ripple and regulation accuracy, we could assume VU bus 460max_ 

and VU bus 443min_  . Then we could calculate the maximum Gain and minimum Gain at nominal

output voltage:

061.1
min_

max_  nom

bus

bus
nom M

U

U
M Equation 43

022.1
max_

min_  nom

bus

bus
nom M

U

U
M Equation 44

Because the output voltage has also regulation accuracy and ripple of approximately ± 2% of VOUTnom

= 54V, let’s set the target peak output voltage VU out 5.54max_  and the target minimum output

voltage VU out 5.53min_  . Then we would have the absolute maximum Gain:

07.1
)(2

min_

max_

max 



bus

Foute

U

UUn
M Equation 45

and the absolute minimum Gain

013.1
)(2

max_

min_

min 



bus

Foute

U

UUn
M Equation 46
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The inductor ratio is set as 09.0 (see Equation 47a) after sometimes trying and comparison of
different values on the Gain curve plot. In the end according to the LLC transfer function:

 
2

2

2

2

1
1

1
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



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












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

n

n

n

n

f
fQ

f

QfM




 Equation 47

We could have the selected Gain curves plot as in Figure 15:

m

r

L

L
 Equation 47a

Figure 15 LLC Gain Curve Plot 110W / 54V Reference Board

To ensure “ZVS” at whole output power range with maximum allowed input and output voltage
tolerance, when we choose the Gain curve for maximum allowed output power for worst case
(minimum input voltage and maximum output voltage) we increase 10% to the above calculated

maximum Gain “ maxM ” and draw that line on the Gain curve plot (the red dash-dot line in Figure 15).

The Gain curve with the peak a little higher than the 110% “ maxM ” line would then be chosen as the

Gain curve for maximum power at worst case. In Figure 15 the green dash line with Q=0.3 is
selected.
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Step 3):

er

e

r RQZ
R

Z
Q * Equation 48

r

r
r

C

L
Z  Equation 49

22 ** err RQCL  Equation 50

“ rZ ” is the resonant impedance and “ eR ” is the equivalent load resistance at primary side. To

calculate “ rL ” and “ rC ”, we need at first to calculate “ eR ”.

Let’s assume resistant output load and no phase shift between the voltage and current at transformer
secondary side. The fundamental element of the AC current at secondary winding of the power
transformer is:

)sin(
2

wtII out

F

ac 


Equation 51

“ outI ” is LLC output DC current. The fundamental element of square form voltage at secondary

winding of the power transformer is:

)sin(
4

wtUU out

F

sac 


Equation 52

So the nominal equivalent LLC resistance load at primary side could be calculated as:

2

2
_

_2

_

8)(
e

nomout
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eF
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F

sac
nome n

I

UU
n

I

U
R 





Equation 53

“ nomoutI _ ” is the nominal output current.




 3.40129.4*
8

*
2037

)8.054( 2

2_
mA

VV
R nome calculated from Equation 53

The resistance of maximum load could be calculated as:

2

2
max_

min_

max_

8)(
e

out

Fout

e n
I

UU
R 





Equation 54

“ max_outI ” is the required maximum DC output current. With predefined VU out 5.53min_  (see

Equation 46) and AI out 57.2max_  , (Input Parameter) “ max_eR ” gets the value of about 315Ω.
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


 2.31529.4*
8

*
2570

)8.05.53( 2

2_
mA

VV
R nome calculated from Equation 54

According to equation 48, equation 49 and following resonant frequency equation we can calculate
the resonance capacity Cr:

rr

r

rr

r
Cf

L
CL

f
**4*

11

2

1
22 




 Equation 55

Using Lr from Equation 50 in Equation 55 we can calculate Cr via Equation 55a:

2
max_

222

2

***4*

1

er

r
RQf

C




nF
kHzRQf

C
er

r 62.30
315*3.0**2*55

1

***2*

1

max_




Equation 55a

Let’s take a standard value of 33nF for rC , and use Equation 55 and calculate the resonance

inductivity Lr via Equation 55b:

µH
nFkHzCf

L
rr

r 75.253
33**4*55

1

**4*

1
2222




Equation 55b

With 09.0 , “ mL ” is resulted according to Equation 47a at

Calem

Caler

L

L

_Pr_

_Pr_
 Equation 55c

µH
µHL

L
Caler

Calem 2819
09.0

75.253_Pr_

_Pr_ 


Calculated via Equation 55c

With consideration of 1% leakage inductance (transformer coupling factor) of the power transformer,

in reality “ mL ” should be

µH
µH

2848
99.0

2819
 Equation 55d

Then the actual “ rL ” should be:

HµHLLL mCalerr 267.22501.0*2848747.253*%1_Pr_  Equation 56

But in calculation we still need to use the effective value of “ rL ” which indicates the total effective

resonant inductance.
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Step 4):

Now we could use the selected effective “ rC ” and “ rL ” to draw the Gain curves and find the

operation points for maximum power, nominal power and minimum power in Gain curve plot.

To draw the Gain curves, the “Q” value for different load should be calculated at first. The effective

resonant impedance according to Equation 49  689.87
33

747.253

nF

H
Z r


. The “Q” value for

nominal load, maximum load and minimum load could be calculated as following:

Nominal load:
nome

r
nom

R

Z
Q

_

 ; Equation 56a

Maximum load:
max_

max

e

r

R

Z
Q  ; Equation 56b

Minimum load:
min_

min

e

r

R

Z
Q  . Equation 56c

With VU nomout 450_  and AI nomout 037.2_  , nomeR _ is calculated according to equation 52 and

results at 401.234Ω.  315max_eR . “ min_eR ” is calculated according to following equation:

  2

2
min_

max_

min_

8
e

out

Fout

e n
I

UU
R 





Equation 57

The predefined maximum output voltage is VU out 5.54max_  . The minimum load condition for the

reference board is open output. For calculation we could use a very small output current as
replacement. Here we use the output current value when the output power is about 1 W .

 



 10

2

2

min_ 10*4.4
*18

*8*8.05.54

µA

nVV
R e

e Calculated via Equation 57

As a result we could have  10
min_ 104.4eR .

In the end we have 219.0nomQ , 278.0max Q and 9
min 109.1 Q . Draw Gain curves for

these “Q” values in the Gain curve plot in Figure 16.
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Figure 16 LLC Gain Curve Plot 110W / 54V Reference Board for nom, max and min Power

With drawing the maximum Gain line, nominal operation Gain line and the minimum Gain line also on

the plot, the corresponding operation point of “maximum load @ min_busU & max_outU ”, “nominal load

@ nombusU _ & nomoutU _ ” and “minimum load @ max_busU & min_outU ” would be found at the line

crossing point of “ ),,( maxQfM n  and maxM ”, “ ),,( nomn QfM  and nomM ” and “ ),,( minQfM n  and minM
” respectively.

