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using ICL5101

Design Guide

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.
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Introduction

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 VV Power Supply

Design Guide 3 Revision 1.1,2015-11-06
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ICL5101 Pin configuration

2.1

ICL5101 Pin configuration

Package: PG-DSO-16

LSGD | 1 () 16 |~ HSGD
LSCS c| 2 15 [=0 HSVCC
VCC | 3 5 14 | HSGND
GND |4 [ 13 |Fo OTP
PFCGD | s E') 12 [[Fo OVP
PFCCS | 6 - 11 |9 n.c.
PFCZCD ——| 7 10 | n.c.
PFCVS | 8 9 |0 RFM

PG-DS0-16 (150mil)

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
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3 110W/54V Reference Design Brief Information

3.1 110W/54V reference design schematic

Figure 3 Reference design schematic
Design Guide 5 Revision 1.1,2015-11-06
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3.2 110W/54V Reference Design Brief Specification
Items symbol Min Typ Max | Units Remark
AC Input Voltage U, 85 110/230 | 305 Vac
DC Output Voltage U, 54 Voc
DC Output Current I out _nom 2037 mA
Max Output Current | out_max 2570 mA
Resonant Frequency f, 55 kHz
Line Input Frequency e 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 n 94 % @Pout=110W, 230VAC input
Operation Ambient Temperature T, -40 50 80 C
Maximum comp. case temperature | I, 105 C
Life Time t 50,000 hours

Table 2 Design Specification

Design Guide

Revision 1.1, 2015-11-06
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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 7 Revision 1.1,2015-11-06



-
Design Guide Line for PFC & LLC Converter using ICL5101 @:i neon
//

PFC Stage Design Guide

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 U(¢) as input voltage after bridge rectifier and U as peak value of U/(t) , we could have
Ut) = ﬁ|sin(wt)| Equation 1

Define L,,, as PFC inductor, i(t) as inductor current, 7(¢t) as inductor current peak envelope and
t,, as MOSFET “On Time”, we could have

on

di(t) I(t)
Ut) =1L, e —==1,. e Equation 2
PRC dJi PRC ‘ q
Insert equation 1 into equation 2, we get:
t ol .
I(t) = - |sm(wt)| Equation 3

PFC

According to Equation 3, if ¢, is set to constant under a pre-set AC input voltage, I(¢) follows input
voltage waveform automatically.

Define I as peak value of 7(¢), P, as input power, we have

I

:EH[}\/E.\/E.2:40APM _ty ol Equation 4

4eP, oLy

on = TR

According to equation 5, ¢, depends on P, and U . ICL5101 regulates ¢, to different value under
different power and input voltage conditions to achieve a gut PF and a stable bus voltage.

Equation 5

Design Guide 8 Revision 1.1,2015-11-06
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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 Uﬁm as peak value of input voltage, U,,, as PFC output voltage, f,,, as PFC switching

bus
frequency, P,,. as PFC output power and n as efficiency. Then we have following equation for PFC
inductor:

Ljin2 * (U bus — Ljin) * n

* * *
4 I:)PFC Ubus fPFC

Lore = Equation 6

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

- Lprc_vinmin @ VDcIN_min See Equation 6.a

- Lprc_vinmax @ VDCIN_max See Equation 6.b

- LpPrc_tonmax @ toN_max See Equation 8

Upemmin. ¥ U =Y peimmin) * .
Lore vinmin = —22mmn Uins =Y ocnmn) ™7 In respect to Equation 6 Equation 6a
— * * *
A% Poe * Uy ™ Forc
U ¥ (U —U * . .
Lorc vinma = —2inmex Ui ~Upanm) *1 In respect to Equation 6 Equation 6b
- 4% Pore *Upye ™ forc

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

_ ljin2 * (Ubus _Uin)* n

PFC — 4 * -
4* By *U Lprc

Equation 7

bus

Equation 7 is a cubic equation of Uﬁm. With fixed U, ., Ny Ppe @nd Ly, , the minimum switching

frequency 1, ,;, could happen at peak value of maximum input voltage U. or at peak value of

in _ max
minimum input voltage U. Toensure fp,. 5, > 25kHz, L, should be smaller than the inductor

in _min*

and [74

in _min

value calculated with U when set £, =25 kHz.

in _ max

Design Guide 9 Revision 1.1,2015-11-06
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Because ICL5101 has a limited maximum PFC Gate Signal On-Time tocoy = 24 US (see

datasheet ICL5101 chapter 3.4.4), it should also be considered that at ﬁin,min

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

within toecoy e the

2% %
L _ Uin_min 77 tPFCON_max .
PFC_tonmax — % Equation 8
4% Porc

In the end the real L,,. 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 ¢, 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,
U =85/ e \/5 = 120. 21V and U, =305V e \/5 = 431. 34V .

in _min in _ max

In this design we choose U, . = 450/ > Uﬁjnfmax. As system efficiency requirement is 94% at full load

and 230Vac input, we could have

— L10W = 117. 020 = Lorc , at 110W output power and 230Vac input voltage.

" 94% Mpre

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

situation. TakepP, = 117.02F,

and U

in _max

could use the above P, for both U

U = 120.2V and U, = 431. 34/ into equation 6 and to ensure minimum switching

in _min in _ max

frequency to be larger than 25 kHz, 1. is set to 28 kHz, then we could have:

L _ 120.2v2* (450v —120.2V) * 0.94
PFC _Vinmin 4*110W * 450V * 28kHz

Ly =808pH, at U, = 120.2W ;

=808uH Calculation via Equation 6a

in _min

L _ 431.3V2* (450V - 431.3V)* 0.94
PRC _Vinmax 4*110W * 450V * 28kHz
Ly =588.8uH, atl,, .. = 43134V .

in _ max

=588.8uH Calculation via Equation 6b

According to equation 8 and torcoy e = 24HS, We could have

120.2V%* 0.94* 24ps
Lerc prcon max = 4*110W

Lyye =T40.90H, at torcon ma = 241S and U, i, =12020V .

=740.9uH Calculation via Equation 8

Design Guide 10 Revision 1.1,2015-11-06
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So the practical L,,. should be smaller than 588.8uH, for the reference design we choose L,
=580pH and a frequency of frrc @ nominal Line Input Voltage of 230V of 108kHz:

| 325V2* (450V —325V)* 0.94

PFc = =108kHz Calculated via Equation 7
4* 110W * 450V * 580uH

Calculation of the maximum PFC peak current fw at U

in _min*

Maximum Input Current liNmax:

I iNmax = it __Uw =1.39A Equation 9
Ui, min * PowerFactor 85V *99%

Maximum PFC Peak Current IPFcPeak:

fPFCPeak =l iymax - V2* 2=1.39A% J2*2=39A Equation 9a

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

L . Should be at least

lprc o >1. 101 =1.1%3.9A=4.29A Equation 9b

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

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

A =K1*Gap K2 =125*1.5mm°*™ =93,66nH Equation 9c

Npee = Leee _ [S80HH =78,69Turns Equation 9d
A 93,66n

Nprc = 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 = 95mm?2

_ Bua® Ay, _ 340MT e95mTP _ o\ Equation 9e

I
PFCChokeSat max Ai ° Np,:c 9366nH ° 79

IPFC_max < IPFCChokeSatmax = 4.29A < 4.37A - ok

Design Guide 11 Revision 1.1,2015-11-06
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The practical 7,, , 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 N,,. as turns of PFC inductor main winding and N ,, as turns of
auxiliary winding. We should ensure the turn ratio

NPFC < Ubus _Uin_max _ 450\/ —431,3

Npre = =11.7 Equation 10
T Ny 16V 16V ?
N
N, =—2< = 7 _ 6.75 Equation 10a
n,. 117
Nzcp =7

N
So in 110W/54V reference design —*“ should be smaller than 11.7. But to avoid high voltage on
ZCD

N PFC

auxiliary winding, we could select the closest integer larger than as the turn number of the

auxiliary winding.

