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RT6204 Wide Vin Buck Converter

Abstract

RT6204 is a flexible buck converter for wide input and output voltage range applications. It can be used with input voltages
from 5.2V up to 60V and the output can be adjusted from 0.8V up to 50V, delivering up to 0.5A output currents. The
application input and output voltage range should be considered when choosing the converter key components. This
application note describes 4 different step-down designs, from 1.2V output to 24V output voltage. Each design shows all
component calculations and measurement results over the full input voltage range.
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1. INTRODUCTION

RT6204 is a flexible buck converter for wide input and output voltage range applications. It can be used with input voltages
from 5.2V up to 60V and the output can be adjusted from 0.8V up to 50V, delivering up to 0.5A output currents. Chapter 2
provides an overview of the application component selection and design considerations. Chapters 3, 4, 5 and 6 each describe

a design with specific V|n/Vout condition from low 1.2V MCU supply to industrial supply providing 24V output.

2. RT6204 GENERAL DESIGN GUIDELINES

The RT6204 application schematic is shown in figure 1. RT6204 is a current mode converter with external compensation and
external soft-start. The converter has both integrated high-side MOSFET switch and synchronous rectifier switch. The output
can be set via a simple resistor divider. Current mode control with external compensation makes it possible to tune the
converter control loop for a wide range of output capacitors, from low ESR ceramic types to aluminum electrolytic capacitors.
This gives the designer the freedom to choose the most suitable and cost effective components for any output voltage
application.

RT6204GSP
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en s e oy
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FIGURE 1

The following guidelines can be used to calculate the various application components:

e Input and output voltage considerations:

The RT6204 output voltage can be adjusted from 0.8V to 50V by means of R1 and R2:

Vout = VRrer (1 + %)

The impedance of the feedback network is not critical, but it is recommended to avoid too high resistor values to reduce
sensitivity to noise. It is recommended to set R2 between 10kQ ~ 30kQ.

RT6204 has a low minimum on time of 90nsec, achieving minimum duty-cycle in CCM mode of 90nsec*350kHz = 3.15%. It
should be noted that running the converter close to its minimum on time will influence output ripple and over-current
protection behavior. This is explained in chapter 3.

When operating RT6204 in high duty-cycles exceeding 65%, the external bootstrap supply via D1 should be added. The
external bootstrap supply is recommended to be around 3.3~3.8V. (Below 3.5V D1 should preferably be a Schottky diode)

e For Inductor value of L1 there are two main criteria that need to be considered: Inductor current ripple and slope
compensation. For applications with duty-cycle lower than 50%, the inductor can be calculated to provide a ripple

current of 30% of the IC 0.5A rated current (Al = 150mA): L = Your_. (1 - m).
Fow-AlL VIN
e In applications where the duty-cycle can exceed 50%, the inductor current falling slope dI/dt also needs to fit the

. . . . o \%
converter internal slope compensation: L1 value needs to fulfill the following criteria: L1 > % pH
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For output capacitor selection, there are several considerations:

a. Output ripple in CCM mode
Output ripple in CCM mode can be calculated from VyppLe com = AlL com (ESR + ;)
- v v 8CoutFsw
out . (4 _ Vour
When using ceramic output capacitors in these low voltage supplies, output ripple voltage in CCM mode will be small.

The CCM mode inductor ripple can be calculated from: Al ccom =

b. Outputripple in PSM mode
Output ripple in PSM mode will depend on the peak current in PSM mode and the load current. The worst case condition

. L v
will happen at zero load:  VRppie psm = Al psm - ESR + Al? ( N )
- - 2:Cour Vour (ViN - Vour)

RT6204 will regulate the inductor peak current in PSM mode around 150mA but there is around 80nsec propagation delay,
so at high V|y and low Vgyrt the peak current will increase. PSM output voltage ripple will always be higher than CCM
ripple.

c. Voltage sag during load transients
The voltage sag during a load transient in CCM mode depends on the load step, control loop speed and output capacitor.
An approximate formula for voltage sag during a fast load step is shown below:

1
vV = Al <ESR + —)
sac_ccm = Alstep 8Cour Fan

where Alstep is the load step amplitude and Fgw is the converter control bandwidth. Note that load step transitions
between PSM and CCM mode operation will show higher voltage sag. Converter bandwidth is normally set around 1/10 of
the switching frequency, except when using electrolytic capacitors: The ESR variation over temperature will require lower
bandwidth setting to guarantee stable operation over the full temperature range. The converter bandwidth can be set

via compensation resistor Rcomp.