According to the plot, the minimum switching frequency happens at operation point “maximum load @

min_busU & max_outU ” with 76.0min_ nf . The absolute switching frequency at this point is then

kHzfff rnsw 8.41min_min_  Equation 57a

The maximum switching frequency happens at operation point “minimum load @ max_busU & min_outU ”

with 95.0max_ nf . The absolute switching frequency at this point is then

kHzfff rnsw 25.52max_max_  Equation 57b

The nominal switching frequency at operation point “nominal load @ nombusU _ & nomoutU _ ” with

83.0_ nomnf is kHzfff rnomnnomsw 65.45__  Equation 57c
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Step 5):

To select the voltage class for resonant capacitor “ rC ” and define the saturation current for resonant

inductor “ rL ” and power transformer, we need to know the maximum peak current flowing through

the resonant inductor and also the maximum magnetizing current of the power transformer.

As the operation frequency of the maximum power is at the left side of the resonant frequency,
system works at DCM mode. The voltage and current waveforms of the LLC circuit are shown in
Figure 17.

Figure 17 LLC Circuit Voltage and Current waveform in DCM Mode

In approximate calculation dead time could be neglected. The black square wave in the above picture

is the Gate signal of the half-bridge high side MOSFET. “ LrI ” (dark red), “ LmI ” (green) and “ SACI ”

(orange) is the resonant inductor current, power transformer magnetizing current and power
transformer secondary side AC current respectively.

According to above picture, we could have following equation for the magnetizing current “ LmI ”:
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
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Equation 58
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“ pLmI _ ” is the peak value of the magnetizing current. According to voltage-second rules of inductor, it

could be calculated as following:

swm

Foute
pLm

fL

UUn
I






4

)(
_ Equation 59

If we take “ max_outU ” and “ min_swf ” into equation 58:

mA
kHzµH

VV

fL

UUn
I

swm

Foute

pLm 2.498
8.41*2848*4

)8.05.54(*29.4

**4

)(*

min_

max_

max__ 





 Equation 59a

we could get the maximum peak value of magnetizing current AI pLm 498.0max__  . The absolute

limit for the saturation current of the power transformer is then that it should be larger than 0.498A.

For the current in transformer secondary winding, we could have an approximate equation as
following:
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
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Equation 60

“ pSACI _ ” is the peak value of the current in transformer secondary winding. The output current “ outI ”

is the average current of “ )(tI SAC ” in the whole “
swf2

1
” period. According to energy equilibrium in time

range “
rf2

1
” and in time range “

swf2

1
”, we could have the equation as following:

r

pSAC

sw
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f

I
f

I
2
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2

1
_ 


Equation 61

sw

rout
nompSAC

f

fI
I

*2

**
__


 Equation 62

Take “ max_outI ” and “ min_swf ” into the above equation 62:

A
kHz

kHzA

f

fI
I

sw

rout

pSAC 31.5
8.41*2

55*57.2*

*2

**

min_

max_

max__ 


Equation 62a

we could have the maximum peak current in secondary winding AI psac 312.5max__  .
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Then we could calculate the peak current in resonant inductor. The general current function in
resonant inductor is:

)(
)(

)( tI
n

tI
tI Lm

e

SAC
Lr  Equation 63

The time point “ maxt ” corresponding to the peak value of “ )(tI Lr ” could be calculated according to

following condition:

0
)(


dt

tdI Lr Equation 64

“ maxt ” is calculated to be:
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_

max Equation 65

Take “ max__ pLmI ” and “ max__ psacI ” into equation 65:
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A
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f
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t
r

psac

epLm

3.5
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
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
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Equation 65a

According to equation 62 we will have at the maximum a peak current ILr(tmax) flowing through
resonant inductor as shown in Equation 65b:

)(
)(

)( max
max

max tI
n

tI
tI Lm

e

SAC
Lr  Equation 65b

The maximum secondary peak current at tmax is sinusoidal see Figure 17Figure 14:

)***2sin(*)( maxmax__max tfItI rpSACSAC  Equation 65c

AµskHzAtI SAC 135.5)3.5*55**2sin(*31.5)( max  

The maximum primary inductance peak current at tmax is linear see Figure 17:

max__maxmax__max ***4)( pLmrpLmLm ItfItI  Equation 65d

AµskHzAtI Lm 082.04985.03.5*55*4985.0*4)( max 

Maximum peak current through resonant inductor ILR(tmax) at tmax according to Equation 65b:
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AA
A

ItI pLrLr 279.1082.0
29.4

135.5
)( max__max  Equation 65e

AI pLr 279.1max__  . The absolute limit for the saturation current of the resonant inductor is then

that it should be larger than 1.279A.

The maximum peak voltage on resonant capacitor could be calculated as following:

V
nFCkHz

A

Cf

I
U

rrsw

pLr

pCr 588.147
33*8.41**2

279.1

2 min_

max__

max__ 





Equation 66

In reality, 33nF/630V film capacitor is selected as resonant capacitor.

Figure 18 PIN Setup showing the calculated Components in red
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5.2.3 ICL5101 Half-Bridge Run Frequency Range setting (RFM)

As described in chapter 5.2.1, the half-bridge run frequency could be set via a resistor between GND
and RFM pin 9 according to equation 40.

Based on the calculation in chapter 5.2.2, the designed LLC minimum operation frequency is 41.8
kHz and the maximum operation frequency is 52.25 kHz. We could set the minimum switching

frequency via “ 19R ” in the schematic in chapter 3.1. Take 41.8 kHz into equation 40 as “ runf ” we

could  kR RFM 96.11 . To have some tolerance margin, “ 19R ” is set at k1.12 . With

 kR RFM 1.12 calculation back for “ runf ”, it is kHz3.41 , which is then the minimum allowed

switching frequency of the half-bridge.

During normal operation the LLC regulation loop senses the output voltage and feeds back through

opto-coupler “OT1” and resistor “ 23R ” to RFM pin 9 in order to adjust the operation frequency. “ 23R ”,

the saturation voltage “ cesU ” of opto-coupler and “ 19R ” together set the maximum allowed half-bridge

operation frequency in run-mode.