Design Guide 12 Revision 1.1,2015-11-06
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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 -8mA <I1,., < 3mA. A resistor ®,, is required to limit the
current flowing through PFCZCD Pin. Define U, ,, as the voltage on PFC inductor auxiliary
winding.

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

Uerc ans = U —ljin_min )e % = (450V -120,2V) o 719 =29.2V Equation 11

PFC

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

Upee a. = _Uin max @ h = _431,2'1 =-38.V Equation 12
- - Nprc 79

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 & ,,, selection:

> U PFC_aux+ -4V . 2.V -4V

R 2 Y =8.4kQ) Equation 13
-V -uU 1V — (-

R Z| PFC _anx- =| V-( 38'2V)| =12.4kQ Equation 14
| -3mA | | -3mA |

The PFCZCD Pin has a THD correction function, which extends the pulse width of PFC Gate signal
according to detected [ ., . 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
Design Guide 13 Revision 1.1,2015-11-06
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So R,, plays an important role for optimising the THD. The first value of £,, can be calculated
according to equation 15. A good practical value is given by a current < 1.5mA. For our example we

; NPFC 79
use 800pA. In 110W/54V reference design, —— = — and VBus = 450V

ZCD

N
&.Ubus l.450\/

Ryeo = Noe =19 =49.8kQ Equation 15
800pA 800pA

This is recommended by datasheet. The good practical ?,, 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 Rzcb resistance which should be
above 12.4kQ (R,, > 12.4kQ). According to equation 15, the first value could be chosen as

R, = 49.8kQ . 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® ,,, = 51. 1kQ. Figure
6 shows the calculated components from chapter 4.2.1 and 4.2.2 in red.

VBus
LS MOSFET
1 QLSGD HSGD 16 | —T7——
o [ﬁ—\—::
% 2 LSCS HSVCC 15 :DTE

! - - ‘_l_, _T:CI: 3vce HSGND 14

}ﬂq 4 GND OoTP 13 I—ﬁ
5 PFCGD OVP 12 Vcee S
:D?:F 2
6 PFCCS na 11 |[—TH ( ]
Rzcp
Lerczco—{—TC T || 7 PFCZCD na. 10 |13
T 1| 8 PFCVS RFM 9

ﬁ PG-DSO-16 (150mil)

HS MOSFET

PFC MOSFET

ICL5101

VBus

Figure 6 PIN Setup showing the calculated Components in red

Design Guide 14 Revision 1.1,2015-11-06
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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

Viscesorr min = 0-99V . See datasheet chapter 3.4.1. The shunt resistor should be chosen to allow

the maximum inductor peak current fw . We have following criterion:
V

R PFCCSOFF _ min
PFCCS  — ]’?
PFC

Equation 16

But in the other side R, should also not be too small, because it should limit the peak current to be
smaller than the inductor saturation current:

4

PFCCSOFF _ max

Rppees > 7 Equation 17

PFC _ sat

Vircesorr max = 1 09V is the maximum value of the turn-off threshold of PFCCS Pin.

Selection of the practical value of X, 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 currentat /,,. ., = 64 and set
the input current limitation for 130W. So

1 _ 4* I:)PFC_max _ 4* 130‘/\/

lppe =——= = =4.33A Equation 17a
Uin_min 85VAC|N * \/E

According to Equation 16:

4

precsorr_win - 0-9V g 000y
7 1. 334

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

In practical we separate K, to 4 parallel connected

RPFCCS

R, =R, =1Q and Ry, = R,, = 0.82Q

Vaus
HS MOSFET

LS MOSFET

1 OLSGD HSGD 16 | —T3—
2 Lscs HsvCe 15 :DI
3vce HSGND 14 :Dl
4 GND oTP 13 :D—ﬁl_'
5 PFCGD ovp 12 vee [
:D—Q—«:k ol
na 11 |—TH m

7 PFCZCD na 10 |3
8 PFCVS RFM 9

PG-DSO-16 (150mil)

ICL5101

6 PFCCS

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 ® ., following brief theoretical calculation for MOSFET power loss could be taken

as reference for the first selection. The practical ®,,, 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 “”
and RMS value of “U ;™

line

t
e | floor . - |+ Equation 18
201

U, iU )=\/50U esini2 e e f

line

in _ rms in _ rms

line

2071

Note: “floor ()" is the round down equation to next possible integer.

1
“T,. 7= , is the line frequency cycle.

line

line

The PFC Inductor peak current envelope could be expressed as:

2 2epP T,.
)=wosin 207 0f floor t OZJME_
e ]

line
T’PFC i anirms T]jne

207

Ipeak (¢, 1,U Equation 19

in _rms
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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:

o .t 1i,U
-U, (@t 1,U
The time from zero inductor current to MOSFET is turned on again could be expressed as:

infrms)

‘ ) — LPFC
in _ rms U

o, 1, U Equation 20

bus in _ rms )

resonance E b 2 o e LPFC i Coss Equation 21
Note: “C .. " is the MOSFET output capacitance which could be read from datasheet.
The total switching cycle could be expressed as:
tsw (t’ j’ an 7rms) = ton + tofz" (t’ j’ Uin _ rms> + tresonance 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 —2*— e n" . The conduction energy loss could then be
e ]

expressed as:

2
line .
ton Ipeak 2 ° l e, anfrms)
° \/_ ® RDSon
tsw( ]1”5‘. e 1, Um rms‘> 3
i 21 ;
Ecyc]efcon = Z r B Equation 23
" T]jne
T , e
ot (- en,i,U, . )e floor 2e1i
T2 e ] - T, '
Zssw ie- ® 1, Ul'n rms
2817 -

The conduction power loss is then:

o2 e f

line

P

loss _MOS con — E Equation 24

cycle _ con
Note: The R, 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 R, 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:
1 ( line . )
5 * Ipeak ﬁ *nl, Uinirms * Ubus b ttroff
5 x T, :
cycle _sw z ie_ Equat|0n 25
" |e floor Zef
2"—sw <£ e 1, j’ an rn)s)
2 0] -
The switching power loss is then:
P[OSSfMOSiSW = Ecycleisw d 2 i fline Equation 26

Note: “t,, .. " is the time period during turning off when MOSFET voltage and current changes. It
could not be calculated exactly because the parasitic €, and (, capacitances change with the
MOSFET V. It can only be briefly approximately calculated according to Figure 8 as following:

Coore = 1o + 1 Equation 27

VD5

VES
VPLATE
VTH “,

Figure 8 PFC MOSFET Turn OFF Procedure

— QGD * (Rg_off + Rg_int)
\/ Vi

g_plate

T Equation 28

T, = (R + Ry ) * G ¥ Il 2 Fquation 2

g_ plate

Note: “@.,” is the Gate-Drain charge of MOSFET at Drain Source voltage at 200V sees MOSFET DS
“V, e = VPlateau is the Gate plateau voltage see MOSFET DS

“R, ., "isthe internal gate resistance of MOSFET see MOSFET DS.