Input capacitor considerations

The input capacitor provides the high frequency switching current peaks of the converter. The input capacitor should be
chosen to provide adequate filtering of the converter input, to minimize the VN high frequency ripple. Low ESR ceramic
capacitors should be placed close to the converter VIN and GND pins. At high input voltages, ceramic capacitors will have
severely reduced capacitance, which should be considered when calculating the input ripple voltage. The peak-peak input
ripple voltage can be approximated by:

AV = louTmaxVout

v, . . .
(1—ﬂ) where Cjy is the capacitance at the DC input voltage.
CinFswVin

VIN

You will normally need at least 1uF capacitance and 100V rating, which will require 0805 or 1206 size MLCCs.

Another consideration for the input capacitor is its RMS current rating:
Iin_Rms = louTmax m(1'm

- VIN VIN
For the RT6204 maximum load current of 0.5A, the maximum RSM current in the input capacitor will be 0.25A. This value
is normally not critical for ceramic capacitors with 0805 or 1206 size.

) The maximum RMS current will happen when Voyr is 50% of V.

If the converter requires hot-plugging into live input supplies, it is recommended to add a small electrolytic capacitor in
parallel with the ceramic input capacitor.

Calculation of compensation components.
The RT6204 compensation can use standard current mode type Il compensation. The below simple formulas can be used:

The compensator gain is set by Rcomp, and the value is calculated to provide a suitable converter crossover frequency (Fc

. - ) 21 Co'0.1Fgy V.
around 0.1 * Fsy) with sufficient phase margin. Rgoyp = =——2——3%. OUT
Gmea'Ges  VREF

Note that electrolytic output capacitors will require lower bandwidth, see chapter 5.

. . 1 .
The value of Ccowmp is selected to set the compensation zero f; = ————— a bit below the converter load pole
} 21 CcompRecomp

fPLoan = 21 Cour RLoap where Rioap =Vourt/ 0.5A.
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3.

Cout'Resr

The value for Cp is chosen to set the high frequency pole at the output capacitor ESR zero : Cp = =
comp

When ceramic output capacitors are used, the ESR zero will lie at very high frequencies, above the converter switching

frequency. For low Voyr applications with ceramic output capacitors, Cp can be omitted.
The feed-forward capacitor Cff is normally not needed for improving control loop response. But some small Cff capacitor
can sometimes improve the PSM operation; by injecting some extra ripple on the FB pin double pulsing can be reduced.

This can be tested case by case.
_(Css1.1V)
lss

Css is the value of the soft-start capacitor and Iss is the soft-start current (typically 6pA). Vour starts rising when the Vsg

The soft-start capacitor sets the time tss from EN high to Vouyt reaching its final value which is defined by tgg

ramp passes 0.3V, and ends when Vss ramp passes 1.1V.
(Cgg'0.8V)
Iss
Supplies with high output voltage and/or large value output capacitors should use sufficient soft-start time to avoid high
inrush currents.

The Voyr rise time can therefore be calculated by: t, =

The converter can be enabled by pulling high the EN pin. The EN logic high level is typically 1.25V. There is a 1pA pull
down current on EN. For automatic start-up when V) is applied, the EN pin can be connected with a 100k pull-up resistor
to V|n. The EN pin is 60V tolerant.

FIRST EXAMPLE APPLICATION: 1.2V OUTPUT

In this first example we will design a converter with a fixed 1.2V output with a wide input voltage range.

Maximum input voltage: Based on minimum on time, the maximum input voltage for 1.2V output will be 1.2/0.0315 =
38V. In this 1.2V example we will examine how the minimum on time will influence output ripple and over-current
protection performance.

Feedback network: use Vout = VRer (1+%) to select R1 and R2: In this case we choose R1=7.5k and R2=15k which will
give exactly 1.2V output.

Inductor value: For this 1.2 application, the duty-cycle will never reach 50%, so slope compensation is not critical in this
case. Therefore, the inductor calculation can be purely based on ripple current.

Using Vin = 38V, and current ripple of 0.3+0.5A=0.15A: using L = —QUT_. (1-M) we find L = 22.1pH.
FswAlL VIN

At max 0.5A load, the inductor peak current will be (1+0.15)«0.5A = 0.575A. Normally the saturation current is chosen at
least 10% higher than the maximum peak current, so Isat should be > 0.63A. For this example a Taiyo-Yuden NR6020T
22puH with Isat of 1A was chosen.

For output capacitor selection, we use the PSM ripple as selection criteria:

First the PSM peak current is estimated: With V|y = 38V, Vourt = 1.2V, L = 22puH, the inductor current rising slope is
(38-1.2)/22uH=1.67A/usec. 80nsec propagation delay will result in 0.133A current increase. The PSM peak current will
therefore be around 280mA. For 1.2V output supply, we will use low ESR ceramic capacitors. The capacitor ESR can
therefore be neglected, and the PSM ripple formula can be simplified:

_ L 2 ViN
V = Al —)
RIPPLE PSM™ 5.Coyr — --PSM (VOUT(VIN'VOUT)
A worst case PSM ripple of 50mVpp requires 15.7uF capacitance. For this example two 10uF/16V 0805 X5R size MLCC
output capacitors were selected: Murata GRM21BR61C106KE. The MLCC capacitance drop due to 1.2V dc bias voltage is
very low and can be neglected. But MLCC capacitance is normally rated at an AC voltage of around 0.5Vrms. The
capacitance will drop at lower AC RMS voltage. For this low voltage ripple application, a 27% capacitance drop must be
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considered. For more details on MLCC capacitor behavior, please see http://ds.murata.com/software/simsurfing/en-us/
The total effective output capacitance becomes ~15uF output capacitance, which is used for further calculations.