We use VOL617A-3 as opto-coupler for the regulation loop. Its output saturation voltage is VCE =
0.25V. According to the theoretical calculation in chapter 5.2.2, the maximum switching frequency in

normal operation in stable state is kHzfsw 25.52max_  . In real operation there could be tolerance

and deviation for the switching frequency. Also in unstable state during regulation, the frequency
could be higher. So we need leave enough frequency margins for the regulation loop in normal
operation in order to prevent a malfunction of the design. But it is also necessary to limit the maximum
switching frequency at a certain level, so that during load jump the highest switching frequency could
be limited to avoid over regulation and hard switching. In our reference design, we selected a absolut

maximum operating frequency of 90kHz for “ max_runf ”,  kR 1.923 calculated as below.

Then the maximum allowed switching frequency in run-mode has following equation 67 according to
Equation 40:

eRFM

RUN
R

Hz
f

_

8

max_

10*5 
 Equation 67

For calculating the total effective resistance RRFM_e = R19 // R23:







 k
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f
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max_
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_
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In run-mode the voltage on RFM pin is VRFM = 2.5V. The total current flowing out of RFM pin could be
calculated as:

RFM

RFM
eRFM

I

V
R _ Equation 68

µA
k

V
I RFM 450

56.5

5.2





Use the following equation 69 in order to calculate R23:
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U
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 Equation 69
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cesREF 24.9

1.12

5.2
450

25.05.2

19

23

We choose the standard value of R23 = 9.1kΩ. 

The current through the opto-coupler can be calculated as shown below:

19III RFMOpto  Equation 69a

µA
k

V
µ

R

U
II REF

RFMOpto 3.243
1.12

5.2
450

19






Figure 19 PIN Setup showing the Components in red
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5.2.4 Selection of Half-Bridge MOSFET (LSGD / HSGD)

According to the bus voltage level, a 600V MOSFET could be used for this half-bridge LLC circuit.

LLC circuit operates in “ZVS” in normal operation condition. Body diode is conducted before MOSFET
turning on. So to select suitable MOSFET for LLC circuit, two most important factors need to be
considered: 1) MOSFET power loss; 2) Body diode ability.

1) MOSFET power loss

When we select the MOSFET for LLC circuit, there is no need to consider the MOSFET turning on

loss and the “ ossC ” loss. The conduction loss of the MOSFET at maximum output power could be

calculated as following:

DSonrmsLrconLLCMOSloss RIP **
2

1 2

max____  Equation 70

“ max__ rmsLrI ” is the effective current flowing through the resonant inductor at maximum output power,

which could be calculated as following:

min_

2

1

0

2

max__

2

1

)(min_

sw

f
Lr

rmsLr

f

dttI
I

sw
 Equation 71

Take “ max__ pLmI ” and “ max__ psacI ” into above equation, we could have the exact integrated result

AI rmsLr 84.0max__  . For a safety margin we use Equation 71a for the rms current to calculate the

conductive power losses using Equation 70:

AAII LrrmsLr 9.0279.1*71.0*
2

2
max_max__  Equation 71a

RDSON = 1.05Ω should be the value based on 150°C jT in MOSFET datasheet.

mWAP conLLCMOSloss 43005.1*90.0*
2

1 2
__  Calculated via Equation 70

The MOSFET switching loss at maximum output power could be estimated as following

min__max____ ****
2

1
swnombustroffpLmswLLCMOSloss fUtIP  Equation 72

“ peakMOSI _ ” is the peak current at the moment of MOSFET turning off. According to Figure 17

troffpLmpeakMOS tII *max__max__  is the turning off duration which could be estimated according to the

same theory descript in chapter 4.2.4.

For calculating ttroff see equation 27 / 28 and 29 or see EXCEL sheet: ttroff = 110.4ns
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mWkHzVnsAP swLLCMOSloss 8.5178.41*450*4.110*4985.0*
2

1
__  calculated via Equation 72

Gate driving loss could be illustrated as following:

min___ ** swggdriveLLCMOSloss fUQP  Equation 73

Note: “ gQ ” is Gate charge total.

“ gU ” is Gate driver voltage.

mWkHzVnCP driveLLCMOSloss 148.41*12*28__  Calculated via Equation 73

The absolute limit for LLC MOSFET selection is also the junction temperature, which should be in the

limit of maxjT at the situation of the case temperature stabilized at customer required case temperature

cT . Equation 74 could be applied:

  )(** max_________max TrLCCSWlossthjcdriveLLCMOSlossSWLLCMOSlossconLLCMOSlossthjccj PZPPPRTT  Equation 74

Note: “ thjcR ” is the junction to case thermal resistance of MOSFET, defines the heating of the

MOSFET surface.

“ thjcZ ”is the transient junction case thermal impedance of MOSFET, which is related with

pulse width and duty cycle, which could be checked in the “Max. transient thermal impedance”
diagram in MOSFET’s datasheet. The calculation of the duty cycle D is giving the parameter
for the transient thermal impedance diagram of the MOSFET:

min_* swtroff ftD  Equation 74a

0046.08.41*4.110  kHznsD
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Using tp2 = 11.1µs @ max frequency of 90kHz and D = 0.0046 < 0.01 in transient thermal
impedance diagram of MOSFET (see also below) leads to Zthjc(tp2) = 0.055k/W:

Figure 20 Transient Thermal Impedance Diagram of MOSFET

Equation 74b can be used in order to calculate the Zth(tp2):

2

1

)2(

)1(

tp

tp

Z

Z

tpthjc

tpthjc
 Equation 74b

W

mK

µs

ns

W

K

tp

tp
ZZ tpthjctpthjc 5.5

1.11

4.110
*055.0

2

1
*)2()1( 

“ max___ TrLLCSWlossP ” is the maximum transient switching off loss at maximum output power:

nombuspLmTrLLCSWloss UIP _max__max___ **
2

1
 Equation 75

WVAP TrLLCSWloss 169.112450*4985.0*
2

1
max___ 

  CW
W

mK
mWmWmW

W

K
CTj  2.107169.112*5.5148.517430*7.1105max from Equation 74

2) Body diode ability

For LLC circuit, as body diode conducts for “ZVS” turning on, the body diode needs then be reverse
recovered at first before it could block the reverse direction current. A fast recovery body diode would
be preferred for high frequency switching.

For half-bridge application, in abnormal condition, body diode hard commutation could happen. A
MOSFET with robust body diode with high dv/dt ability is preferred.