“R, " is external set Gate resistance for turning off loop see MOSFET DS

“V.+ " = VPFCGDASD turning off loop see DS of ICL5101 Chapter 3.4.5

“C..." is MOSFET input capacitance at 400V drain source voltage see MOSFET DS

“V,," = Ves(hyyp is the MOSFET Gate threshold voltage see MOSFET DS
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T, . .
When 2an(% en i,U, ,..)—U,. |> 0, power loss of MOSFET output capacitor could be
e ] -
approximately calculated as following:
T]jne .
Qoss d 2an< . ® I, Uin rms> - Ubus
2 e ] -
i 2
Plossi,MOSicoss = Zn: lene o2 e fline Equation 30
e floor z2ei
tsw( lene- i H, j’ Uin rms>
2071 -

T,.
When {ZUI.H (% o n, i,U, ..)- Ubus} < 0, power loss of MOSFET output capacitor could be
® ] -

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

Gate driving loss could be approximately presented as:

T]jne
P!ossiMOSidrive = Z Qg * Ug e floor 2ei o e fline Equation 31
’ tSW (ﬂ ¢ n, j’ Uz'n rms‘)
201 -

Note: “¢_ " is Gate charge total.

“U, " 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 T

J max
at the situation of the case temperature stabilized at customer required case temperature?,.
Following equation could be applied for this limit:

* * H
Tj max 2Tc + thc (FI)0$_MOS_con + FI)0$_MOS_SW + F|)0$_MOS_C0$+ FI)OS_MOS_drive)+ Z(hjc (FI)OS_SN_Tr_max) Equatlon 32

Note: “R,, .. " is the stable junction case thermal resistance of MOSFET.

“Z.. 1s 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.

“Pc v m m 1S the maximum transient switching off loss which happens at peak of U

(minimum AC input voltage):

in _min
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1 2e2epP,
P]ossfSWﬁTrimax = d - o Ubus Equation 33

oo |

Npre ® Uinimin

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 200mA 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 Rprceb = Rs2 = 22Q).

VBus
HS MOSFET

LS MOSFET
1 QLSGD HSGD 16 |—T7+——
Vaus 0.8VRefcs
2 Lscs Hsvce 15 |3
1 ﬁ
=

‘_i_l T ]| 3vccC HSGND14 |[—T

L Lprc
cc aR
{1 || 4GND oTP 13 I—T}i—b_{
PFC MOSFET

5 PFCGD

OovP 12 :DT Vce
A
6 PFCCS na. 11

-
VBus
['H Lprcsee 31— T || 7 PFCZCD na. 10 |
Eh CT ]| 8 PFCVS RFM 9

ICL5101

PG-DSO-16 (150mil)

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 V,, .

The maximum reverse voltage V,, , should be larger than the maximum peak input voltage []\vinimax'
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 / which could be calculated

in _av _max’

according to following equation 34 and fin_max =1.39A from equation 9:
2, ¢ .
L av mex = Din e Equation 34
_av_ T N
2 *
i o mex =— F1.39A=0.89A
T T

3) Peak surge forward current [,

The bridge rectifier's peak surge forward current 7, ,, should be able to cover the practical surge
current requirement.

4) Forward voltage 1, ,,

To achieve a high efficiency, the rectifier forward voltage V. . should be as small as possible at the
nominal operating input current.

In 110W/54V reference design, a really low V, ,. bridge rectifier LLI5XB60 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

Vi pe 4. average rectified forward current 7, ... ,, peak repetitive forward current 7, .. .,

reverse breakdown voltage V, ., ,, reverse recovery time ¢t _ ,,. , are the first important
parameter to be checked.

1) Reverse breakdown voltage V. .,

The reverse breakdown voltage V, ... , should be higher than U, . In our reference design for

bus

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

2) Peak repetitive forward current 7, ... ,
The maximum peak repetitive forward current 7, ... , should be larger than peak PFC inductor

current [, .

3) Average rectified forward current 7, ... ,

The limit of the average rectified forward current 7, .. , 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 [ ,,. ., at maximum system power.

P | *U *
IPFC_out = ﬁ_max = Om‘max ot _ 2'5120\/54\/ = 0.308A Equation 35

bus bus

4) Forward voltage V,. ... .

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 t . ... ,

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 8ETLO6P 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 1, ;. -

_ P UV 252mA Equation 36

I =
MU bs* Morc 49V > 97%

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

bus _ ripple _ pp

equation for bus capacitor C, . calculation:

bus

1
Chus = U + ESR s ® 10 pre Equation 37
Qe e2ef, e looriwle
2
“ESR.,,,." is the ESR of “C, . ", 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:

Iz)ut PFC Iz)ut PFC

bus U T Qengef ol

2 o o 2 ° f bus ripple pp line bus ripple pp

line
2

Equation 38

Please note that ICL5101 has an overvoltage protection whose threshold is 109% of rate voltage.
That means the target U, ... , Must be lower than 18% of U, . 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 U
=450V, U

bus

=11.25V. According to equation 38 we have:

bus _ ripple _ pp

Cpe == 252mA = 71.3uF
2% 1 * 50Hz* 11.25V

C,,.=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.
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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

Re;, Ry, Rg, and Ry, . 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 V... = 2.5V see
Datasheet chapter 3.4.3. To achieve a 450V bus voltage, the voltage divider consisting of ®,,, R,
R,,and R ; should be configured as following:

Rerciow Vee _ Rerciow _ Viet * RPFCHigh — 2.5V * 4562k =25.5kQQ Equation 39

- - = Rorciow
Rses Vaus RPFCHigh + Rerciow Vaus = Vget 450V - 2.5V

To reduce the voltage stress on each resistor, the high side resistance of the voltage divider is
separated to three resistors K,,, £, and R ,. 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
— 1pA < I ppeyspns < 1pA illustrated in ICL5101’'s Datasheet, value of K. 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, R, =R ,=2M, R,,=562K and R, =25.5K.

LS MOSFET
1 QLSGD HSGD 16 | [T+
VBU[;] ﬁ—\ﬂ/&% 2 1sCs Hsvee 15 | =T

! 1T ]| 3vCC HSGND 14
Lv

VBus
HS MOSFET

Lerc ‘_L_I 1 Vcc

9R

|L—|:|: 4 GND OoTP 13 I—T}i—,
5 PFCGD OVP 12 Vcee L%J
A\
6 PFCCS na 11 |[—1TH [ ]

VBus
Rprchigh * Lercsee —1—{ T | 7 PFCZCD na. 10 [ RfRUN
2.5VRefprcys T—| 8 PFCVS RFM 9

Rfmin
Rerclow PG-DSO-16 (150mil)

PFC MOSFET

ICL5101

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, A ,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:

5 10°QHz .
Loy = ———— Equation 40
RRE‘II
*10°QH *10°QH
Reen = > . OOHz _ 541%“_' 2 211.96kQ2 calculated via Equation 40
Ssw_min * z

We choose a Rrrv = 12.1kQ Resistor. RrrM 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 “L "
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 “A”. “A” is the ratio of resonant inductor “L,” and transformer primary inductor

(also called “magnetizing inductor”) “L_". Different value of “A” 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 “C,”, “L,” and “L_ " according to selected resonant frequency “f,”,
Quiality Factor “Q” and inductor ratio “ A ”;

4) Calculate the minimum operation frequency and maximum operation frequency.