Measurements of the output ripple in PSM mode are shown in the figure 2 below: L1 = 22pH, Cout eff= 15uF

Vin =38V, Vour = 1.2V, 1mA load PSM ripple with 15uF capacitance is 46mVpp.
k Prevu i TekStop | —
R . Y :
Ch1 Pk—-Pk i : : 1 Ch1Pk-Pk
1 49.2mv L . R 1 46.0mv
. . & ] +
: i : i ettt : } ; jtstetsl  Ch2 Fr. ettt bbbl CH2 HWidEh
D ? T : P 1 20skn r 5 o] 1s4.6ns
: 1 . . 1 Low signal : : 1 Low signal
...... . . . T -4 amplitude R amplitude
Ch4 Max Ch4 Max
288mA 290mA
L1
o (P 3 ; i P ; ] @k : R S, S VTR P -
Chi[ 20.0mvA&Ch2] 50,0V &M[400Ws| Al Ch2 & 24.0V Chi1] 20.0mVAREEFE 50,0V 5M[1.00us A Ch2 & 24.0V
EIE 100mAQ 6Sep 2016 Ch4] 100mA S 6 Sep 2016
i1[25.60 % 18:30:33 w[19.80 % 18:32:04
FIGURE 2
The effect of minimum ON time limit at high V/y is shown in the figure 3 below: (Voyt = 1.2V, 0.28A load)
Vin = 38V: Just full PWM, no pulse skipping Vin = 42V: min ON time limit reached, pulse skipping
Tek Run [ i ] Trig'd Tek Stop - [ i ]
> T
Vour Vout -
Vi = 38V Ch1 Mean b V=AY ch1 Mean
1.19V ' y 1.20 v
NSPIPE EPIPEM P EFEPIPIIE (PRPIPLA S S ' .................... Ch3 Mean ) SR PPN P S IPUP IR TP I PUR I P PSSP PP ' Ch3 Mean
{ 38.2V I ] i 1 i i i i a2.0v
T Ch4 Mean 1 : : : : : Chd Mean
I 4 I 279mA i ! _ 277maA
NSNS \\\\\\\\\\\\\\\}
B ‘ i 42 . i y
Ch1l 200mvV_ &Ch2| 10.0V  &M4.00ps A Ch2 S 2.80V Chl 200mV &Ch2 10.0V &M4.00Ms A Ch2 S 2.80V
Ch3] 10.0V &EME S00mAQ 12 Sep 2016 Ch3 10,0V LERE S00mAQ | ) 12 5ep 2016
2360 % 12:28:38 1[23.60 % 12:40:38

FIGURE 3

When the minimum ON time is reached in high V|y low Vout applications, the converter will start skipping pulses to
maintain regulated output. This pulse skipping will result in higher output voltage ripple.

e  For the input capacitor selection, the maximum allowed input ripple needs to be considered. The input capacitor also
needs to have sufficient voltage rating. For 40V input range, a capacitor having least 60V voltage rating needs to be used.
This normally means a ceramic capacitor with 100V rating.

According AV,,FW(L%) with 0.5A load current, 38V input and 1.2V output, 1pF of input capacitance
IN'FSW'VIN IN

means that the input ripple will be around 44mV ripple. It should be noted that this ripple does not include high

frequency ringing due to capacitor ESL and layout ESL.

In this example we used a small 100nF/100V 0603 X7R capacitor (Murata GRM188R72A104KA35) in parallel with a
2.2uF/100V 1206 X7R capacitor (Murata GRM31CR72A225KA73) which has an effective capacitance of 1.1uF at 38Vdc.
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TekRun | 1 : ] el . ssemy  Figure 4 shows the input ripple voltage measurement at 38V
y } @ -28.0m¥  jnput and 0.5A load current.
Vinge ! |
M """"" P I IRRIE= (R - The ripple voltage shows a saw-tooth with 55mVpp
' 1 g cmirkork amplitude, but there is also considerable high frequency
' i noise present, due to parasitic ESL. To avoid this high
e ME AR m e o L e o i Chafreq frequency noise entering the input power lines, it is
Iy 5 o recommended adding additional filtering by means of a high
e — [ —— g ' g by g
; frequency bead and extra capacitance.
[4 !
The worst case RMS current in the input capacitor for this
! ¢ application happens at the lowest input voltage (5.2V), and
@ S0.0mv Ch2 200V UM I00MS A Ch2 A 15.2V will be around 0.2A. This will not be a problem for the
Ch4| S500maALr 9 Sep 2016 Selected in t t
Wi6.80% 16:44:25 put capacitors.