In reference design, Infineon IPD60R450E6 is selected for high and low side switch.
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5.2.5 Selection of Heatsink for the Half-Bridge MOSFET (LSGD / HSGD)

For the calculation of the heatsink respective copper area on PCB, we use only Ploss_LLCMOS_con and
Ploss_LLCMOS_sw the other losses are negligible.

swLLCMOSlossconLLCMOSloss

AJ

totalloss

thja
PP

TT

P

T
R

____

max

_ 





 Equation 75a

- ∆T is only the expected temperature rise of the system without ambient temperature 
- Ploss_LLCMOS_total = Ploss_LLCMOS_con + Ploss_LLCMOS_sw

W

K

mWmW

CC
Rthja 7.64

8.517430

451.107





 calculated via Equation 75a

Note:
A copper area on PCB has an estimated Rthja of approximately:

- 3cm² = 64
W

K

- 6cm² = 56
W

K

For the heat dissipator on board we can chose a 3cm² area for the PCB assembled MOS on board.

Figure 21 PIN Setup showing the Components in red
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5.2.6 Selection of Half-Bridge low side Shunt Resistor (LSCS)

The half-bridge shunt resistor is connected between LSCS pin and GND to sense the current flowing
through the low side MOS to achieve half-bridge over current protection. Because during start-up
phase the half-bridge frequency decreases from 135kHz towards the minimum operation frequency
set by RFM pin until output is stable regulated, during this period some unstable current peak could
happen. To avoid miss triggering of over current protection, the protection voltage level of LCSC pin is
set higher which is 1.6V during the first 650ms (a brief value) after AC plug in before system goes into
run-mode. In run-mode it is set at 0.8V.

We have already known that the maximum peak current flowing through the MOSFET is

AI pLr 279.1max__  , and then we could calculate the shunt resistor as following:

 625.0
279.1

8.0

max__

_2

A

V

I

V
R

pLr

typLSCSOvC

lscs Equation 76

With consideration of load jump from no load to full load higher current peak may happen. The real “

lscsR ” is set lower. We set  545.0lscsR in our reference design which is separated to 3 resistors

( 39R , 41R and 43R in the schematic) for thermal consideration. The peak current of the half-bridge is

then allowed for 1.47A. The MOSFET and saturation current of the resonant inductor should be
selected and designed accordingly.

Figure 22 PIN Setup showing the Components in red
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5.2.7 Selection of Output Diode

We use full-wave rectification at LLC output in our reference design. The reverse blocking voltage
class should be larger than double output voltage. Consider with voltage spike margin, we selected
200V diode.

To achieve a high efficiency, low “ FV ” Schottky diode is preferred. The average current of the diode at

required case temperature should be larger than half of the maximum DC output current

AI out 57.2max_  .

To achieve a low temperature rising and high efficiency, we selected STTH802 as output diode, which

allows high average forward current and could result to very low “ FV ” at small current condition.

The heat dissipator can be calculated as shown in Equation 75a:

FDoutout

AC

totalloss

thja
VI

TT

P

T
R

*max__





 Equation 76a

W

K

VA

CC
Rthja 9.38

6.0*57.2

45105




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5.2.8 Selection of Output Capacitor

The first target for selection output capacitor is to fulfil the output voltage ripple requirement. In our

reference design the target maximum allowed peak to peak voltage ripple is mVU pprippleo 540__  .

In normal operation this consists of double-line frequency ripple and the double half-bridge switching
frequency ripple. In steady state the maximum ripple happens at maximum output power and lowest
switching frequency. As the ripple requirement is for the operation range inside nominal operation

power and with nominal voltages, the nominal bus voltage “ nombusU _ ”, nominal output voltage “

nomoutU _ ” and nominal output current “ nomoutI _ ” will be used here for calculation.

The high frequency peak ripple current “ pHFrI __ ” equals to the nominal output current “ nomoutI _ ”.

The high frequency ripple voltage equation could be written as following:

nomoutcout

outnomsw

ppHFrippleo IESR
Cf

U _
2

2

_

__
22

1

2

1



















Equation 77

“ ppHFrippleoU __ ” is the peak to peak double half-bridge switching frequency voltage ripple. “ outC ” is the

output capacitor. “ coutESR ” is the ESR of “ outC ”.

Let’s define “ ppLFrippleoU __ ” as peak to peak value of output double-line frequency voltage ripple.

Then we could approximately calculate the total peak to peak value of output voltage ripple as
following:

ppLFrippleoppHFrippleopprippleo UUmVU ______ 540  Equation 78

pprcout

out

ppLFrippleo IESR
CHz

U _100_
2

2

__
1002

1














Equation 79

“ pprI _100_ ” is the peak to peak value of output double-line frequency ripple current. This ripple current

could be approximately calculated according to following equation:

min_max__100_ routroutppr III  Equation 80

Assume a constant rated resistance load at output, “ max_ routI ” is the transient output current at

2

__

_

pprippleo

nomoutout

U
UU  . Then “ max_ routI ” could be calculated as following:

AI
U

U
U

I nomout

nomout

pprippleo

nomout

rout 047.22
_

_

__

_

max_ 


 Equation 81
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“ min_ routI ” is the transient output current at
2

__

_

pprippleo

nomoutout

U
UU  . It could be calculated

as following:

AI
U

U
U

I nomout

nomout

pprippleo

nomout

rout 027.22
_

_

__

_

min_ 


 Equation 82

So according to Equation 80, we have AI ppr 02.0_100_  .

There are two unknown parameters in Equation 77 and Equation 79 “ outC ” and it’s ESR “ coutESR ”.

Normally for Electrolytic Capacitor, its ESR is strongly related with its capacitance. High efficiency,
long life and low temperature rising is the target for our reference design. So for 54V output voltage
we selected 100V Electrolytic Capacitor from Rubycon ZLJ series. According to datasheet, the
maximum ESR value at 100 kHz at -10°C varies from 5.4Ω to 0.076Ω with increasing capacitance.
According to Equation 76, Equation 77 and Equation 78 to achieve 540mV output ripple voltage, the

ESR should be anyway smaller than  132.0
037.2

27.0

A

V
.If we take  11.0coutESR , we will have

FC out 348 .

Then we need to calculate the total effective RMS output ripple current. The ripple current limit of the
selected capacitor should be larger than this effective ripple current.

The total effective RMS ripple current could be calculated as following:






































2

__

2

100

_100_

__

HF

rmsHFrrmsr

rmseffectr

II
I


Equation 83

“ rmsrI _100_ ” is the RMS value of the double-line frequency ripple current. “ 100 ” is the capacitor ripple

current frequency coefficient for 100Hz. “ rmsHFrI __ ” is the RMS value of the half-bridge switching

frequency ripple current. “ HF ” is the capacitor ripple current frequency coefficient for half-bridge

switching frequency.