5) Calculate the voltage stress on “C.”, the peak current flowing through “L_ " 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:

n= Ubus i M nom_ Sel _ 450\/ .105 _
2¢(U,, +U F_Dom) 2¢(54V +0.8V)

431 Equation 41

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

nom

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 “M " is selected slightly higher than 1 but not too

nom

far away from 1. In the reference design, “ M " is selected with the value of 1.05.

nom_ Sel
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“Ur pou” is the forward voltage of output diode. To increase the efficiency, “U¢ " should be as

small as possible. For theoretical calculation before we select a concrete diode, the value of “U¢ "
could be assume as 0.8V, which could anyway not influence the calculation result so much.

The calculation result of equation 41 is n = 4. 311. 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:

n, =0.99"° en = 4.29 Equation 42
Step 2):
With effective turns ratio n, = 4. 29, we could then calculate back for “# ". The recalculated
value:
n*2*U,, +U 4.29* 2* (54V + 0.8V
M, = o +Ue) _ ( ) =1.045 Equation 42a
U 450v

bus

With consideration of bus voltage ripple and regulation accuracy, we could assume U = 460V

and U,,, ., = 443V . Then we could calculate the maximum Gain and minimum Gain at nominal
output voltage:

bus _ max

U
Mnum max e i M,w,,, = 1 061 Equation 43
- Ubus _min
Ubus‘ .
nom _ min = U—L o Mnom = 1. 022 Equat|0n 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 U = 54. 5V and the target minimum output

out _ max

voltage U = 53. 5V . Then we would have the absolute maximum Gain:

out _min

2.1]0 .(Uout max +UF) H
M., = i - =1.07 Equation 45

and the absolute minimum Gain

bus _min

M _ — 2 * ne * (Uout min
min U

+U,)

1.013 Equation 46

bus _ max
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The inductor ratio is set as 4 = 0. 09 (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:

M(fn, Ay Q) = Equation 47

A=—1 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 “# " 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% “# " 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):
Z, .
Q=E—>Zr =Q*R, Equation 48
L, .
Zr = C_ Equation 49
L =C *Q°*R? Equation 50

“Z." is the resonant impedance and “R_,” is the equivalent load resistance at primary side. To
calculate “L,” and “C.”, we need at first to calculate “R .

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:

I =T

ac 2 out b Sin(Wt) Equation 51

“I,." 1s LLC output DC current. The fundamental element of square form voltage at secondary
winding of the power transformer is:

4 . )
Uy =—oU,, ®sin(wt) Equation 52
T

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

UQCF 2 (Uout_nom+UF) 8 2

R. nom = | F on, = I * N Equation 53
ac out _nom
“I ., . isthe nominal output current.
_(54v+08v), 8

R, nom = * 4.29% = 401.3Q calculated from Equation 53

2037mA  x°

The resistance of maximum load could be calculated as:

w, .. +U,) 8 ‘
Re max - £ ¢ —- o Hez Equation 54
IOU[ max 71'2
“I, mx 1S the required maximum DC output current. With predefined U, . = 53.9 (see

Equation 46) and [ = 2.574, (Input Parameter) “R ” gets the value of about 315Q.

out _ max e _ max
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R _(835V+08Y), 8
—rom 2570mA 72

* 4.29% = 315.2Q calculated from Equation 54

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

1 1 1 .
f, = =L == 5 Equation 55
207r\/LroCr fo*4* g *C,
Using Lr from Equation 50 in Equation 55 we can calculate Cr via Equation 55a:
1
Cl? = 2% A% 2% N2 % D2
fo*4* 2" * Q™ * Ry
1 1 .
=30.62nF Equation 55a

C = =

' f,*2*r*Q* Re_max 55kHz* 2* 7 * 0.3* 315
Let's take a standard value of 33nF for (', and use Equation 55 and calculate the resonance
inductivity Lr via Equation 55b:

1 1
L = 2 2 = 2 2
fo*4*z°*C_~ 55kHz"* 4* 7°* 33nF

=253.75uH Equation 55b

With A = 0.09, “L_"is resulted according to Equation 47a at

L
A= —=Precd Equation 55¢

m_Pre_Cal

L meca 253.75uH
Lm_Pre_CaI = l = O 09

= 2819uH Calculated via Equation 55¢

With consideration of 1% leakage inductance (transformer coupling factor) of the power transformer,
in reality “L,” should be

2819uH

0.99 = 2848uH Equation 55d

Then the actual “L, " should be:
L =L e ca —1%* L, =233.747-2848uH * 0.01=225267/uH Equation 56

But in calculation we still need to use the effective value of “L, " which indicates the total effective
resonant inductance.
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Step 4):

Now we could use the selected effective “C,” and “L_ " 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

[253. TAT uH
resonant impedance according to Equation 49 7, = TFH = 87.689Q). The “Q” value for
n

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

Z
Nominal load: &,, = — Equation 56a
. A _

Maximum load: & . = 7 —; Equation 56b

- Z, :
Minimum load: & ;, = 7 : Equation 56¢
with U, ., = 450V and I, ., = 2.0374, R, ,, is calculated according to equation 52 and
results at 401.234Q. R, = 315Q."R, . "is calculated according to following equation:

U +U

Re min = ( OUtI_maX ] ) ° iz ° ne2 Equation 57

- T

out _min

The predefined maximum output voltage is U,,, ., = 94.9V . 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 ul .

_ (545v +0.8v)*8*n.’

R, min = ——==4.4*10°Q Calculated via Equation 57
- 18UA* 7
As aresult we could have R, . = 4.4 ¢ 10°Q.
In the end we have @ = 0.219, @ = 0.278 and @, = 1.9 e 10”°. Draw Gain curves for

nom min

these “Q” values in the Gain curve plot in Figure 16.

max
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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 @U,,, ., & U ", “nominal load

out _ max !
@ Uy pon & U & U,, .." would be found at the line

crossing point of “M (£, A,Q,,.) and M ", “M(f ,A,Q,, ) and M, ~"and“M(f , A,Q, ) and M
" respectively.

" and “minimum load @ U

out _ nom bus _ max

nom

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

Upis win & Upye " With £ . = 0. 76 . The absolute switching frequency at this point is then
o win = 1, 4o ® 1, = 41.8kHz Equation 57a
The maximum switching frequency happens at operation point “minimumload @ U,,, .. & U, .:.”
with .. = 0.95. The absolute switching frequency at this point is then

o nax = Iy e ® I = 52.20kHz Equation 57b
The nominal switching frequency at operation point “nominal load @ U, ., & U, ., " with
£, o =0.83ist, =1 ,, ¢ = 45.65kHz Equation 57c
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Step 5):

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

inductor “L, " 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.

Q1 Gate

|Lr_p

1 1 t
2fr 2fsw

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. “I,, " (dark red), “/,,” (green) and “/,.”