FIGURE 4

e (Calculation of compensation components.
For the compensation component calculations we will use the formulas as given in chapter 2. For the output capacitance

we use Coyrt_eff =15uF.

Rcowmp = 2 Co 0P sw M: With Gea=970uA/V, Ges=0.9A/V and Cout eff =15uF: Rcomp becomes 5.7kQ
Gmea'Ges  VRer -

We will choose 5.6kQ

lies at 4.4kHz. CCOMP = Wlm =6.4nF.

1

The converter load pole fp, =
LOAD  2m Coyt* RLoAD

We will choose 6.8nF.
The ceramic output capacitors will have a combined ESR of 2.5mQ. The ESR zero lies at 4.2MHz. Cp can be omitted.

Converter stability was checked by means of fast load step, see figure 5.

TekBun | e ————_ Trigd Fast load step at 24V input shows stable performance
. u . . 1 . . . .
; o without ringing.
ML ARIRRURE m o
I ST S Converter sag at 250mA load step shows 74mV
: : , ' - . Ch1 Max
65.0mv
D T o B e o o TSI S S S S Ch1 Min
—74.0mv
: . k) " Ch4 Higl
[ : i : _ 500mA
4|
o o Ch4 Low
256mA
HEgﬂ] S0 omvaE : M4D..0|.ls A Chd 5 348mA
Ch4[ 200mA G 6 Sep 2016
W21.00% | 19:19:41

FIGURE 5
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e The soft-start capacitor sets the time tss from EN high to Vourt reaching its final value which is defined by tsszw-
ss

Css is the value of the soft-start capacitor and Iss is the soft-start current (typically 6pA).

For the 1.2V application with relatively small output capacitors, inrush current is not critical. Css = 10nF gives a total start-

up time of 1.83msec and Voyr rise time of 1.3msec.

Tl St e il — A 112y  Figure 6 shows the soft-start behavior: When EN goes high, the
i @

1% ]"9'24" soft-start ramp starts rising. The converter starts switching
N . ms

1@ 1.95ms  when the soft-start ramp passes 0.3V and Vouyr rises. Switching
S frequency gradually increases as Voyr increases.
1.26V When the soft-start ramp reaches 1.1V, the converter output
reaches its final value.

Ch1 Min
—40.0mv

Ch4 High
308mA

Ch4 Low
—20.0mA

Ch1 500mV &Ch2 10.0V G&M[400ps| A Ch2 & 240V
500mV  [Ch4] 200mAQ 7 Sep 2016

i1[9.800 % 19:06:17
FIGURE 6

e Qver-current protection behavior:
RT6204 has a cycle by cycle peak current limiting circuit that uses the high side MOSFET current sense. When the
converter output loading is increased, at some point the peak current limit will be reached: the protection circuit will
then reduce the high side MOSFET on time to avoid further current rise.

Telestop _— ] ——1 .. osoms  Figure 7 shows the current limit measurement at Viy = 20V:
V v I Viy=20V @ 950mA . .
our . . o VN ' 1 When the inductor current reaches 950mA, the duty-cycle is
Duty-cycle reduces ¢ reduced and Voyr starts to drop. The over current protection
" Vgyrdrops ' i level of this 20V — 1.2V application is slightly higher than the
ax
: . U reached 121y datasheet OCP level due to the current sense propagation
5 _ v - . delay: (20-1.2)/22uH=0.85A/usec. 80nsec propagation delay
Current limit reached T |- ' 1 S36.omv will result in 0.068A current increase.
e : ' - When Voyr drops below the output under voltage protection
Iy oo A (UVP level is 50% of Vour), the converter shuts down, and an
s T B T automatic soft-start cycle is initiated.
By R — = SSo.oma
Chil 200mv Uw[IhEZ: zog_u v .k‘-M'ZOEOHS Al Ch.l Y 1.08\;‘
EE S00mAQ 7 Sep 2016
w32.20% 19:19:35

FIGURE 7

When the RT6204 converter is operating in high input voltage and low output voltage conditions and is subjected to
overload situations, it is important to make sure that the converter’s minimum on-time does not prevent the current limit
from operating properly. In minimum on time operation mode and overload condition, the converter will operate at the
minimum duty and the output voltage will remain at whatever voltage that duty naturally produces. In this overloaded
state the inductor current is no longer controlled and depends mainly on the load current, which eventually becomes high

enough for the MOSFET and inductor component voltage drops to increase enough to allow Vgyr to reach 50% and
trigger UVP protection.