For double-line frequency ripple current, we could approximately assume it has a sinusoidal
waveform. The RMS value could then be calculated as:

A
I

I ppr

rmsr 007.0
22

_100_

_100_ 


 Equation 84

The half-bridge frequency ripple current “ HFrI _ ” is a subtraction result of transformer secondary

winding current “ SACI ” and output DC current “ outI ”. It is shown in Figure 23. The equation at nominal

output power and nominal in-and output voltage could be written as following:































nomswr

nomout

r
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f
whenI

f
twhenItfI

I
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_
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1

;
2

1
0,)2sin( 

Equation 85
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The secondary winding peak current at nominal condition “ nompsacI __ ” could be calculated according

to Equation 62 as following:

A
f

f
II

nomsw

r
nomoutnompsac 855.3

2_

___ 


Equation 86

Figure 23 Output Half-Bridge Frequency Ripple Current at nominal Power and Voltage

According to Figure 23 and Equation 85 we could calculate the RMS value of “ HFrI _ ” as following:

A

f

dtI
I

nomsw

f
HFr

rmsHFr

nomsw

421.1

2

1

_

2

1

0
_

2

__

_







Equation 87

The ripple current frequency coefficient could be found in capacitor’s datasheet. The frequency
coefficient table abstracted from datasheet is shown in Table 3.

Table 3 Ripple Current Frequency Coefficient Table of Rubycon ZLJ Series Electrolytic Capacitor
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So according to Table 3, for a capacitance of “ F348 ” we have 55.0100  and 94.0HF . Take

all the value into Equation 83 we could have AI rmseffectr 511.1__  . According to datasheet, with

consideration of board dimension, we could select the F330 capacitor with dimension of “

mmmmLD 355.12  ”. Its maximum ESR at 100kHz at -10°C is 11.0 . The output effective

RMS ripple current is then nearly only half of the ripple current limit specified in the datasheet. This
ripple current margin is required for a long life design.

When we take F330 back into Equation 78, we have VU pprippleo 545.0__  .

To ensure the output voltage ripple to be inside the range of limit and also to filter the conducted
noise, an extra “LC” filter is connected after the output capacitor. It builds up a voltage divider for the
high frequency ripple, which is also the main ripple at output. To ensure a high efficiency, a small HF

inductor is normally used here. If we have HL filtero 7.4_  and want to suppress the output

voltage ripple to be
10

1
of the ripple on “ outC ”, we would have following equation:

  9

1

22

22

1

22

__

2

2

__

____

__
















 RSLf

ESR
Cf

UU

U

filteronomsw

cfilter

filteronomsw

ppripplefilterpprippleo

ppripplefilter




Equation 88

“RS” is the series resistance of the filter inductor. It could be neglected here. Also for
2

__22

1









 filteronomsw Cf
, in double half-bridge switching frequency range, it could be

neglected. “ filteroC _ ” is the output filter capacitor. The simplified equation of Equation 88 is as

following:

9

1

22 ______

__





 filteronomsw

cfilter

ppripplefilterpprippleo

ppripplefilter

Lf

ESR

UU

U


Equation 89

So we could have the calculation result:  3.0cfilterESR . According to Rubycon ZLJ series

datasheet, we selected F100 as filteroC _ .

For EMI optimization, if necessary, the value of “ filteroL _ ” and “ filteroC _ ” could be adjusted.
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5.2.9 Design of Regulation Loop (RFM)

In our reference design, like most of galvanic isolated circuits, we use Opto-coupler and AZ431 (the
same function as TL431) to build up the feedback loop and the Error Amplifier.

From Chapter 5.2.3 we know that the maximum current flowing through the output of the opto-coupler
“OT1”  when using R23 = 9.1kΩ (calculated via Equation 69 in Chapter 5.2.3): 

A
k

VV

R

VV
I optoCEtypRFM

oOT 247
1.9

25.05.2

23

__

max__1 






 Equation 90

Because the “CRT” of VOL617-3T is from 100% to 200%, the maximum needed current at primary

side of the opto-coupler is AI pOT 250max__1  .

The voltage reference AZ431 needs about 1mA as minimum current for regulation. So the current

flowing through “ 45R ” should be not smaller than 1.25mA.

Because the maximum allowed cathode voltage of AZ431 is V40 < VU out 54 , to protect AZ431 a “

V1.9 ” Zener-diode is used to be connected from “ 45R ” to GND. Let’s reserve a current of A250 for

Zener-diode voltage clamping using. Then the total current flowing through “ 45R ” is mA5.1 . “ 45R ”

could be calculated as:










 k

µAµAmA

VV

III

VV
R

DoptoKA

DOUT 30
2502500.1

1.954

16min

16
45 Equation 91

The supply resistor of the TL431 reference diode we calculate as followed:

 700
0.1

7.0

min

431
46

mA

V

I

V
R

KA

FTL Equation 91a

Choose the next lower value of: R46 = 680Ω 
The reference voltage of AZ431 is 2.5V. To regulate the output voltage at 54V, we set the voltage

divider, which consists of “ 50R ” parallel to “ 53R ” and “ 52R ” shown in the schematic. According to

equation 92 we define at first the value of R50 // R53 to 6.2kΩ and recalculate R52:

 k
V

V
k

V

V
RR

REFTel

OUT 127
5.2

54
*2.6*

431

53//5052 Equation 92

The low side resistance of the voltage divider is separated to two in parallel connected resistors to set
the voltage divider more precisely.

Normally to achieve a high efficiency design, we need to set the voltage divider resistance as high as

possible. But in reality, the current “ refI ” flowing into REF pin of the AZ431 has influence on the

output voltage and it also varies with changing of the ambient temperature. The real output voltage
equation could be written as following:
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The larger “ 52R ” is the larger influence of “ refI ” on the output voltage. So the voltage divider

resistance could not be set too large. In our reference design, we selected  kR 12752 ,

 kR 5.750 and  kR 3453 in the end.

For error signal compensation network, we used “PIDT1” circuit, which provides us large freedom to
optimise the system performance.

The target for setting the negative feedback compensation network is to achieve a stable system and
a fast enough time response to input and output change. But normally these two targets conflicts with
each other.

