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About this document

Scope and purpose

This document is a design guide for a Fixed-Frequency high-voltage (HV) buck converter using Infineon’s latest
CoolSET™ 5% Generation Fixed Frequency Plus ICE5BRxxxxBZx-1, which offers high-efficiency, low-standby
power with selectable entry and exit standby power options, wider VCC operating range with fast start-up, and
various protection modes for a highly reliable system.

Intended audience

This document is intended for power supply design/application engineers, students, etc. who wish to design
power supplies with Infineon’s CoolSET™ 5™ Generation Fixed Frequency Plus ICE5BRxxxxBZx-1.

CoolSET™

Infineon’s CoolSET™ AC-DC integrated power stages in fixed-frequency switching scheme offers increased
robustness and outstanding performance. This family offers superior energy efficiency, comprehensive
protective features, and reduced system costs and is ideally suited for auxiliary power supply applicationsin a
wide variety of potential applications such as:

e SMPS

e Home appliances

e Server

e Telecom
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1 Abstract

This design guide is for a Fixed Frequency HV buck converter using Infineon’s latest CoolSET™ 5" Generation
Fixed Frequency Plus ICE5BRxxxxBZx-1.

The IC is optimized for offline SMPS applications including home appliances/white goods, e-metering, and low-
power auxiliary power supply. The frequency reduction with soft gate driving and frequency-jitter operation
offers lower EMI and better efficiency between light and medium loads. The selectable entry/exit standby
power active burst mode (ABM) feature enables flexibility and low-power consumption in standby mode with
small and controllable output voltage ripple. The product has a wide operating range (10~30.5 V) of IC power
supply and lower power consumption. The numerous protection functions give full protection to the power
supply system in failure situations. All of these features make CoolSET™ ICE5BRxxxxBZx-1 an excellent choice
for Fixed Frequency HV buck converters.

Design guide 4 V1.0
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2 Description
2.1 List of features

e Integrated 800 V/950 V avalanche rugged CoolMOS™

e Enhanced ABM with selectable entry and exit standby power

o Digital frequency reduction for better overall system efficiency
e Faststart-up, achieved with cascode configuration

e Discontinuous conduction mode (DCM) and continuous conduction mode (CCM) operation with slope
compensation

e Frequency jitter and soft gate driving for low EMI

e Built-in digital soft-start

e Cycle-to-cycle peak-current limitation (PCL)

e Integrated error amplifier to support direct feedback (FB) in a HV buck and non-isolated flyback converter

e Comprehensive protection with VCCovervoltage (OV), VCC undervoltage (UV), overload/open-loop, and
overtemperature protection

e All protections are in auto-restart mode
e Limited charging current for VCC short-to-GND
e Pb-free lead plating, halogen-free mold compound, RoHS compliant

2.2 Pin configuration and functionality

The pin configuration is shown in Figure 1 and the functions are described in Table 1.

VERRI{ 1  pG-DIP-7 8 } GND

2 7 }IVCC

FB

GATE

(@)
S ™ T

4 5 }DMIN

Figure 1 Pin configuration
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Table1 Pin definitions and functions

Pin Symbol | Function
Error amplifier

1 VERR The VERR pin is internally connected to the transconductance error amplifier for HV
buck and non-isolated flyback applications. Connect this pin to GND for an isolated
flyback application.
FB and ABM entry/exit control

2 FB The FB pin combines the functions of FB control, selectable burst entry/exit control
and overload/open-loop protection.
CS
The CS pin is connected to the shunt resistor for the primary current sensing

3 CS . . -
externally and to the PWM signal generator block for switch-off determination
(together with the FB voltage) internally.
Gate driver output

4 GATE The GATE pin is connected to the gate of the CoolMOS™ power MOSFET, and a pull-
up resistor is connected from the bus voltage to turn on the power MOSFET for
charging up the VCC capacitor during start-up.
Drain (drain of integrated CoolMOS™)

5 DRAIN The DRAIN pin is connected to the drain of the integrated CoolMOS™ power
MOSFET.
VCC (positive voltage supply)

7 VCC The VCC pin is the positive voltage supply to the IC. The operating range is between
Wece_orr and Wee_ove.
Ground

8 GND .
The GND pin is the common ground of the controller.

Design guide 6 V1.0
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3 Overview of fixed-frequency high-voltage buck converter

Figure 2 shows the typical application of ICESBRxxxxBZx-1 in a HV buck converter.

ICE5BRxxxxBZx-1 CoolSET™

»
4l

T I d Rh Daux A
N 1

AC line

l J—Nf R o D2 &
d
Y

*Rs L1
D1 A Cout ?
Figure 2 Typical application in a Fixed Frequency HV buck converter
Table 2 Key component quick selection guide for different Vour and lour under universal input range
of 85~265 V AC and D1 t., of <35 ns (see Figure 18 for other component values)
Suggested L1
Vour lout(max) CoolSET™ L | Rcs? Ry R
(V) (mA) . o e (Q) (kQ) (kQ)
device (1H) (mA)
<250 330 308 1.38
350 ICE5BR4780BZ-1 | 220 427 0.97
450 180 520 0.80
12 270 47
550 ICE5BR3995BZ-1 | 150 632 0.66
625 120 74 0.54
ICE5BR2280BZ-1
700 120 796 0.53
<250 390 303 1.38
350 ICE5BR4780BZ-1 | 270 419 0.99
450 220 517 0.81
15 270 36
550 ICE5BR3995BZ-1 | 150 127 0.57
625 150 122 0.57
ICE5BR2280BZ-1
700 150 789 0.54
<250 470 311 1.38
350 ICE5BR4780BZ-1 | 330 402 1.04
450 270 508 0.84
18 270 30
550 ICE5BR3995BZ-1 | 220 620 0.67
625 180 708 0.60
ICE5BR2280BZ-1
700 150 808 0.51