(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 “ 1,

(401, ,of ot)—1, p,ifO<t<L
- - 21 .
I,.(t) = ’ Equation 58
1
I, o, if — <t < ——
- of of
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“I,, ,"isthe peak value of the magnetizing current. According to voltage-second rules of inductor, it
could be calculated as following:

n, e WU, +U,) .
ILmip = 4 e Lml. fSWF Equat|0n59
If we take U, ., "and*“f . "into equation 58:
n,* U +U *
||_m I e ( out_max F) _ 4.29 (545\/+08\/) — 498.2MA Equation 592
- AL * fo min 4* 28481H * 41.8kHz

we could get the maximum peak value of magnetizing current 7,, . = 0.4984. 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:

Tge , ®sinQ@xaf,t),if0 <t < L
- 21, .
ISAC(t) = 1 1 Equation 60
0,i1f — <t £ —
21 2f

r Sw

“Iy. ,"is the peak value of the current in transformer secondary winding. The output current“7 "~

1
is the average current of “7,.(¢)” in the whole 2— period. According to energy equilibrium in time

SW

1 I 1 . .
range T " and in time range “——", we could have the equation as following:

1 1
I, ® F = ISACﬁp * d ofF Equation 61
Tl * f .
I SAC_p_nom — ﬁ Equatlon 62
Take “I,,, .. and“f_ . "intothe above equation 62:
m*l *f,  7m*2.57A* 55kHz
lsac p max = *OUt_maX -2 . =5.31A Equation 62a
o 2% f o min 2* 41.8kHz
we could have the maximum peak current in secondary winding 7. , .., = 9.3124.
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Then we could calculate the peak current in resonant inductor. The general current function in
resonant inductor is:

ISAC (t)
n

e

I,,@) = +1,,@) Equation 63

The time point “¢, " corresponding to the peak value of “7,.(¢)” could be calculated according to
following condition:

dr, ()

0 Equation 64
dt

“t... 1S calculated to be:

— 20 ] e N
arccos ( nr <)
T e Isac D
Uy = - Equation 65
2emef
Take“I,, , ., and“l_.  , ., "intoequation 65:
=2 i p_max * e — 2% 0.4985A* 4.29
arccos( | ) arccos( - =2
t = P = z*5.31A =5.3us Equation 65a
2* 1 f, 2* 7 * 55kHz

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

I oac (t
l Lr (tmax) = M +1 Lm(tmax) Equation 65b

e

The maximum secondary peak current at tmax is sinusoidal see Figure 17Figure 14:
lonc (tra) = Voac_p_ma “SINER* w* f %1 ) Equation 65¢
| e (s ) = 5.31A* Sin(2* 7 * 55kHz* 5.3us) = 5.135A

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

i (ta) = 471 Lm_p_max B Pl AR Lm_p_max Equation 65d

|t ) =4*0.4985A* 55kHz* 5.3us — 0.4985 = 0.082A

Maximum peak current through resonant inductor ILRr(tmax) at tmax according to Equation 65b:
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_ 5.135A

ILr (tmax) = ILr_p_max -

ILripimaX

that it should be larger than 1.279A.

+0.082A=1.279A

= 1. 2794 . The absolute limit for the saturation current of the resonant inductor is then

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

ILr_p_max

U

1.279A

Cr _ p_max = 2.7Z'. f

sw_min

«C. 2% z*418KHz* 33nFC,

=147.588V

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

+ Vour

Vaus

HS MOSFET

LS MOSFET

Vsus

PFC MOSFET

Vsus

Lprcsec — 1T

T ]

1 OLSGD HSGD 16
2 LSCS HSvCC 15
3 vce HSGND 14
4 GND - oTP 13
o
—
S5PFCGD LnH OvVP 12
—
O
6 PFCCS — na. 11
7 PFCZCD na. 10
8 PFCVS RFM 9

ﬁ

PG-DSO-16 (150mil)

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 “R,," in the schematic in chapter 3.1. Take 41.8 kHz into equation 40 as “f, " we
could R,, = 11.96kQ. To have some tolerance margin, “R,” is set at 12.1kQ). With

R, = 12.1kQ calculation back for “f . ", it is 41.3kHz, 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 “R,,” to RFM pin 9 in order to adjust the operation frequency. “R,,",

the saturation voltage “U .. " of opto-coupler and “R,,” 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 1 = 52. 25kHz . 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 “ R,, = 9.1kQ calculated as below.

run _ max !

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

* 3
fron mex = S 100Kz Equation 67

RRFM _e

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

_5b* 10°QHz _ 5% 10°QHz
fRUN_max 90kHz

= 5.56k)

RRFM _e
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In run-mode the voltage on RFM pin is VrRFm = 2.5V. The total current flowing out of RFM pin could be
calculated as:

V
Reev e leﬂ Equation 68
RFM
2.5V
| ooy = ———— = 450pA
"M 556k H

Use the following equation 69 in order to calculate R23:

_UREF UREF _Ucm

[ = + Equation 69
R R
Uper —U 2.5/ —0.25V
R, =—F T ey = 924K
| gy — - 450pA- =
12.1kQ

9

We choose the standard value of R23 = 9.1kQ.

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

IOpto =lgem — oo Equation 69a
U 2.5V

I = — —FEF — 450u - = 243.3uA

Opto RFM R, H 12 1O H

VBus

HS MOSFET

LS MOSFET
1 QLSGD HSGD 16 |[IT3+—
VBLE;] ‘é—\ﬂlé% 2 LSCS HSvCC 15 :DT

T ]| 3vCC HSGND 14

L Lerc ‘_L_I _
Vee ﬁR
IL 4 GND oTP 13 :D—:i—,_{
PFC MOSFET
5 PFCGD ovp 12 :D—Q—:km
6 PFCCS na. 11 | =+
—

7 PFCZCD na. 10

ICL5101

Vbus

R23 = RfRUN

2.5VRefprcys —T—1| 8 PFCVS RFM 9

R1s = Rfmin
PG-DSO-16 (150mil)

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 “C, . " loss. The conduction loss of the MOSFET at maximum output power could be
calculated as following:

1 2 ‘
I:)Ioss_LLCMOS_con = E* ILr_rms_max * RDSon Equation 70

“I,, s 1S the effective current flowing through the resonant inductor at maximum output power,
which could be calculated as following:

1
J.Z[w min ILrZ(t)dt
I s Equation 71

Lr _rms _ max 1

Take “I . @nd ‘1

1 = 0. 844. For a safety margin we use Equation 71a for the rms current to calculate the

Lr _ rms _ max

conductive power losses using Equation 70:

V2,

Lr_rms_max 2 Lr _max

" into above equation, we could have the exact integrated result

Lm _p sac _ p _ max

=0.71*1.279A=0.9A Equation 71a

Rbson = 1.05Q should be the value based on 150°C Tj in MOSFET datasheet.

= %* 0.90A% *1.05Q = 430mW Calculated via Equation 70

Ploss_ LLCMOS _con

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

1

PI0$_LLCMOS_SN =_*1 *U * f Equation 72

*
Lm_ p_max ttroff bus_nom Sw_min

“Iis eax 18 the peak current at the moment of MOSFET turning off. According to Figure 17
I'vos peak_max = Iim_p_mex ~ Lyorr 1S the turning off duration which could be estimated according to the
same theory descript in chapter 4.2.4.

For calculating ttroff sSee equation 27 / 28 and 29 or see EXCEL sheet: ttroff = 110.4ns
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Pos LLcMos sw = L. 0.4985A*110.4ns* 450V * 41.8kHz = 517.8mW calculated via Equation 72
- - 2

Gate driving loss could be illustrated as following:

I:?OS_LLCMOS_drive = Qg *U g * fs,w_min Equation 73

Note: “¢," is Gate charge total.

“U, " is Gate driver voltage.