A negative feedback loop already provides -180° phase shift without compensation network. To avoid
system self-resonant and to achieve a stable working system, the additional compensation network
phase shift should be smaller than -180° before system loop Gain reaches one. “180°+ phase shift of
compensation network” could be defined as phase margin. To achieve high system stability, large
phase margin of the feedback loop should be ensured. But in the other side large phase margin slows
down the time response. 60° is normally considered to be the optimum value for phase margin.

To choose the most suitable parameters for compensation network, at first a system modeling without
feedback loop needs to be done to get the system transfer function. Then the Bod Plot for Amplitude
and Phase need to be plotted. According to the Bod Plot, a suitable compensation network with
suitable Bod Plot form could be defined base on the above descript criteria. In the end, the
parameters still need to be tested and adjusted after real testing. For detailed info regarding system
modeling and compensation network setting could refer to [7] and [8].
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6 VCC Supply Circuit Design

6.1 Fast Start-Up VCC Circuit using Hysteresis

6.1.1 Fast Start-Up (VCC)

For LED application, a total system Start-Up time from AC-plug-in to output light is required to be
shorter than 500ms. As our reference design could be applied as front stage converter for system bus
voltage suppling, the Start-Up time from AC-plug-in to output voltage reaching 54V is required to be
shorter than 200ms. With consideration of high efficiency, a fast Start-Up circuit, which could be
disabled after system starting, is then required.

Look into Schematic in Chapter 3.1, the fast Start-Up circuit consists of “ 7R ”, “ 8R ”, “ 18R ”, “ 9Q ”, “ 40R ”,

“ 47R ”, “ 4D ”, “ 48R ”, “ 10Q ”, “ 5D ” and “ 44R ”.

“ 9Q ” is 600V depletion MOS BSP135. It is normally on at zero Gate-Source voltage. The minimum

Gate-Source threshold voltage of “ 9Q ” is VV thGS 1.2min_)(  .

The fast Start-Up principle is that when AC input is plugged in the VCC capacitors “ 18C ” and “ 7C ”

begins to be charged by a maximum current flowing through “ 9Q ” limited by “ 40R ”. This current could

be set relative large so that the VCC capacitors could be charged very quickly. When the voltage on
VCC capacitor reaches IC turn-on threshold, IC begins to operate. The VCC voltage will then start to

be supplied by LLC transformer auxiliary winding “ 2/2T ” through “ 12D ”, “ 42R ” and the linear

regulator consisting of “ 1R ”, “ 3D ”, “ 1Q ” and “ 10D ”. As long as the voltage on the capacitor “ 3C ” before

the linear regulator reaches the voltage level (set by “ 44R ” and “ 5D ”, by reaching this voltage, it

should be considered as successfully building up of VCC supplying via self-biasing through

transformer auxiliary winding.) for turning-on of “ 10Q ”, the Gate voltage of “ 9Q ” is pulled low by “ 10Q ”

via “ 48R ”. The Gate-Source voltage of “ 9Q ” is then reverse-biased, which is resulted by voltage divider

“ 47R ” and “ 48R ”. “ 9Q ” is then turned off and this fast Start-Up circuit is automatically disabled.

“ 7R ”, “ 8R ” and “ 18R ” limit the VCC-start-up inrush current. According to BSP135 datasheet, the

allowed power dissipation at CTa  100 is about 0.7W. If take dsonR at CTj  150 into calculation,

we could calculate the maximum allowed continuous Drain-Source current as following:

mA
W

R

P
I

CDAON

DisBsp

Qd 71
138

7.0

150

135

9max__ 





Equation 93

The maximum input voltage is 305VAC for our reference design. So the maximum allowed total

resistance of “ 7R ”, “ 8R ” and “ 18R ” could be calculated as following:




 k
mA

V
R vccsutotal 07.6

71

2305
_ Equation 94
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So we set  kRRR 2.21887 to reserve about 10% margin. The absolute maximum drain

current flowing through “ 9Q ” is then limited at

mA
k

V
I Qd 65

6.6

2305
9max__ 




 Equation 95

To utilize the maximum allowed drain current range to achieve a maximum charging current, we could

set “ 40R ” to zero. If we want to set the charging current at a certain level, “ 40R ” could also be

calculated according to following equation:

 32
65

1.2

9_

min_)(

40
mA

V

I

V
R

Qd

thGS
Equation 96

“ 4D ” is used to clamp the VCC voltage at Start-Up phase. According to ICL5101 datasheet, the

absolute allowed maximum VCC voltage is 18V. So for “ 4D ” 15V Zener Diode is selected. So at Start-

Up, in worst case VCC voltage is clamped at VVV 1.171.215  .

“ 47R ” is used here to build a negative Gate-Source voltage when there is current flowing via “ 47R ” to

“ 4D ”. With consideration of efficiency, “ 47R ” should be set as large as possible. But to ensure “ 4D ” to

have enough current for voltage clamping, some hundreds of approximately 200 A current would be

preferred.

 k
µA

V

I

V
R

D

thGS
5.10

200

1.2

4

min_)(

47 Equation 96a

In the end “ 47R ” is set at k10 , which results in a maximum current of about A
k

V
210

10

1.2




flowing through “ 4D ”.

To reduce the power dissipation when “ 10Q ” is turned on, “ 48R ” is used here together with “ 47R ” in

series to reduce the current flowing through “ 10Q ”. At the meantime, the voltage divider built from “ 48R

” and “ 47R ” should ensure the Gate-Source voltage to be larger than min_)(thGSV when “ 10Q ” is on. So “

48R ” could also be set at k10 . The Gate-Source voltage is then reverse-biased at half-VCC voltage

which is larger enough to turn off “ 9Q ”.

According to datasheet the maximum VCC turn-off threshold is 11V. As long as the voltage at “VSS”

in the schematic is larger than “11V+Forward voltage of 10D + BEV of 1Q ”, we could assume that the

VCC supplying from transformer auxiliary winding is successfully built up and the Start-Up circuit

could be disabled. To take a safety margin, we selected 13V Zener Diode for “ 5D ”. So when the

“VSS” voltage reaches about 13.6V, the Start-Up circuit is turned off.

A linear voltage regulator is required from “VSS” to “VCC”, because the voltage supplied from
transformer auxiliary winding varies a lot when output power changes. The absolute maximum

allowed voltage for VCC is only 18V. So we choose 16V Zener Diode for “ 3D ” to clamp the maximum

VCC voltage during running at “16V-0.6V-0.6V=14.8V”.
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6.1.2 VCC Chip Supply Voltage Hysteresis

ICL5101 can latch up the IC when some main failures are detected. But for our reference design, we
want always to have Auto-Restart after failure detection. So we need to make the VCC voltage to be
able to drop under UVLO level. To achieve this target we need a Hysteresis to reactivate the Start-Up
circuit when VCC is under UVLO level.