1 Select the nearest lower standard or a combination of standard values.

Design guide 7 V1.0
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4 Functional description and component design

4.1 VCC pre-charging and typical VCC voltage during start-up

When the AC-line input voltage is applied, a rectified voltage appears across the capacitor C,, (see Figure 2). The
pull-up resistor Ry, provides the current to charge the C (input capacitance) of the integrated HV power
MOSFET. Once the voltage across C, is sufficiently high, the power MOSFET will turn on and the VCC capacitor
will be charged through the power MOSFET, internal diode, buck inductor, and the output with two steps of
constant current source lyc. Chargelz and lycc_charges's

A very small current source (lycc charger) Charges the VCC capacitor until VCC reaches Vi s to protect the
controller from a VCC pin short-to-GND during start-up. After this, the second-step constant current source
(lvec_charges) is provided to further charge the VCC capacitor, until VCC exceeds the turn-on threshold Vyc on. As
shown in Phase | in Figure 3, the VCC voltage increases almost linearly, with two steps.

Note: The recommended typical value for Rstruyp is 50 MQ (20 MQ~100 MQ). Rswrup value is directly
proportional to tsaruy and inversely proportional to no-load standby power.

Vucc

Vvcc onp----

boecccad

Vvee off).o..

{AV7G ol Yol 1 <G A

lvee A

cececcccccccccccccdegeccccaqeccce

I\/CCfNormal -----

deccccqeccccccccccccccccdafcepana

0

IVCC?Cha rgel

IVCC_Cha rge
Y5 T W SE— R

tl t2
e Y

Figure 3 VCC voltage and current at start-up

2 lvee_charge1/2/3 IS charging current from the controller to the VCC capacitor during start-up.

Design guide 8 V1.0
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The time taken for the VCC pre-charging can then be approximated as:

Vvcegep'Cvee | Vveeoy—Yvecegep)Cvec

+

tstartup = ta tig = I I
VCCChargel VCCCharge3

Equation1l  VCC pre-charging time

Where,

Viee_see = VCC short-circuit protection voltage
Cycc =VCC capacitor

Vycc_on =VCC turn-on threshold voltage
lvee_charger = VCC charge current 1

lvce_charges = VCC charge current 3

When the VCC voltage exceeds the Vicc_on at time ty, the IC begins to operate with a soft-start. Because of power
consumption of the IC and the fact that the output voltage is still lower than the VCC voltage, the VCC voltage
drops during phase Il. Once the output voltage exceeds the VCC voltage, the output charges the VCC capacitor
from the time t, onward, delivering power to the IC. The VCC will then reach a constant value of two diode
voltage drops lower than the output voltage.

4.1.1 VCC capacitor

As there is a VCC UV protection, the VCC capacitor should be selected to be large enough to ensure enough
energy is stored in the VCC capacitor so that the VCC voltage will not drop below the VCC UV protection
threshold Vicc_orr. Therefore, the minimum capacitance should meet the following requirement:

X tgg

I

VCCnormalz
Cyce > 7 v

VCCon ~— YVCCofrr

Equation2  Condition for minimum capacitance

Where,

Cvcc = VCC capacitor

lvee_normaiz = VCC supply current with active gate
t.= Soft-start time

During ABM condition, the VCC voltage may drop below the Vicc_orr because of the burst switching. Therefore, a
higher capacitance is required than the calculated condition.

4.2 Soft-start

After the supply voltage of the IC exceeds Vicc_on (16 V typical), which corresponds to t, of Figure 3, the IC begins
to switchwith a soft-start. The soft-start implemented here is a digital time-based function. The preset soft-
start time is tss (12 ms) with four steps (see Figure 4). If not limited by other functions, the peak voltage on the

Design guide 9 V1.0
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CS pin will increase incrementally from 0.3 V to Vcs_x (0.8 V). When the output voltage reaches its regulated
value, the normal FB loop will take over the control.

Ves (V) )

Ves N —

0.75

0.60

0.45

0.30

ton 3 6 9 12 Time(ms)

Figure 4 Maximum CS voltage during soft-start

4.3 Normal operation

During normal operation the pulse-width modulation (PWM) controller consists of: digital signal processing
regulation control, analog circuit, current measurement unit, and a comparator. Details of normal operation
are given in the following sections.

4.3.1 PWM operation and peak-current mode control

PWM
comparator

Vg

Vi

VPWM B N 1 V
CS
WI

\ 4

Current mode
Figure 5 Pulse width modulation (PWM) block

4.3.1.1 Switch-on determination

The power MOSFET turn-on is synchronized with the internal oscillator, with a switching frequency Fsy that
corresponds to the voltage level Ves (see Figure 7).

4.3.1.2 Switch-off determination

In PCM control, the PWM comparator monitors the instantaneous voltage V. of the power MOSFET
(see Figure 5). When V; exceeds Vrg, the PWM comparator sends a signal to switch off the MOSFETs gate.
Therefore, the peak current of the power MOSFET is controlled by the FB voltage Vs (see Figure 6).