Poss Licmos._drive = 28NC* 12V * 41.8kHz =14mW Calculated via Equation 73

The absolute limit for LLC MOSFET selection is also the junction temperature, which should be in the
limit of 7, . atthe situation of the case temperature stabilized at customer required case temperature

T, . Equation 74 could be applied:

* * H
Tj max S T + thc (FI)OS_LLCMOS_con + FI)OS_LLCMOS_SN + ROS_LLCMOS_drive)+ Zthjc (ROS_LCCSN_Tr_max) Equation 74

Note: “Ry,. " is the junction to case thermal resistance of MOSFET, defines the heating of the
MOSFET surface.

“Z.,;."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:

D= ttrof'f * fSJv_min Equation T4a

D =110.4ns* 41.8kHz = 0.0046
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Using tp2 = 11.1pys @ 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):

Zy
S = Lpl Equation 74b

Zicp2) tp2

tpl K, [110.4ns mK
Zijepn = Livictp2) w2 0.055—* =55

p2 W | 11l.1us w
“Pross sy 1 mae 1S the maximum transient switching off loss at maximum output power:

1, . .

I?o%_LLCSN_Tr_max = E I Lm_p_max Ubus_nom Equation 75
Poss_Licow T _max = %* 0.4985A* 450V =112.169W
Timac <105°C +1.7% * (430mW + 517.8mW + 14mW) + 5.5”"WK *112169W =107.2°C 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 IPD60R450ES6 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.

AT Tyma =T,
Rija = = dmee & Equation 75a

P

loss_ total I:)Ioss_LLCMOS_con + I:)Ioss_LLCMOS_sw

- AT is only the expected temperature rise of the system without ambient temperature
- Ploss_LLCMOS_total = Ploss_LLCMOS_con + Ploss LLCMOS_SW

Rija = 107.1°C —45°C__ 64.7£ calculated via Equation 75a
430mW +517.8mwW W
Note:
A copper area on PCB has an estimated Rthja of approximately:
- 3cm2= 64£
W
K
- 6cm2=56—
W

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

+ Vour

Vsus
HS MOSFET

LS MOSFET Risep

1 QLSGD HSGD 16

T+
2 LsCs HSVCC 15
Ruscs :DT
3 vcc HSGND 14 :Dl
! L Lerc ‘_l_, L Vee
'cc

IL—EI: 4 GND OoTP 13 :DED}E»H

5 PFCGD OVP 12 ;
AN\
6 PFCCS na. 11 |—TH
Vcc
——

7 PFCZCD na. 10

Vsus

PFC MOSFET

ICL5101

Vsus

{T—]| 8 PFCVS RFM 9

Eh PG-DSO-16 (150mil)
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

I, , . = 1.2794, and then we could calculate the shunt resistor as following:
V
Ry = 000200 _ 08 _ 56250 Equation 76
Ly pomex L279A

With consideration of load jump from no load to full load higher current peak may happen. The real “
R, ." is set lower. We set R = 0. 545Q in our reference design which is separated to 3 resistors

(R,,R, and R,, 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.

Iscs

Vsus
Lr HS MOSFET

LS MOSFET

1 (O)seo HseD 16 | F1—
L
- 2 1scs Hsvee 15 | 1]
| 3vee HsND14 |
e aan otP 13 I—E‘_ﬁ“

5 PFCGD ovpP 12 ;
N\
6 PFCCS na. 11 |—1H
Vce
—

7 PFCZCD n.a. 10

Vsus

PFC MOSFET

ICL5101

Vsus

Lercsee — }—{ T |
8 PFCVS RFM 9

1]
ﬁ PG-DSO-16 (150mil)

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 “V, ” 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
1 = 2.574.

out _ max

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 “V,, " at small current condition.
The heat dissipator can be calculated as shown in Equation 75a:

AT T.-T,

Ria = = Equation 76a
" I:)Ioss_total l out_max * VFDout
105°C - 45°C K
Riyja = - —— =389
2.57A* 0.6V W
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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 U = 540mV .

o _ripple _ pp

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 “U ", nominal output voltage

bus _ nom

U " and nominal output current “ " will be used here for calculation.

out _ nom out _ nom

”
out _ nom *

The high frequency peak ripple current “7, .
The high frequency ripple voltage equation could be written as following:

" equals to the nominal output current “/

2
1 1
N U [ = + ESRZCOU I E t. 77
g * To mrimle (2 eme2ef e Cout] P aramen
“U, e »» 1S the peak to peak double half-bridge switching frequency voltage ripple. “C_,, " is the

output capacitor. “ £ESK, . " is the ESR of “C . ".

cout

Let's define “U, ... , @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:

Uo _ripple _pp = 54OIHV = Uo _ HFripple _ pp + Uo _ LFripple _ pp Equation 78
1 2
U . = + ESRZCOU L I E uatlon 79
o _LFripple _ pp (2 o o IOOHZ N Cout ] t r 100 _pp q
“I. 100 , ' isthe peakto peak value of output double-line frequency ripple current. This ripple current

could be approximately calculated according to following equation:

1 1 -1

r 100 _pp out _ r max out _ r min

Equation 80

”
out _ r max

Assume a constant rated resistance load at output, “/ is the transient output current at

Uo ripple
Upe = Ui pom + #fﬁp Then“I,, ,.." could be calculated as following:
U Uoirjpp]eipp
out _ nom
Iove vnee = i 2 ® Lo pon = 2.0474 Equation 81
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. . Uo ripple pp
“I,: rumn IS the transient output currentat U,,, = U, ., — f It could be calculated
as following:
U _ Uo _ripple pp
out _ nom
I()LIL _r min = 2 i I()LIL _ nom = 2' O27A Equation 82
out _ nom

So according to Equation 80, we have [ = 0.024.

r 100 _ pp

There are two unknown parameters in Equation 77 and Equation 79 “C_,” and it's ESR “ESR, . ".

cout

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 5.4 Q to 0.076 Q with increasing capacitance.
According to Equation 76, Equation 77 and Equation 78 to achieve 540mV output ripple voltage, the

0.27

ESR should be anyway smaller than 2 0374 = 0. 132Q. If we take ESR = 0. 11Q , we will have

cout

C.. = 348uF.

out

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
1 I,
I, et e = [Mj n [&j Equation 83
Moo Ura
“I, 10 ms isthe RMS value of the double-line frequency ripple current. “n,,, " is the capacitor ripple

current frequency coefficient for 100Hz. “ 1 " is the RMS value of the half-bridge switching

r _HF _ rms
frequency ripple current. “n,." 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:

I
I = £ _0,0074 Equation 84

r 100 _ rms
2 e 42

The half-bridge frequency ripple current 7, .

is a subtraction result of transformer secondary

winding current “/ ,.” and output DC current “I_ " It is shown in Figure 23. The equation at nominal
output power and nominal in-and output voltage could be written as following:

. 1
Toe » von ® sinQerxgef ot)— Iy pow>when0 <t < ——;
I,y = ’ Equation 85
B 1 1
-1, ,onWhen — <t < ———
R ’ 2fr 2fsw7nom
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The secondary winding peak current at nominal condition “ " could be calculated according

to Equation 62 as following:

sac _ p _ nom

f

Isacfp?nom = Ioutinom i - hd % = 3. 8554 Equation 86
!
. I |
0 1 1
2 2

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 “ 1, . as following:

1
I”smnam IzerF o dt
I = |2 = 1.4214 Equation 87

r _HF _rms
o 1

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 “348 ul" ” we have n,,, = 0.55 and n,, = 0.94. Take

all the value into Equation 83 we could have 7, ... .. = l.5114. According to datasheet, with
consideration of board dimension, we could select the 330ufF capacitor with dimension of *
¢D o L = 12.5mm o 35mm . Its maximum ESR at 100kHz at -10°C is 0. 11Q. 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 330 uF" back into Equation 78, we have U = 0. 545V .

o _ripple _ pp

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 L = 4. 7ul and want to suppress the output

o _filter

out !

voltage ripple to be % of the ripple on “C . ", we would have following equation:

2
1
+ ESR® critier
Ufi]terfripp]eipp _ 27[ b 2 i fsw7n0m b Cof[j]éer _ l Equation 88
Uofripp]é’,ﬁp - U[j]terfripp]efpp \/(277: 4 2 L fsu'inom i Loifj]tel” )2 + RSZ

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

2
1 : , o .