For this, “ 85R ”, “ 9D ”, “ 12Q ”, “ 13D ”, “ 49R ”, “ 9R ” and “ 6C ” are used to build the hysteresis circuit.

We detect VCC voltage directly as trigger signal for turning-on “ 9Q ” again. After “VSS” voltage

reaches the threshold to turn on “ 10Q ”, “ 12Q ” is then also turned on by VCC via “ 85R ”, “ 9D ”, “ 13D ” and “

49R ” through “ 10Q ”. Then if failure happens and half-bridge stops, “VSS” will not be supplied anymore

and drops below the threshold again, “ 5D ” will also not conduct anymore. But “ 10Q ” stays on through

the path built by “ 12Q ”, “ 9D ” and “ 85R ” supplied by VCC. Only when the VCC voltage drops below the

threshold set by “ 10_4913_12_9_85 QceRDFQbeDzR VVVVVV  ”, “ 12Q ” is turned off. Then “ 10Q ”

will be also turned off and “ 9Q ” is turned on again. Fast Start-Up circuit is activated again. When “

10_4913_12_9_85 QceRDFQbeDzR VVVVVV  ” is set lower than VCC UVLO level, an expected

hysteresis is achieved for turning on and off Start-Up circuit.

Note: “ 85RV ”: voltage drop on 85R ;

“ 9_ DzV ”: Zener clamping voltage of 9D ;

“ 12_ QbeV ”: Base-Emitter voltage of 12Q ;

“ 13_ DFV ”: Forward voltage of 15D ;

“ 49RV ”: voltage drop on 49R ;

“ 10_ QceV ”: Collector-Emitter voltage of 10Q ;

The lowest VCC UVLO threshold is 10V according to datasheet. Assuming VV Qbe 6.012_  ,

VV DF 6.013_  and VV Qce 3.010_  , we could set VV Dz 2.89_  . The Start-Up circuit restart

threshold is then set below VCC UVLO.
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6.2 VCC Chip Supply Voltage in RUN Mode (VCC)

In Run-Mode the VCC voltage is supplied by LLC transformer auxiliary winding through a linear
voltage regulator circuit as descript in Chapter 6.1.1.

The output voltage reflects to auxiliary winding divided by turn ratio
aux

s
aux

N

N
n  .

Note: “ sN ”: half of total secondary winding number;

“ auxN ”: auxiliary winding number

To achieve a short Start-Up time the turn ratio should be hold as small as possible. But with
consideration of high efficiency, the turn ratio should not be too small. In our circuit we have already a

fast Start-Up circuit. So after testing we set auxn at around 2.5, which make the reflected voltage on

auxiliary winding at around 20V.

6.3 High Side Supply Voltage (HVCC / HVGND)

High Side MOSFET at half-bridge has floating GND, which is the middle point of the half-bridge and

its voltage varies between “ busU ” and GND. To drive the High-Side MOSFET the ICL5101 has HSGD

(High-Side Gate Driver) Pin which is supplied by HSVCC (High-Side VCC) Pin internally.

To supply the HSVCC an external boot strap circuit could be used. It consists of “ 11D ”, “ 28R ” and “ 14C
”.

“ 14C ” is connected between HSVCC Pin and HSGND Pin as HSVCC capacitor which is charged

through “ 11D ” and “ 28R ” by VCC when half-bridge low side MOSFET is turned on. As the energy is

only used to drive High-Side MOSFET, normally 100nF capacitor is enough.

When High-Side MOSFET is turned on HSGND voltage is equal to “ busU ”. A 600V Ultra-Fast Diode is

need for “ 11D ”. As the required energy is small, 1A is enough. MURS160 is used in our reference

design.

“ 28R ” is used here to limit the peak charging current also to prevent miss triggering of half-bridge over

current at LSCS Pin at the moment half-bridge low side MOSFET is switched on. 10 resistor is
used in our reference design.
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7 Output Over Voltage Protection

7.1 Output Over Voltage Protection using IC (OVP PIN 12)

As descript in Chapter 6.2 the voltage on LLC transformer auxiliary winding reflects the output voltage

divided by turn ratio
aux

s
aux

N

N
n  . So we could detect the output over Voltage at primary side by

monitoring the voltage on the auxiliary winding using IC OVP Pin.

To achieve an effective OVP function and to ensure the safety of the system, the minimum detection
threshold of the OVP Pin needs to be taken as the OVP detection threshold. According to Datasheet,

the minimum AC OVP current threshold AI ovp 186min_  , it is a Peak to Peak value. During design

we will take the peak value for components value calculation.

So the first equation could be written as following:

29

min__

2 R

VI

R

VV ovpovp

ovp

ovpovpaux



Equation 97

Note: “ ovpauxV _ ”: Reflected voltage of output over voltage level at auxiliary winding;

“ ovpV ”: Voltage on OVP Pin when OVP is detected;

“ ovpR ”: Sum of “ 33R ” and “ 37R ”;

Because the IC checks at every Start-Up the present of a A12 current flowing into OVP Pin and

without this current OVP would be triggered, OVP Pin should be disabled at Start-Up phase. To
deactivate the OVP Pin at Start-Up phase the voltage on OVP Pin should be kept below the minimum

voltage on OVP Pin for enabling OVP monitoring, min_ovpEnableV , which is 350mV listed in datasheet.

The maximum current flowing out of OVP Pin at Start-Up phase is AI ovpsource 5max_  . Based on

this, the second equation could be written as following:

max_

29

29

min_

ovpsource

ovp

ovp

ovpEnable I

RR

RR

V





Equation 98

There is an internal series resistor of about 5kΩ to an internal voltage source of about 600mV at the 
OVP Pin (not specified in the datasheet). So at the moment OVP is detected, the voltage on OVP Pin
could be calculated as following:

VmVk
I

V ovp

ovp 06.16005
2

min_
 Equation 99

So “ ovpR ” and “ 29R ” could be calculated from Equation 97 and Equation 98. The real “ 29R ” value

should be chosen to be smaller than calculated value to make sure the OVP Pin is deactivated during
Start-Up phase.
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Take our reference design as calculation example:

The output OVP level is set at VV ovpout 58_  and the turn ratio of the secondary to aux winding is

13:5, ovpauxV _ could be calculated as:

VVV

n
VV

ovpaux

aux

ovpoutovpaux

31.22
13

5
*58

1
*

_

__





Equation 99a

So according to Equation 97 and Equation 98 we could have following two equations:

29

06.1

2

18606.13.22

R

VA

R

VV

ovp


 

and A

RR

RR

mV

ovp

ovp

5
350

29

29







So as a result we achieve:









 k

mA

µAVµA

V

mA

µAVI

V
R

ovpovp

ovpaux

ovp 2.206

350

5*06.1

2

186

3.22

350

5*

2

min_

_
Equation 99b

and set the calculated ROVP in:











 k

µA

mV
k

k
µA

mV

RR

RR
R

gesovp

OVPges
106

5

350
2.206

2.206
5

350

29 Equation 99c

In reality “ 29R ” could be set at k100 , and  k
R

RR ovp 103
2

3733 .