Design guide 10 V1.0
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During the switch-on transient of the power MOSFET, a voltage spike across Rcs can cause V; to increase and
exceed Vrs. To avoid a false switch-off, the IC has a blanking time tcs_1es before detecting the voltage across Res
to mask the voltage spike. Therefore, the minimum turn-on time of the power MOSFET is tcs_ies.

If the voltage level at V; takes a long time to exceed Vg, the IC will implement a maximum duty-cycle control to
force the power MOSFET to switch off when Dyax=0.75.

Vo (- -
f f - >
| | N t
cae) |
D Ton <
H -
S t
Figure 6 PWM signal
4.3.2 Current sensing

The power MOSFET current generates a voltage Vcs across the CS resistor Rcs connected between the CS pin and
the GND pin. Vcs is amplified with gain Geww, then added with an offset Veuwu to become Vi, as described in the
following equation.

Ves = Ip X Res

Equation3  Current sensing voltage

Where,
Vcs=CS pin voltage
Io = Power MOSFET current

Rcs= Resistance of the CS resistor

Design guide 11 V1.0
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Vi = Ves * Gpwm + Vpwm

Equation4  Voltage level

Where,
V; =Voltage level compared to Ves as described in section 4.3.1.2
Gpwu = PWM-OP gain

Vewn = Offset for voltage ramp

4.3.3 Frequency reduction

Frequency reduction is implemented to achieve better efficiency at light load conditions. This is achieved by
reducing switching frequency Fsw, which improves efficiency by reducing the switching losses.

When the load decreases, Vs decreases as well. Fsy is dependent on the Ves as shown in Figure 7. Therefore, Fsw
decreases as the load decreases.

Typically, Fsw at high load is 65 kHz and starts to decrease at Vs = 1.7 V. There is no further frequency reduction
once it reaches the foscx min, €ven if the load is further reduced.

fsw(Vrs) Ves (Vrs)

A A

| Vcs_N
0.80 V

foscz
65 kHz

f05(327ABM

54 kHz

fOSCZiMIN
28 kHz
VCS_BHP / VCS_BLP
0.27Vv/0.22 V
1 ‘ ‘ » Vi
VFB_EBXP VFB,OL P
05V 093/1.03V 135V 17V 273V
Figure7 Frequency reduction curve
4.3.4 Slope compensation

In CCM operation, a duty cycle greater than 50 percent may generate a sub-harmonic oscillation. A small
perturbation on the transformer flux ¢ can result in loop instability where the system cannot auto-correct
itself, as can be seen in the figure below right, where A, is greater than Ae;. For a stable system, Ag, should be
less than A, (figure below, left). DCM operation is more stable as the transformer flux always goes to zero.

Design guide 12 V1.0
2024-08-23



o _.
CoolSET™ ICE5BRxxxxBZx-1 high-voltage buck converter design < In f| neon

guide

Functional description and component design

@1 p |
AP, IN\
AP,
Duty < 50% Duty > 50%
» t . t
Figure 8 Perturbed transformer charging and discharging flux (black line is the stabilized
transformer flux)

ICE5BRxxxxBZx-1 can operate in CCM. To avoid sub-harmonic oscillation, slope compensation is added to Vcs
when the power MOSFETSs gate is turned on for more than 40 percent of the switching cycle period. The
relationship between Vg and the Vs for CCM operation is described in the equation below:

Ve = Vs * Gpwm + Vewm + Mcomp * (Ton — 40% * Tpgriop)

Equation5 CCM operation

where,

Ton = Gate turn-on time of the power MOSFET
Mcowmr = Slope compensation rate

Teerion = Switching cycle period

As a result of slope compensation, A, is reduced to smaller values than Ad,.Therefore, the system is able to
stabilize itself as shown in the figure below.

\
¢ Primary charging Secondary discharging

>
S

D=0.4 D=0.75

Figure 9 Perturbed transformer flux with slope compensation
The slope compensation circuit is disabled and no slope compensation is added to the Vcs pin during ABM to
save on power consumption.

Design guide 13 V1.0
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4.3.5 Oscillator and frequency jittering

The oscillator generates a frequency of 65 kHz with frequency jittering of +4 percent for a jittering period of
Tarrer (4 ms). The frequency jittering primarily helps to reduce conducted EMI.

A capacitor, current source, and current sink that determine the frequency are integrated. The charging and
discharging current of the implemented oscillator capacitor is internally trimmed to achieve a highly accurate
switching frequency.

Once the soft-start period is over and when the IC goes into normal operating mode, the frequency jittering is
enabled. There is also frequency jittering during frequency reduction.

4.3.6 Modulated gate drive

The drive stage is optimized for EMI consideration. The switch-on speed is slowed down before it reaches the
power MOSFET turn-on threshold. There is a slope control on the rising edge at the output of the driver (see
Figure 10). In this way the leading switch spike during turn-on is minimized.

The gate drive is 10 V (Veare_nicn). For a 1 nF load capacitance, the typical values of rise and fall time are 117 ns
and 27 ns respectively.

Veare (Y
¥ :
VGATE_HIGH ------ e — e
—pi i€—typ.t=117ns
Y N -  ——
: >
t (ns)
Figure 10 Gate - rising waveform
Note: Do not add a gate discharge resistor on the gate of the power MOSFET or the GATE pin. The

discharge resistor together with the RStartUp forms a voltage divider. If the resistance ratio
between Rstrup and the discharge resistor is high, then the gate voltage of the power MOSFET may
not be enough to turn it on and charge the VCC to exceed Vcc_on. Similarly, connecting a voltage
probe on the GATE pin may result in a non-start-up or a longer start-up time, depending on the
probe resistance.