, in double half-bridge switching frequency range, it could be

27[ i 2 b fswfnom Cofﬁ]ter

neglected. “C, ,,.." is the output filter capacitor. The simplified equation of Equation 88 is as

following:

U ilter _ripple ESR i 1
filter _ripple _ pp — cfilter - = Equation 89
Uofripp]nfpp - Uﬁ]torﬁripp]ofpp 277: o 2 i fswfnom i Lofﬁ]tor 9

So we could have the calculation result: ESR_,;,,.. = 0.3Q. According to Rubycon ZLJ series

datasheet, we selected 100 uf" as C

o _filter*

For EMI optimization, if necessary, the value of “L, ,,,,.."and“C  ,,,.." 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 Ampilifier.

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

V, -V _
lor1 o max = kil _tprz B 2'5\g :”2225\/ =247uA Equation 90
3 .

Because the “CRT” of VOL617-3T is from 100% to 200%, the maximum needed current at primary
side of the opto-coupleris I, , ., = 250ud.

The voltage reference AZ431 needs about 1mA as minimum current for regulation. So the current
flowing through “ ® ,.” should be not smaller than 1.25mA.

Because the maximum allowed cathode voltage of AZ431is 40V < U , = 54V, to protect AZ431 a “
9. IV'" Zener-diode is used to be connected from “R,,” to GND. Let's reserve a current of 250u4 for

Zener-diode voltage clamping using. Then the total current flowing through “R,.” is 1. omA. “R "
could be calculated as:

Vo =V, 54V -9.1V
Ry = UT__Dle — = Equation 91
lamin + Topo + 1oz 1.0MA+ 250pA+ 250pA
The supply resistor of the TL431 reference diode we calculate as followed:
V, :
Ry =% = on _ 700Q Equation 91a
lamn  1.0MA

Choose the next lower value of: R4s = 680Q
The reference voltage of AZ431 is 2.5V. To regulate the output voltage at 54V, we set the voltage

divider, which consists of “R,,” parallel to “R;;” and “R,,” shown in the schematic. According to
equation 92 we define at first the value of Rso // Rs3 to 6.2kQ and recalculate Rs2:

Re, = Reoyss ™ VV¢ =6.2kQ* % =127kQ) Equation 92

REFTel 431

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 “I,_.” 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 “R.,” is the larger influence of “/, _.” on the output voltage. So the voltage divider
resistance could not be set too large. In our reference design, we selectedR., = 127kQ,
R,, = 7.5kQ and R,, = 34kQ) inthe 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 “R,”, “R,", “R ", “€,", “R,,”,
HR47 1!, [ D4 ’1, HR48 1!, “010 ’1, HDB ” and (£R44 1!.

“@,” is 600V depletion MOS BSP135. It is normally on at zero Gate-Source voltage. The minimum
Gate-Source threshold voltage of “@, " is Vs iy = —2. 1V,

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

begins to be charged by a maximum current flowing through “&,” limited by “X,,”. 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 “72 /2" through “D,”, “R,,” and the linear
regulator consisting of “#,”, “D,”, “@,” and “D ,”. As long as the voltage on the capacitor “(,"” before

the linear regulator reaches the voltage level (set by “k,,” and “D.”, 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 “@,,”, the Gate voltage of “&,” is pulled low by “&,,”
via “ K, ". The Gate-Source voltage of “¢, " is then reverse-biased, which is resulted by voltage divider
“R47"and “R ;". “Q," is then turned off and this fast Start-Up circuit is automatically disabled.

“R,”, “Ry;” and “R;” limit the VCC-start-up inrush current. According to BSP135 datasheet, the
allowed power dissipation at 7, = 100°C is about 0.7W. If take R, at T, = 150°C into calculation,

dson

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

[P,
L max 00 = OIS - N 0w _ 71ImA Equation 93
T Rosonisec 1380

The maximum input voltage is 305VAC for our reference design. So the maximum allowed total
resistance of “R,”, “K,” and “R,;” could be calculated as following:

305/ e 42

RL(}L&] _veesu 711]]14

= 6. 07kQ Equation 94
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So we set R, = R, = Ry = 2. 2kQ) to reserve about 10% margin. The absolute maximum drain
current flowing through “@, " is then limited at

I = M = 6bmA Equation 95

d max_ Q9 6 6]{Q

To utilize the maximum allowed drain current range to achieve a maximum charging current, we could
set “R,,” to zero. If we want to set the charging current at a certain level, “R,,” could also be
calculated according to following equation:

V '
R, = GS(th)_min _ 2V =320 Equation 96
Iy o 65mA

“D,” 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 “D,” 15V Zener Diode is selected. So at Start-
Up, in worst case VCC voltage is clamped at 15V + 2. IV = 17. 1/,

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

“D,”. With consideration of efficiency, “ £ ,,” should be set as large as possible. But to ensure “D,” to
have enough current for voltage clamping, some hundreds of approximately 200 u4 current would be
preferred.

\V/ _
R, = cst)_min 2.1V =10.5kQ Equation 96a
o,  200pA

In the end “R47” is set at 10kQ), which results in a maximum current of about

= 210u/

flowing through “ D, ”.

To reduce the power dissipation when “@,,” is turned on, “R ;" is used here together with “R47” in
series to reduce the current flowing through “@,,”. At the meantime, the voltage divider built from “ &,

"and “R,,” should ensure the Gate-Source voltage to be larger than Vg, when “@,,” is on. So *

R ;" could also be set at 10kQ). The Gate-Source voltage is then reverse-biased at half-VCC voltage
which is larger enough to turn off “&, .

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 D, +V,, of &,”, 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 “D.”. 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 “ D, " 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, “Ry.”, “Dy", “Q,", "D, ", "R, ", “R,” and “C,” are used to build the hysteresis circuit.

We detect VCC voltage directly as trigger signal for turning-on “&,” again. After “VSS” voltage
reaches the threshold to turn on “@,,”, “@,, " is then also turned on by VCC via “ Ry.", “D,”, “D,,” and *
R,," through “@,,”. Then if failure happens and half-bridge stops, “VSS” will not be supplied anymore
and drops below the threshold again, “ D, ” will also not conduct anymore. But “,,” stays on through
the path built by “@,,”, “D,” and “ K. ” supplied by VCC. Only when the VCC voltage drops below the
threshold set by “Vios +V, ,o + Vi g0 Vi pis +Visg + Ve g0 “@), 7 is turned off. Then “@,,”

will be also turned off and “&,” is turned on again. Fast Start-Up circuit is activated again. When *

Viss *V, 0o *Vie 1o T Vi pis +Vise + Ve 410" is set lower than VCC UVLO level, an expected
hysteresis is achieved for turning on and off Start-Up circuit.