ANO049 © 2016 Richtek Technology Corporation 7



RT6204 Wide Vin Buck Converter RICHTEK

4.

Tek Stop i — =! g5 i Figure 8 shows the current limit measurement at Viy = 40V:
Vv v LV = 40V @ 1A . .
ouT £ o Due to propagation delay, the OC level now lies around 1.1A.
Mlnlmum ToRtTeshe: d The converter tries to reduce duty-cycle, but it is operating
ZVOUTcannot drop much ) o ]
i NoUVP l & close to its minimum TON time. It can be seen that Vour
Ch1 Max
i 1.23v cannot drop much more and gets “stuck” around 830mV. The
. Higher Current limit | o UVP level cannot be reached and the converter keeps
2 + 4 + + } Ch1 mi . . . . ape
A i s32mV. operating in this maximum overload condition.
TR S When the converter load is further increased, the inductor
t Ch4 High . ..
li 4 ‘ i 1.16 A current can actually increase beyond the over current limit.
e RET 1 hat Any Voyt drop will now be caused by Rdson and inductor
. 1 | ow
s TP so.oma DCR drop, which may still trigger UVP protection.
Chil 200mV _MCha| 260V M 2000s A Chl % 1.08V
EE S00mAQ 7 Sep 2016
1(32.20 % 19:21:07

FIGURE 8

When the RT6204 converter is operating in high input voltage and low output voltage conditions in combination with
overload situations, it is important to check the minimum on time limitations.

The complete 1.2V application is shown in figure 9.

t1 Cout2

10u

RT6204GSP
V-in 1
5.2V ~ 38V + ’ —2lyn  BOOT Choot
l l 100n
cin1 L cin2 5 T V-out

o 22uT 0.1u sW JIx . +——11.2v/0.5A

L1

% i 22uH R1
i

EN
FB 5

6
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Rcomp 18k
N 5k6 —

T g‘:a"n“"p Gin1: 2.2uF / 100V 1206 Murata GRM31CR72A225KA73L
Cin2: 0.1uF / 100V 0503 Murata GRM188R72A104KA35D
= Cout1, Cout2: 10uF / 16V 0805 Murata GRM21BR61C106KE15L

L1: 22uH, 0.290hm, 1.05A Taiyo-Yuden NR6020T220M

‘\k—u—

T
=

|
w ~l
(2]
w

IS 9]
o

Css

1

FIGURE 9

SECOND EXAMPLE APPLICATION: 5V OUTPUT

The second example explains the converter with a fixed 5V output with a wide input voltage range.

The maximum input voltage for this case is limited by the RT6204 60V maximum voltage rating: 5/60=8.3%, which is much
larger than the RT6204 minimum duty-cycle of 3.15%. If the input supply can be lower than 7.5V, the duty-cycle will be
higher than 65%, and the external bootstrap diode needs to be implemented.

Feedback network: use Voyt = VRer (1+ ) to select R1 and R2: In this case we choose R1 = 43k and R2 = 8.2k which
will give 4.995V output.

Inductor value: For this 5V application, the duty-cycle can exceed 50% when V|y is lower than 10V: for wide V|y
applications, the effect of slope compensation on the minimum required inductance needs to be considered. The slope

. . v
compensation criteria L1 > ﬂ (uH) requires an inductor greater than 83uH.

Inductor calculation based on 30% current ripple at 60V input using L = FVO—UATl- (1 V\?UT) will give L = 87.3uH. In this
SwAalL

example we will use 100uH. The selected inductor is a 100puH Wuerth Electronic 744066101 shielded inductor with a 1.2A
saturation current and 0.255Q resistance.

ANO049 © 2016 Richtek Technology Corporation 8
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e For output capacitor selection, we use the PSM ripple as selection criteria:

First the PSM peak current is estimated: With V|y = 60V, Voyt = 5V, L = 100uH, the inductor current rising slope is
(60-5)/100uH = 0.55A/usec. 80nsec propagation delay will result in 0.044A current increase. The PSM max peak current

will therefore be around 194mA. Note that at lower V), peak current increase due to propagation delay is very small, and
the nominal 150mA PSM peak current can be used. For this 5V output supply, we will use low ESR ceramic capacitors.
The capacitor ESR can therefore be neglected, and the PSM ripple formula will be:

2

V =_L Al (L)
RIPPLE_PSM 2-Cout L_PSM Vour(Vin-Vour) .

At 60V input, a PSM ripple of 50mVpp requires around 9uF capacitance. For this example we used two 10uF/25V X5R
1206 size MLCC output capacitors, each having an effective capacitance of 6uF at 5Vdc bias and low AC ripple voltage. The
effective capacitance becomes is 12uF output capacitance, which is used for further calculations. Calculated PSM ripple at
60V input with 12F output capacitance will be 37mVpp.