4.4 Peak-current limitation

There is a cycle-by-cycle PCL realized by the current limit comparator to provide primary overcurrent
protection (OCP). The primary current generates a voltage Vcs across the CS resistor Rcs connected between the
CS pin and the GND pin. If the voltage Vcs exceeds an internal voltage limit Vcs_y, the comparator immediately
turns off the gate drive.

Design guide 14 V1.0
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The primary peak current lpeak_pri Can be calculated as below:

Ipgak pr1 = Ves N/Rcs

Equation6  Primary peak current

Where,

lpeak_pri = Maximum peak current in the primary

Ves v = Threshold voltage for the PCL

Rcs = Resistance of the CS resistor

To avoid mis-triggering caused by MOSFET switch-on transient voltage spikes, a leading-edge blanking (LEB)
time (tcs_es) is integrated into the CS path.

Note: In case of high switch-on noise at the CS pin, the IC may switch offimmediately after the LEB time,
especially at light-load high-line conditions. To avoid this, a noise-filtering ceramic capacitor, for
example, 100 pF~100 nF, can be added across CS pin and GND pin.

4.4.1 Propagation delay compensation

In case of overcurrent detection, there is always a propagation delay from sensing the Vs to switching off the
power MOSFET. An overshoot on the peak current l,..x caused by the delay depends on the ratio of dl/dt of the
primary current (see Figure 11).

....... Signal2 —— Signal1
I
Sefe tPrc:‘palgation Delay
Ipeak2 IOvershootZ » < l
Ipeak1 ,:"' *
Limit T / f.
IOvershooﬂ
>

Figure 11 Current limit behavior

The overshoot of Signal2 is larger than Signall due to its steeper waveform. The change in the slope of the
waveform depends on the AC input voltage. Propagation delay compensation is integrated to reduce the
overshoot due to dl/dt of the rising primary current. Therefore, the propagation delay time between the
exceeding CS threshold Vcs v and the switching off of the power MOSFET is compensated over a wide bus
voltage range. The current limiting becomes more accurate resulting in a minimum difference of overload
protection triggering power between low and high AC-line input voltage.
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Under CCM operation, the same Vcs does not result in the same power. To achieve a close overload triggering
level for CCM, ICESBRxxxxBZx-1 has implemented a two-curve compensation, as shown in Figure 12. One of the
curves is used for Ton greater than 0.40 duty cycle and the other is for Ton lower than 0.40 duty cycle.

Veare
A Max. duty cycle
D S—
—» [
off time
Vs propagation delay t
A
Vcs,NI—
>
— Signali - Signal2
1

Figure 12 Dynamic voltage threshold V¢s

Similarly, the same concept of propagation delay compensation is implemented in ABM at a reduced level. With
this implementation, the entry and exit burst mode power can remain close between low and high AC-line
input voltage.

4.5 ABM with selectable power level

At light load, the IC enters ABM operation to minimize power consumption. Details of ABM operation are
explained in the following sections.

4.5.1 Entering ABM operation

The system will enter ABM operation when two conditions are met:

e The FBvoltage is lower than the threshold of Vs _esip/Vrs_ ez depending on burst configuration option setup
e Acertain blanking time tes_ges.

Once both of these conditions are fulfilled, the ABM flip-flop is set and the controller enters ABM operation. This
dual-condition determination for entering ABM operation prevents mis-triggering of ABM, so that the controller
enters ABM operation only when the output current is very low.

The threshold output current to enter burst mode can be determined using the following equation.

I _ LpVpcinfoscapyy (VFBggxp —VPWM 2
OUT_enter_burst —

2-Vour'(Vpcin—Vour) Rcs Gpwm

Equation7  Threshold output current

Where,

L, = Buck inductance
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Voeon = DC input voltage
fosca_un= Minimum switching frequency
Vour= Output voltage

VFB_EBxP =Vgp entering ABM

4.5.2 During ABM operation

After entering ABM, the PWM section will be inactive, making the Vour to decrease. As the Vour starts decreases,
Ves begins to rise. Once Vis exceeds Ves_son, the internal circuit is again activated by the internal bias to start the
switching.

If the PWM is still operating and the output current is still low, Vour increases and the Vs signal starts to
decrease. When Vs reaches the low threshold Ves_sorr, the internal bias is reset again.The PWM section is
disabled, with no switching until Vs increases and once again exceeds the Ve gon threshold.

In ABM, Vs is like a sawtooth waveform swinging between Veg_gorr and Vre_gon, @s shown in Figure 13.

During ABM, the switching frequency fosc_aem is 54 kHz. The peak current lpeak_asu Of the power MOSFET is
defined as follows:

Ipgak aBM = Ves Bxp/Rcs

Equation8  Peak current of the power MOSFET

Where,

Ves s = PCLIN ABM

4,5.3 Leaving ABM operation

The FB voltage rapidly increases if there is a sudden increase in the output current. When Ve exceeds Vg 5, it
will leave ABM and the PCL threshold voltage will return to Vcs_v immediately.

The output current on leaving ABM can be determined using the following equation.

2
LpVpcINfoscz gy (VcsBxP)

I =
OUT_leave_burst 2Vour Vpein=Vour)

Rcs

Equation9  Current on leaving ABM

Where,
fosca_aem = ABM switching frequency

Ves sp=PCL in ABM
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Figure 13 Signals in ABM

4.5.4 ABM configuration

The burst mode entry level can be selected by changing the resistance Rs. at the FB pin. There are three
configuration options depending on Rs., which correspond to the options of no ABM (Option 1), low range of
ABM power (Option 2) and high range of ABM power (Option 3). The table below shows the control logic for the
entry and exit levels with the FB voltage.