Note: “Vies ™ voltage drop on R ;
V, p Zener clamping voltage of 0, ;
“Vie q12™ Base-Emitter voltage of &,,;
“Ve pis™ Forward voltage of D, ;
Vs voltage drop on R 4;
Ve 010" Collector-Emitter voltage of &,,;

The lowest VCC UVLO threshold is 10V according to datasheet. Assuming V,, ,, = 0.6V,

Vi ps = 0.6V and V., ,, = 0.3/, we could set V, ,, = 8.2V. 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.

N

S

The output voltage reflects to auxiliary winding divided by turn ratio n,,, =

aux

Note: “N_": half of total secondary winding number;
“N,,. " 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 n,, 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 “U, " 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 “D,,”, “R,,” and “C,,

“C,," is connected between HSVCC Pin and HSGND Pin as HSVCC capacitor which is charged

through “D,,” and “R,;” 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 “U/, .. A 600V Ultra-Fast Diode is

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

bus

“R," 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. 10Q 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

S

N
divided by turn ratio 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 7 . = 186u4, 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:

V

aux _ ovp ovp — ovp _ min + ovp Equation 97
Rovp 2 R29
Note: “V_. ,," Reflected voltage of output over voltage level at auxiliary winding;
Vo Voltage on OVP Pin when OVP is detected,;
‘R, Sumof “R,,” and “R.; ",

Because the IC checks at every Start-Up the present of a 12uA4 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, V, . ... ..., which is 350mV listed in datasheet.

The maximum current flowing out of OVP Pin at Start-Up phase is [
this, the second equation could be written as following:

= bud . Based on

ovpsource _ max

ovpEnable ~min

— " ovpsource _ max Equation 98
R, R, Y -

ovp

R, + R,

ovp

There is an internal series resistor of about 5kQ 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:

I .
_ ovp2, "t o 50 + 600mV = 1.06V Equation 99

ovp

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

ovp
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 setat V,,, , = 58/ and the turn ratio of the secondary to aux winding is
13:5,V,,. ., could be calculated as:
1
Vaux_ovp :Vout_ovp e
. ax Equation 99a
Vax_op =98V * B 22.3V

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

22.3V — 1.06V _ 186uA N 1. 06V and 350mV _5uA
Rovp 2 Rzg R)vp * R29
Ravp + R29
So as a result we achieve:
V. 22.3V
_ aux_ovp _ _ .
Rop = o o Voo 5UA 186uA+ 106V 5yA 206.2kO Equation 99b
2 350mA 2 350mA
and set the calculated Rovp in:
Rg R, 35:2\/ ¢ 206.2kQ
Ry,=—2 2% H 50TV =106k Equation 99c¢
Rup R 206.2k00 + 220
SpA

R
In reality “R,,” could be setat 100kQ, and ¥,, = F,;, = ;V" = 103kQ2.

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.

Vaus
HS MOSFET

LS MOSFET
1 OLSGD HSGD 16 |—T3—
VBU@ Fﬂ@& 2 Lscs HSveC 15 | T
i Vce

1| 3vcC HSGND 14 :Dl
! Lvee Lerc ‘__LI L

9R
IﬂEI: 4 GND oTP 13 :D—ﬁl_{
PFC MOSFET R33

5 PFCGD OVP 12

6 PFCCS na. 11 |[—1H ( j
Vee
Lprcsee 3T 1| 7 PFCZCD na 10 |3
2.5VRefPFcvs T—| 8 PFCVs RFM 9

Jﬁ PG-DSO-16 (150mil)

ICL5101

1.0Vrefprcs

Vaus

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, “R,,”, “R.,”, “Rs", “@;", “R..", “C,, ", “Ug", “Dg”", “Rs;”, “Reg”, *
Ri” “Q,", “R.", “Re,”, “@, ", “R,," and “OT2” build together this external OVP circuit with Hysteresis.

“Uy" AZ431 is used here as voltage reference. When the “U_, " is still under “V.

ovp !

the voltage built

by voltage divider (consist of “R,.”, “R.,” and “R,") 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
“Dg" at 15V. “@,” and “@ " are turned on by the voltage divider “k.,” and “R_,". With “on” status of *

¢ "R." is paralleled to “R.,”. This builds a low resistance for the low side of the voltage divider.
With “on” status of “@,”, Base voltage of “@,” is pulled down so that “,” is turned off and the opto-
coupler is in OFF mode. So that “@,,” could stay “on” because its Base is supplied by VCC through *
R,,”. System could normally work.

When “U " becomes to “V, ", 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 “@,” and “@,” become low so

that “@,” and “@,” are turned off. At the moment “@; " is turned off, “ K, ” is decoupled from “R,”. 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 “U_ , " is required. With this method, a Hysteresis is achieved. At the

moment “@,” is turned off Base voltage of “, " is pulled high by voltage divider built from “R.,”, “R..”
and “R,,". Then “@," is turned on and “0T2" conducted. Then at the primary side of “072"” the Base

of “@,, " is pulled low and “@,,” 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 620us, system is stopped. Restart of the system could be

triggered by “U ,, ” 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 “ X, ” 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 620us the system will be stopped. During Start-Up when

UVLO or 10. 5V < VCC < 14. 1V the OTP threshold is at 1.6V.

A resistor “R,.” 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 “R,.” 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
Lyps = 26.6u4 and the minimum OTP threshold voltage is V,,,, = 1.546 are considered. The

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

Vot = Vee onn _L.546V - 0.3V

R, <
1y 26. 6uA

= 46. 84kQ Equation 100

“V,. o1 is the collector-emitter voltage of “@,, ”. In the end we selected R,; = 47KQ.

When the temperature reaches the OTP level in Run-Mode, the maximum OTP current is still
L ps = 26.6ud . The typical OTP threshold voltage changes to V-, =3.2V . So we could calculate

the total resistance “R,,, " between OTP Pin and GND as following:

_ Vorrs =Vee on _ 3.2V -03v

= =109k Equation 101
Rore | orps 26.6A |

The resistance of each PTC at the wished protection temperature should be:
Ry, + R, = Ry — Ryg =109KQ — 47k = 62k Equation 101a

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

Rt32:|:277=#=31kQ
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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:
Cu1 is a filter capacitor and has a fixed value of 22nF / 50V

VBus
HS MOSFET

LS MOSFET

1 ()isep  HsGD 16 | [T+
0.8VRefcs 2 LSCS HSvCC 15 :DT
‘—L—. _[":': 3 vce HSGND 14 :DIE vV
cc

Lprc
Lvee R2s OR =Re2+ R77
)ﬂm: 4 GND oTP 13 :Dm
PFC MOSFET { C22=22nF

VBus

i
o
5 PFCGD S OvP 12 B
d Ris Rs3 Ri7 QA
1.0VRefprcs 6 PFCCS — na. 11 |—T1H
Vsus vee
Lprcsec——1—[T || 7 PFCZCD na. 10 |[1J

2.5Vrefprcvs CT—| 8 PFCVS RFM 9 I‘?[;]

PG-DSO-16 (150mil)

Figure 25 PIN Setup showing the Components in red
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