Tk Stop e s 324 Figure 10 shows the zero load PSM ripple for the 5V
X X ' j4a: 33.4my .. . . .
: P & 188V application with 60V input and 12uF effective output
o ! capacitance. PSM peak current and 39mVpp output ripple
[} RN 4 matches the calculated values quite well.
- Vour - 1 chi pPk-Pk
. B S 39.0mv
N T
T 1 Chd Max
ILT I : : : 200mA
; ]
[ SR———_ L R N RPN
[Ch| 710.0mvVARChZ 10.0V MM'z.dous' A Ch2 - 26.4\;
Chd4| 100mAQ 12 Sep 2016
125.00 % 14:07:22

FIGURE 10

e For the input capacitor selection, the maximum allowed input ripple needs to be considered. The input capacitor also
needs to have sufficient voltage rating. For 60V input range, a capacitor having least 90V voltage rating needs to be used.

This normally means a ceramic capacitor with 100V rating.

According AV)\ = loutmax Vour (1_@) with 0.5A load current, 60V input and 5V output, 1uF of input capacitance gives

Cin‘FswVin ViN
input ripple will be around 110mV ripple. It should be noted that this ripple does not include high frequency ringing due
to capacitor ESL and layout ESL.

In this example we used a small 100nF/100V 0603 X7R capacitor (Murata GRM188R72A104KA35) in parallel with two
pieces 2.2uF/100V 1206 X7R capacitor (Murata GRM31CR72A225KA73) each having an effective capacitance of 0.7uF at
60Vdc. The total combination of 1.5uF would give around 78mVpp calculated input ripple at 60Vdc input and 0.5A load.
The worst case RMS current in the input capacitor in this 5V application will happen when V|y is 10V and the load is 0.5A.
The maximum RMS current will be 0.25A; this will not be a problem for the selected input capacitors.

P AL T9.0my
{@: 37.omv shows 79mV saw-tooth input ripple. Additional high frequency

noise is due to parasitic inductance.

Tek Stop — ] Figure 11 shows the actual input ripple measurement, which

| Ch1 Pk-Pk
110my

iwiey  Chd Mean
) 484imM

Ch2 Freq
I67.6kH2

|

(2 : ; D TN PR TR TR R NN T DR ey |

“HE 50.0mvA Ch2[ 200V AM1.004s A Ch2 £ 108V

Chd| 500mac 12 Sep 2016
125.00 % 14:52:20

FIGURE 11

ANO049 © 2016 Richtek Technology Corporation 9



RT6204 Wide Vin Buck Converter RICHTEK

Calculation of compensation components.
For the compensation component calculations we will use the formulas as given in chapter 2. For the output capacitance

we use Court_eff = 12uF.
_ 21 C001FSW ) VOUT_

Rcovp = —— : With Gmea = 970uA/V, Ges=0.9A/V and Cout eff = 12uF: Rcomp becomes 19kQ. We will
GmeaGcs  VRer -

choose 18kQ.

1
21 Cout" RLoAD

lies at 1.3kHz. Coomp = —————— = 6.8nF.

The converter load pole f =
POl TP oap 21 1.3kHz Reomp

The ceramic output capacitors will have a combined ESR of 2.5mQ. The ESR zero lies at 5.3MHz. Cp calculation based on
this ESR zero will be 1.6pF. But for higher output voltage application with larger duty-cycle variation, a larger value of Cp is
recommended. The datasheet recommended value of 47pF sets the compensator pole at 188kHz, which makes the
converter operate more stable at higher duty-cycles at the expense of slightly lower overall phase margin.

Tek Run el ] Trig'd Figure 12 shows the output response with a fast load step
b ; from 200mA to 420mA. (Converter operating in CCM mode
\ with an input voltage of 50V)
| Vour j The response is stable without ringing. Converter voltage sag
/”_-— | ChiMax at 220mA load step shows 90mV.
Chi Min
—aG.0mv
Load step ! ‘ Chd High
B | iy
chil 1oomvas 1 M 100ps A Chd 5 292mA
EE ZoomaAd 12 5ep 2016
020,40 % 19:13:24
FIGURE 12

For this 5V application with relatively small output capacitance, inrush current is not critical. The same 10nF soft-start
capacitance as used for 1.2V application can be used, which gives total start-up time of 1.83msec based on:
Cgg'1.1V L .
tgs = % Vourt rise time from zero to 5V will be 1.3msec.
ss
External Bootstrap capacitor charging circuit.
If the converter input can be lower than 7.5V, the external bootstrap supply is needed. The optimal value for this
bootstrap supply is around 3.3V: Higher values like 5V can lead to too strong high-side MOSFET drive which can lead to
noise and unstable switching at certain conditions. The 3.3V bootstrap supply can be derived from the 5V output by using
a zener voltage clamp. The average current that the external bootstrap circuit needs to supply is low, around 1mA max.
The peak current in D1 is around 40mA max, and a small buffer capacitor can be used to supply this current.