18 V1.0
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Table 3 ABM configuration options set-up
. Entry level | Exit level
Option Rsel Ves Ves_pxp
Ves_eexp Vee_1s
1 400-470kQ VFB less than VFB_P_BIASl - - -
0.93V 2.73V
2 720~790 kQ Veop onslessthan Visless 1, 5,
than Ves_p_sins2
3 (default) | Greaterthan 1210 kQ | Vs greater than Ves_p sis> 0.27V 1.03V 2.73V

During start-up of the IC, the controller presets the ABM selection to Option 3, the FB resistor (Res) is turned off
by internal switch S2 (see Figure 14) and a current source Ise is turned on instead. From VCC = 4.4V to the VCC
on-threshold, the FB pin will source current Ise through Rsei and external FB network. When VCC reaches the
VCC on-threshold, the FB voltage is sensed. The burst mode option is then chosen according to the FB voltage
level. After finishing the selection, any change on the FB level will not change the burst mode option, and the
current source (Isq) is turned off while the FB resistor (Rrs) is connected back to the circuit.

T Vdd
Let (W

UVLO S

e K 2 s

dela
O—[>O— R y -
Refgood
Burstmode FB
detection latch
Ves_exe O— Selec.tion < Com Pare  \eg—— Ve p gis: 3
Vg eexp O— logic logic < Vg p piss2 =

Control unit

Figure 14 ABM detection and configuration

4.6 Output regulation

The VERR pin, which is connected to the input of an integrated error amplifier, is used for output regulation.
The voltage divider Ry and R, (see Figure 2) is used to sense the output voltage and compare it with the internal
reference voltage Vere rer. The difference between the sensed voltage and the reference voltage is converted as
an output current by the error amplifier. The output current will charge/discharge the resistor and capacitor
network connected at the FB pin for the loop compensation. To properly enable the integrated error amplifier,
the minimum resistance for the parallel combination of resistors Ry and R is calculated using the following
equation:
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Rh//l = VERR_P_BIAS_max/ Igrr_p_Bras.min = 0.24 V/9.5pA = 25.3 k2

Equation 10 Minimum resistance for the parallel combination

Where,

Ri= Parallel combination resistance of R, and R,
VEerr_p_sins_max = Maximum voltage for error amplifier mode
lerr_p_sias_min = Minimum bias current for error amplifier mode

The output voltage Vour is set by Ry and R, using the following equation :

Rh:Rl'<M_1)

VERRREF

Equation 11 Output voltage divider resistor

Where,
Ri and R =Voltage divider resistors

Vere_rer = Error amplifier reference voltage

Note: Adummy load resistor is necessary to prevent the output voltage from going out of requlation at
no-load condition. A 10 kQ resistor is recommended but it can be adjusted depending on the
acceptable voltage regulation and no-load input power requirement.

4.6.1 Vour minimum

With reference to the typical application circuit in Figure 2, the output voltage is limited to a minimum value to
prevent the ICE5BRxxxxBZx-1 from mis-triggering the VCC UVP. The recommended minimum output voltage
Vour_mini can be determined using the following formula.

Vour mint = Vwee orF max + Vb2 + Vi paux

Equation 12 Minimum output voltage Vour_min:

Where,

Vce_orr_max= Maximum value of VCC turn-off threshold voltage
Vi p,= Forward voltage of diode D2

Vi paux = Forward voltage of diode Du

Apart from VCC UVP limitation, the minimum output voltage is also limited by the minimum on-time of the
power MOSFET. The controller can only limit the peak current if the on-time is more than the LEB time. The on-
time reduces as the input voltage increase. To properly control the peak current, the minimum voltage Vour w2
can be determined using the following formula.
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VOUT_MINZ = VDCIN_PK *Ucs LEB max f 0SC2_max

Equation 13 Minimum output voltage Vour_win:

Where,

Voen_pk = Peak input voltage

tes_Les_max = Maximum LEB time

fosc2_max = Maximum fixed oscillator frequency

The minimum output voltage should be chosen as the higher of Vour_wmini 0r Vour_mina.

4.6.2 Vour maximum

With reference to the typical application circuit in Figure 2, the maximum output voltage is limited by the VCC
OVP and can be determined from the following formula.

Vour max = Vwecove min + Ve p2 + Vi paux

Equation 14 Maximum output voltage

Where,
Vvee_ove_min = Minimum value of VCC OV threshold
Vi p, = Forward voltage of diode D2

Vi paux = Forward voltage of diode Daux

4.7 Protection functions

The ICE5BRxxxxBZx-1 provides numerous protection functions that considerably improve the power supply
system robustness, safety, and reliability. The following table summarizes these protection functions and the
corresponding protection modes, whether non-switch auto-restart, auto-restart , or odd-skip auto-restart. See
Figure 15, Figure 16, and Figure 17 for the waveform illustration of the protection modes.