The theoretical calculation provides only a basic reference for OVP setting. For choosing practical
OVP resistance in the real circuit, it should be fine-tuned, because of the coupling effect of the
transformer. Note: to disable OVP set PIN 12 to IC GND.

Figure 24 PIN Setup showing the Components in red
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7.2 Output Over Voltage Protection using external Circuit (RFM)

With IC OVP Pin, Over Voltage Protection could be achieved at primary side. It saves cost and board
area. But because of transformer coupling effect, the protection could not be set very precisely.

With request of a precise output Over Voltage Protection, an external OVP circuit with Hysteresis

could be applied. In the schematic, “ 27R ”, “ 54R ”, “ 59R ”, “ 6Q ”, “ 55R ”, “ 27C ”, “ 6U ”, “ 8D ”, “ 57R ”, “ 58R ”, “

56R ”, “ 4Q ”, “ 78R ”, “ 60R ”, “ 2Q ”, “ 30R ” and “ 2OT ” build together this external OVP circuit with Hysteresis.

“ 6U ” AZ431 is used here as voltage reference. When the “ outU ” is still under “ ovpV ”, the voltage built

by voltage divider (consist of “ 27R ”, “ 54R ” and “ 59R ”) on reference Pin of AZ431 is lower than internal

2.5V reference voltage. Then the cathode voltage of AZ431 is high, which is clamped by Zener Diode

“ 8D ” at 15V. “ 4Q ” and “ 6Q ” are turned on by the voltage divider “ 57R ” and “ 58R ”. With “on” status of “

6Q ”, “ 59R ” is paralleled to “ 54R ”. This builds a low resistance for the low side of the voltage divider.

With “on” status of “ 4Q ”, Base voltage of “ 2Q ” is pulled down so that “ 2Q ” is turned off and the opto-

coupler is in OFF mode. So that “ 11Q ” could stay “on” because its Base is supplied by VCC through “

22R ”. System could normally work.

When “ outU ” becomes to “ ovpV ”, the voltage on reference Pin of AZ431 reaches 2.5V. The cathode

voltage of AZ431 is then also drops to nearly 2.5V. The Gate voltage of “ 4Q ” and “ 6Q ” become low so

that “ 4Q ” and “ 6Q ” are turned off. At the moment “ 6Q ” is turned off, “ 59R ” is decoupled from “ 54R ”. The

low side resistance of the voltage divider is then enlarged. So that to reduce the reference voltage to

be lower than 2.5V again a lower “ outU ” is required. With this method, a Hysteresis is achieved. At the

moment “ 4Q ” is turned off Base voltage of “ 2Q ” is pulled high by voltage divider built from “ 56R ”, “ 78R ”

and “ 60R ”. Then “ 2Q ” is turned on and “ 2OT ” conducted. Then at the primary side of “ 2OT ” the Base

of “ 11Q ” is pulled low and “ 11Q ” is turned off. The path from OTP Pin to GND is cut off. This results an

infinite large resistance between OTP Pin and GND Pin. In normal operation, there is a current
flowing out of OTP Pin. The voltage on OTP Pin then rises. As long as the voltage on OTP Pin
reaches over 3.2V for longer than s620 , system is stopped. Restart of the system could be

triggered by “ outU ” dropping below the OVP hysteresis level or VCC dropping below UVLO level.

In our reference design, external OVP circuit is used and OVP Pin is set through “ 19R ” to GND.
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8 Over Temperature Protection (OTP)
The OTP function for ICL5101 could be realized via OTP Pin. In Run-Mode when the voltage on OTP
Pin 13 is exceeding 3.2V for longer than s620 the system will be stopped. During Start-Up when

UVLO or VVCCV 1.145.10  the OTP threshold is at 1.6V.

A resistor “ 25R ” and two PTCs are connected in series between OTP Pin 13 and GND in order to

achieve the temperature monitoring and protection. PTCs could be put anywhere on the board to
measure the temperature of the wished area – the detection of the hot spot is flexible.

To calculate the value for “ 25R ” and PTCs we need to consider the high temperature and low

temperature condition. Also we need to consider the different thresholds for Start-Up phase and Run-
Mode. Target is to avoid miss triggering of OTP at room temperature and to achieve correct triggering
of OTP at high temperature.

At room temperature, the worst case happens in Start-Up phase. The maximum OTP current

AI OTP 6.263  and the minimum OTP threshold voltage is VVOTP 546.11  are considered. The

value of PTC could be neglected in the calculation, only few ohms at room temperature. Then we
have following Equation:







 k
A

VV

I

VV
R

OTP

QceOTP
84.46

6.26

3.0546.1

3

11_1

25


Equation 100

“ 11_ QceV ” is the collector-emitter voltage of “ 11Q ”. In the end we selected  KR 4725 .

When the temperature reaches the OTP level in Run-Mode, the maximum OTP current is still

AI OTP 6.263  . The typical OTP threshold voltage changes to VVOTP 2.33  . So we could calculate

the total resistance “ OTPR ” between OTP Pin and GND as following:







 k
A

VV

I

VV
R

OTP

QceOTP

OTP 109
6.26

3.02.3

3

11_3


Equation 101

The resistance of each PTC at the wished protection temperature should be:

 kkkRRRR OTP 6247109257762 Equation 101a

In our reference design, we split our PTC resistance in two serial R62 and R77:




 k
k

RR 31
2

62
7762
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We choose for temperature limitation at the absolute hot spot on our PCB: 115°C. So in the end we
selected “B59701A0100A062” from EPCOS.

Note:
C11 is a filter capacitor and has a fixed value of 22nF / 50V

Figure 25 PIN Setup showing the Components in red
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