For the external bootstrap supply we will use zener clamp circuit: See figure 13.

RT6204GSP
VIN BOOT|
V-out
SwW ——1{ > 5V/0.5A
FIGURE 13

To minimize the power needed for the circuit, the zener current is kept low, around 1mA. To compensate for the lower
zener knee voltage at low current, a higher voltage zener diode is chosen, Vishay BZX384C3V9. Using a 680Q bias resistor,
at 5V output and 1mA bootstrap charging current, the current in the zener will be around 1.5mA with a zener clamping
voltage of 3.5V. The total power dissipation in R3 is 2.5mA’«680Q = 4.25mW, so a small size SMD resistor can be used.
The 47nF capacitor provides sufficient buffer for the 40mA D1 current pulses.

ANO049 © 2016 Richtek Technology Corporation 10



RICHTEK RT6204 Wide Vin Buck Converter

When the converter goes into max duty-cycle dropout mode, Voyrt will reduce and the external boot supply will drop to
around 3.2V. This is still sufficient to drive the bootstrap supply.

The figure 14 below shows the 5V converter operation at maximum load when V|y is reduced: The maximum duty-cycle is
determined by the converter minimum off time which is around 200nsec, which results in 93% max duty-cycle. The input
voltage where the converter reaches the max duty-cycle is heavily dependent on load current: The I1xRdson drop and inductor

[+xDCR drop need to be included, which is around 0.45V at 0.5A load. The V|y where drop-out starts to happen is then 5V/0.93
+0.45V =5.82V.

Vin = 10V: 50% duty-cycle VN = 6V: close to max duty-cycle: Vin = 5V: dropout mode in max duty-
Vourt =5V Vout =5V cycle operation. Voyt =4V
Tek Stop [ — Tek Stop e Tek Stop e

u 1 u u I

Vig=10v
' : shafies P P 2t | stzpm
| h N O.UT_ ’ Vi =5V : Vour= 4V : e
Mopt= BV ] ci e : RO HE SARLISALISN WAL I S s e [ ol

— {

Ch1 Mean ch1 Mean | ch1Mean
4.99v 4.99v 403V

| I I ]
Ch4 Mean L1 i Chd Mean t | cnha mean
Ly 71 4s3ma L I 484mA Ly . 483maA
2.00V_WcCh2 200V aM1.00us| A Chz J 244V “2000V Wch2 200V AM[1.00ps A Ch2 & 244V 2.00V WChZ 200V WM 1.004s A Chz F 2.44V
Ch3 200V Ch4] 500mA Q4 13 Sep 2016 ch3| 2.00v Chd] 500mA 13 Sep 2016 Ch3 2.00V Chd] 500mA Ok 135ep 2016
(20,40 % 09:21:58 20,40 % 09:22:34 [20.40% 09:23:08

The total 5V application schematic is shown in figure 15.

D1 R3
Ll & -
.
RT6204GSP 1N4148 l 680R
vi . = ¢l |z
-in 47n
5.2V ~ 60V [— . . s—2lyn  BOOT Choot Ve
l l l =100n -
RS cin1_L cin2_L Cin3 3 T = = V-out
100k 2.2uT 220 0.1u swW S11k . + > 5V/0.5A
L1
100uH R1 J_
| - = = 3 . 43K Cout1— Cout2
EN 5 T 10u 10u
FB 4
6 S
COMP R2 - -

Ccomp T 47p Cin1, Cin2: 2.2uF / 100V 1206 Murata GRM31CR72A225KA73L
L Cin3: 0.1uF / 100V 0603 Murata GRM188R72A104KA35D
— Cout1, Cout2: 10uF / 25V 1206 Murata GRM31CRB1E106KA12L
L1: 100uH, 0.2550hm, 1.2A WE744066101
Z1: 3.9V 200mW zener: Vishay BZX384C3V9

10n

'
|‘}»—|

FIGURE 15
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5. THIRD EXAMPLE APPLICATION: 12V OUTPUT

The third example analyzes the converter with a fixed 12V output and a wide input voltage range.

e The maximum input voltage for the 12V output case is the same as for the 5V case: it is limited by the RT6204 60V
maximum input voltage rating. If the input supply can be lower than 18.5V, the duty-cycle will be higher than 65%, and
the external bootstrap charging circuit needs to be implemented.

o Feedback network: use Vout = VRer (1+2—;) to select R1 and R2: In this case we choose R1 = 140k and R2 = 10k as

shown in the datasheet.

e Inductor value: For this 12V application, the duty-cycle can exceed 50% when V| is lower than 24V, so for wide VN
applications, the effect of slope compensation on the minimum required inductance needs to be considered. The slope
. o \Y . .
compensation criteria L1 > % (uH) requires an inductor greater than 200uH.