Table 4 Protection functions
Protection functions Normal mode Burst mode Protection mode
Burst on Burst off
VCccov J J NAS Extended cycle-skip auto-
restart
VCC UV \V \ N Auto-restart
Open-loop, overload J NAL NAL Extended cycle-skip auto-
restart
Overtemperature \V N N Non-switch auto-restart

3 Not applicable
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Protection functions Normal mode Burst mode Protection mode
Burst on Burst off
VCC short-to-GND \J i \ No start-up
4.7.1 VCC OV/uv

During operation, the VCC voltage is continuously monitored. If VCC is either below Vycc_ore for 50 s (tuce_orr s) OF
above Vicc_owe for 55 Us (tvec_ove_s), the power MOSFET is kept switched off. After the VCC voltage falls below the
threshold Viccor, the new start-up sequence is activated. The VCC capacitor is then charged up. Once the voltage
exceeds the threshold Vicc_on, the IC begins to operate with a new soft-start.

4,7.2 Open-loop, overload

In case of open control-loop, output overload or output short, the FB voltage will be pulled up. When Ves
exceeds Ve _or after a blanking time of tes_oip_g, the IC enters odd-skip auto-restart mode. The blanking time
enables the converter to provide peak power in case the increase in Ve is due to a sudden load increase.

During output short, the system enters deep CCM. The MOSFET on-time is equal to CS LEB time (tcs_.es). Because
the controller is unable to control the current during tcs_es, the MOSFET current can exceed the current rating
specifically at maximum input voltage. Also, the MOSFET can enter the linear region. As such, the MOSFET
losses will be very high and may exceed the maximum junction temperature. One way to reduce the MOSFET
current is to add a resistor Rs in series with the buck inductor. A higher resistor value can reduce the current
significantly, but it is an additional loss in the system. Therefore, the resistor value should be adjusted as low as
possible, just enough to meet the safe operating range of the MOSFET. To reduce the CoolSET™ temperature,
increasing VCC capacitor value can help by making the auto-restart time longer.

4,7.3 Overtemperature

If the junction temperature of the controller exceeds Tcon_ote (140 °C typical.), the IC enters an overtemperature
protection (OTP) in auto-restart mode. The IC s also implemented with a 40 °C (typical.) hysteresis. That means,
the IC can be recovered from OTP only when the controller junction temperature drops 40°C lower than the
overtemperature trigger point.

4.7.4 VCC short-to-GND

To limit the power dissipation of the start-up circuit at VCC short-to-GND, the VCC charging current is limited to
a minimum level of lvcc_charger When the VCC voltage is below Vice sce (1.1 V typical.). With such low current, the
power loss of the IC is limited to prevent overheating.
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4.7.5 Protection modes

All the protections are in auto-restart mode with a new soft-start sequence. The three auto-restart modes are
illustrated in the following figures.
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Figure 15 Non-switch auto-restart mode
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Figure 16 Auto-restart mode
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5 Schematic

A 700 mA demo board schematic circuit with ICE5BR2280BZ-1 is shown in the following figure.

Il _ICESBRIZS0BZ-
Rl 4 .
GATE DRAIN [ -
SOM \ ]
cs =
) 7 T & D2
“of B VICC I HEWAE
: BAVIEW-7-F
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e 3 75 b4
Trou i ey STTHIRD6S
Tl!lul 400V

Figure 18 Schematic of EVAL_5BR2280BZ-1_700mA1l
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6 PCB layout and design recommendations

In an SMPS, the PCB layout is crucial for a successful design. The following are the recommendations for PCB
layout .

1. Minimize the HV and high-current switching loop formed by the bulk capacitor, main power switch (power
switch CoolMOS™ inside the CoolSET™), CS resistor, buck inductor, output capacitor, and buck diode.

2. Place the filter capacitor close to the controller ground: Filter capacitors (C4, C5, and C8 in Figure 18) should
be placed closer to the controller ground and the controller pin to reduce the switching noise coupled into
the controller.

3. Asthe CoolSET™ is configured in high-side switch buck configuration, maintain sufficient PCB trace
clearance between the CoolSET™ components,bus voltage and primary ground.

4. Itisrecommended to increase the copper area at the DRAIN pin on the PCB for better thermal performance
of the CoolSET™.

To reduce the switching losses during CCM operation, an ultra-fast freewheeling diode (D4 in Figure 18) with a
reverse recovery time (t.) of 35 ns or less is recommended.
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7 Output current of CoolSET™ 5t Generation Fixed Frequency
Plus ICs
Table5 Output current of CoolSET™ 5" Generation Fixed Frequency Plus controllers
. Typical
Type Package | Marking Vos Fsw Ros(on)* 85-265VAC output
at DCM®
voltage
ICE5BR4780BZ-1 PG-DIP-7 | 5BR4780BZ-1 | 800V 65 kHz 4130 450 mA
ICE5BR3995BZ-1 PG-DIP-7 | 5BR3995BZ-1 | 950V 65 kHz 3.46 Q) 550 mA 15V
ICE5BR2280BZ-1 PG-DIP-7 | 5BR2280BZ-1 | 800V 65 kHz 2.130 700 mA

Figure 19 shows typical output current vs. ambient temperature.The curves are derived based on an open-
frame design at T, =50°C, T, = 125°C (integrated HV MOSFET for CoolSET™), using the minimum 100 mm?drain
pin copper area in a 2 oz. copper single-sided PCB and steady-state operation only (no design margins for

abnormal operation modes are included). The following figures are for selection purposes only. The actual
current can vary depending on the specific design.

ICE5SBR2280BZ-1 output current for 85~265VAC at DCM ICE5SBR3995BZ-1 output current for 85~265VAC at DCM
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Figure 19 Output current curve of ICE5BRxxxxBZx-1

4 Typically at T; = 25°C (inclusive of low-side MOSFET).

5 Calculated maximum output currrent rating in an open frame design at T,=50°C, T, = 125°C (integrated HV MOSFET) and using
minimum 100 mm? drain pin copper area in a 2 oz. copper single-sided PCB. The output current figure is for selection purposes only.
The actual power can vary depending on the design. Contact Technical support from Infineon for more information.
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8 5" Generation Fixed Frequency Plus buck design example

A design example of a 700 mA 15 V FF HV buck converter with ICE5BR2280BZ-1 is shown below.

Table 6 Parameters

Define input parameters Symbol | Value
Minimum AC input voltage Vacuin 85VAC
Maximum AC input voltage Vacmax 264V AC
Line frequency fac 60 Hz
Bulk capacitor DC ripple voltage Vbcripple 40V
Output voltage Vour 15V
Output current lour 0.7A
Efficiency n 80 %
CoolSET™ 5% Generation Fixed Frequency Plus CoolSET™ | ICE5BR2280BZ-1
Switching frequency fs 65 kHz
Maximum ambient temperature T, 50°C

8.1 Power

Nominal output power :

PoutNom = Vout Iout = PoutNom =15V -0.74 = 10.5W
Equation 15
Maximum input power :
POutNom = 10.5W
Prunom = T Pranom = W = 13.13W
Equation 16
8.2 Diode bridge
Maximum AC input current:
Power factor cosQ 0.6
PInMax ﬁ 1313W
I = nar I =———=0.2574
ACRMS = /. cMin - COS @ ACRMS ™ 851. 0.6
Equation 17
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Maximum DC input voltage:

Vbemaxpk = Vacmax - ‘/E =

Vocmaxpre = 264V -2 = 373.35V

Equation 18

8.3 Input capacitor

Peak voltage at minimum AC input:

Vbeminek = Vacmin \/E =

Vpeminpk = 85V - V2 = 120.21V

Equation 19

Minimum DC input voltage setting:

Vpeminset = Voeminek — Vbcripple =

Voeminser = 120.21V — 40V = 80.21V

Equation 20

Discharging time at each half-line cycle:

) sin1 ZDCMinSet 1 sin~1 18206221111/
_ 14— Voeminer Tp=——-| 14+—12021V ) _ g 19
o=gg |1t 90 = D= 4 60Hz 90 ms
Equation 21

Required energy at discharging time of input capacitor:

Win = Pranom " Tp =

Wiy = 13.13W - 6.1ms = 0.08Ws

Equation 22

Calculated input capacitor:

c 2-Win = c 2-0.08Ws 19.99F
= = = . #

et VgCMinPk - VDZCMinSet et (120.21V)? — (80.21V)?

Equation 23
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Alternatively, a rule of thumb for estimating the input capacitor can be applied based on maximum input
power, as follows:

Table7 Input capacitor estimation

Input voltage Factor
115VAC 2 uF/W
230V AC 1 uF/W
85t0 265V AC 2to 3 uF/W

Applying the rule of thumb using the 2 uF/W factor:

— } 2uF
Cinest = Pinnom * factor = Cingst = 13,13w-% = 26.26uF

Equation 24

Choose a capacitance value that is greater than or equal to calculated as per Equation 23 or Table 7. The
voltage rating should be greater than or equal to the maximum DC input voltage.

Input capacitor Cin 20 uF/400V

Recalculation after input capacitor selection:

, 2- Wiy = , 2-0.08W-s
Vboemin = |Veminek — Cm Vbemin = [(120.2V)% — T20aF 80.24V
Equation 25
Note: Special requirements for hold-up time, including cycle skip/dropout, or other factors that affect
the resulting minimum DC input voltage and capacitor discharging time, are not considered
above.
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8.4 Buck inductance design
DCM Kee=1 (™M Kae<1
|p ‘ KR::Al/Z'AV |p ‘ Kg:'—'AI/2|Av
v > . ' . . >
0 ! | t 0 | I t

Figure 20 Drain current waveform
Maximum duty cycle:

DMax = VOut/VDCMin = DMax = 15V/8024V = 019
Equation 26
Primary inductance:

Dyax * Voemin — Vi 0.19-(80.24V — 15V
Lp = Max ( DCMin out) = Lp = ( ) — 148.91uH
Z'IOut'KRF'fs 2'07A'09'65kHZ
Equation 27
Input DC voltage for DCM operation:
_ Vozut = _ (15V)2 —

Vvinpew = Vour — 2 fs * loye * Lp Vinvew = 157 =2 65KkHz - 074 148.91uH ~ 155.27V
Equation 28
Average current through inductor:

IAV = IOut = IAV = 07A
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Peak-to-peak current:

Al =2 Ipy, * Ker = Al =2-0.7A-0.9 = 1.264

Equation 29

Peak current:

Ippax = lay +AI/2 = Ippax = 0.7A 4+ 1.26A/2 = 1.334

Equation 30

Valley current:

Iyattey = Ippax — AI = Iyaiiey = 1.334 — 1.26A = 0.074
Equation 31
MOSFET RMS current:
_ a7z o (A1\?] Prax = 1.26412]0.19
Iprys = J[3IAV + (2) ] 3 Ippys = \][3 - (0.74)% + (T) = = 0.3414
Equation 32

RMS current through buck inductor:

, . (Al
Ipuckrms = |35y + (7) / 3

Equation 33

=

2
Ippus = J[3 - (0.74)% + (#) ]/3 = 0.7894

8.5 Output rectifier

A low forward voltage and a very low reverse recovery time (t) of 35 ns or less are recommended for a highly
efficient design. The very low t. helps reduce switching losses, especially during CCM start-up and output short
condition.

The output capacitor is necessary to minimize the output ripple and to provide necessary energy during high
load jumps. Therefore, the output capacitor should have enough capacitance and low ESR, and meet the ripple
current rating.
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Diode reverse voltage at maximum AC input:

Vrpiode = Vpcmaxpk = Vrpioge = 373.35V

Diode RMS current at minimum AC input:

AIN?11 = Dyyar = 1.264\%]1 - 0.19
IDRMS = 31:1/ + (_) — IDRMS = 3 " (0.7A)2 + ( ) = 0.71A
2 3 2 3
Equation 34
Output capacitor:
Maximum voltage undershoot AVoun 0.5V
Number of clock periods Ncp 20
Lout " Ncp 0.7A - 20
C = C = ——————— =431uF
OutCal AVOut . ]cs = OutCal 0.5V . 65kHZ nu'
Output capacitor Cout 560 uF
Equation 35
8.6 CS resistor

The CS resistor value defines the peak current of the power MOSFET and buck inductor during normal

operation. As the IC cycle-by-cycle PCL is defined by this resistor, it also defines the maximum output power
delivered by the power MOSFET.

Maximum CS resistor:

PCL threshold Ves N min 0.72V
Rsense = Ves N min/Ipmax = Reense = 0.72V/1.33A = 0.540
Equation 36
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8.7 VCC capacitor
Calculate start-up time given VCC capacitor:
lvce_charger from datasheet lvee_charge1 0.2mA
lvce_charges from datasheet Ivee_charges 3mA
Vvee_on from datasheet Vvee on 16V
Vvee_scp from datasheet Vvee_scp 1.1V
VCC capacitor Cucc 15 uF
Equation 37
8.8 Calculation of losses

Input diode bridge loss:

Diode bridge forward voltage Ver 1V
Ppin = Vegr * lacrms " 2 = Pp;y =1V -0.257A-2 = 0.51W
Equation 38

Inductor copper loss:

DC resistance Ricu 0.20
Picu = (Upuckrms)? * Ricu = Py = (0.7894)2 - 0.2Q = 0.12W
Equation 39

Output rectifier diode loss:

Forward voltage of output Vv 0.6V
diode Fout
Piiode = Vrout " Iprms = Pgioge = 0.6V - 0.714 = 0.43W
Equation 40
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CSresistor loss:

Pcs = (Iprms)? * Rsense = Pcs = (0.3414)% - 0.540 = 0.06W
Equation 41
MOSFET loss:
Roson) at T, = 125°C from datasheet Roson 4310
Coen from datasheet Cofen 7pF
External drain-to-source c 0 pF
capacitance oS

1 = 1
Psonminac = 5 (Co(er) + CDS) *Vpemin)? " f Psonminac = > (7pF) - (80.24V)? - 65kHz = 1.5mW
Equation 42
Peonaminac = (Iprms)® * Rpson = Peonaminac = (0.3414)% - 4310 = 0.5W
Equation 43
Pyosminac = Psonminac + Peonaminac = Pyosminac = 1.5mW + 0.5W = 0.5W
Equation 44
¢ _ 2 Pouewom " Lp N . _ 2-10.5W - 149uH 06
ONMaAC ™ Voewmaxpi * (Vpemaxpie — Vour)  fs oNMaxAC = 373V (373V — 15V) - 65kHz

Equation 45

1 1
Psonmaxac = 5 (Co(er) + Cps) - Vpemaxpi)® " fi = Psonmaxac = 5 (7pF) - (373V)? - 65kHz = 32mW

Equation 46
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_ tonmaxac * Vpemaxpk = Vour) |tonmaxac * fs N _ 0.6us - (373V —15V) |0.6us - 65kHz
IprMsMaxac = L 3 IprMSMaxac = 149uH 3 =0.1654

Equation 47
Pconamaxac = (IPRMSMaxAC)Z *Rpson = Pconamaxac = (0-16514)2 4310 = 0.116W
Equation 48
Pyosmaxac = Psonmaxac + Peonamaxac = Pyosmaxac = 32mW + 0.116W = 0.148W
Equation 49
Controller loss:
Controller current consumption IVCC_normal2 0.9 mA
Peeri = (Vour — 1.4V) " Iyce_normaiz = Peery = (15V — 1.4V) - 0.9mA = 12mW
Equation 50

Total power loss:

PLQgses = PDIN + PLCU + Pdiode + = PLosses =0.51W + 0.12W + 0.43W + 0.06W
Pcs + Pmos + Peere + 0.5W + 12mW = 1.64W

Equation 51

Efficiency after losses:

Npost = Poutnom/ (Poutnom + Prosses) = Npost = 10.5W /(10.5W + 1.64W) = 86.6%

Equation 52
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8.9 CoolSET™ temperature

CoolSET™ temperature:

Assumed junction-to-ambient 100 K/W
thermal impedance (include Rihsa_as
copper pour)

_ 100K

AT = Renjag * Puos N AT = —=-0.5W = 503K
AT 503 K = AT 50.3°C
Equation 53
Timax = AT + Tamax = Timax = 50.3°C+ 50°C = 100.3°C
Equation 54
8.10 Output regulation
Setting resistor dividers for output:
Select voltage divider RO1 Rox 36 kQ
Ro1 - (Voue — 1.8V) = 36kQ - (15V — 1.8V)
R = Rop = = 264kQ
02 1.8V 02 1.8V 64k
Roz = 270kQ
Equation 55
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