Nour_. (4. Your) _ .
Faw Al ( VIN) gives L = 183pH. In this

example we will use 220uH. The selected inductor is Bourns SRU1048A-221Y shielded inductor with a 0.7A saturation
current and 0.455Q resistance.

Inductor calculation based on 30% current ripple at 60V input usingL =

e Qutput capacitor choice: For this 12V application you could either choose ceramic or electrolytic output capacitors. MLCC
ceramic capacitors have considerable capacitance drop due to 12V dc bias, and you’ll need larger case size MLCC or
several pieces in parallel to reach an effective capacitance above 10uF. For example, the 10uF/25V X5R 1206 size MLCC
GRM31CR61E106KA12L will have around 2.9uF at 12Vdc and low ac ripple. Two pieces in parallel will give 5.8uF.
A small SMD aluminum electrolytic capacitor of 47 uF, 35V, 6.3x5.8mm size (like the Panasonic VFK Series) has an ESR of
0.36Q and a rated RMS current of 240mA. You can calculate the output ripple for both types in PSM mode and CCM
mode. The PSM peak current can be calculated in a similar way as the 5V example, and will be around 165mA for a 60V —
12V application with a 220uH inductor. The CCM ripple current will be around 124mApp.

VRippLE_psm = Al,_psm"ESR+ . A'E( Yin )
- - 2:Cour ~ Wour(Vin-Vour)

) where Al__com =

v v
VrippLE_com = AlL_com (ESR+ ot (1 'ﬂ)

8CoutFsw Fsw 'L ViN

PSM ripple at 60V input with 5.8F MLCC output capacitance will be around 55mVpp.
CCM ripple at 60V input with 5.8 F MLCC output capacitance will be around 8mVpp.

PSM ripple at 60V input with 47uF electrolytic capacitor with 0.36Q ESR will be around 59mVpp.
CCM ripple at 60V input with 47uF electrolytic capacitor with 0.36Q ESR will be around 46mVpp.

As can be seen, the PSM output ripple for both types of capacitor are quite close, but MLCC capacitors will have lower
ripple in CCM mode. But if you do the calculations at lower input voltage, you’ll find that the electrolytic capacitor will

have lower PSM ripple than the MLCC capacitors.

For this 12V output example, we will use the 47uF/35V 6.3x5.8mm electrolytic capacitor with ESR 0.360Q.

ANO049 © 2016 Richtek Technology Corporation 12
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Figure 16 shows the measured output ripple in PSM mode and CCM mode when using this electrolytic output capacitor.

12V output ripple in PSM mode with electrolytic 12V output ripple in CCM mode with electrolytic
capacitor: Ripple voltage is 46mVpp capacitor: Ripple voltage is 32mVpp
Tel Stop i — Tek Stop ]
Vour ; T
D - : ] v “'1"'- g ‘_ .
1 | Chi Pk=PK b e S T T ] o PPk
| 46.0mv ||_1 b 1 "~ 32.0mv
IL1
Ch4 Max T R T I S S I o [E I
168ma [ IG4ma
Ch2 Freq ] Ch2 Freq
5.368kHz2 1 361.3kHz
r f o !
3 e L : 4 P2 e - s pree |,
Chi| 20.0mVARChZ 200V «M40.0us] A Ch2 *  3.20V 20.0mVAACHhZ| 20.0V  WM[1.00uS| A Chz 1 3.20V
EEE 200mA DA 17 Sep 2016 Chd| 200mA G 17 Sep 2016
15.90 % 10:59:01 w1540 % 10:59:33

FIGURE 16

It should be noted that electrolytic capacitor ESR is heavily dependent on temperature: ESR becomes higher at lower
temperatures. This effect should be included when the power supply has to operate at lower temperatures.

It is recommended to place a small 100nF/50V ceramic capacitor in parallel with the electrolytic output capacitor: The low
ESR ceramic capacitor will filter the high frequency spikes from the switching transitions. But this capacitor will not have
any effect on the ripple amplitude or converter stability.

e For the input capacitor selection we’ll use the same values as were used in the 5V output example:
A small 100nF/100V 0603 X7R capacitor (Murata GRM188R72A104KA35) in parallel with two pieces 2.2uF/100V 1206 X7R
capacitor (Murata GRM31CR72A225KA73) giving a total combination of 1.5pF.

From AV|N=M(1—M) with a maximum 0.5A load current, 60V input and 12V output, 1.5pF of input
CinFswVin ViN
capacitance will give an input ripple of around 152mVpp.

The worst case RMS current in the input capacitor in this 12V application will happen when V|y is 24V and the load is
0.5A. The maximum RMS current will be 0.25A; this will not be a problem for the selected input capacitors.

Tk 5tap | — a ez Figure 17 shows the actual input ripple measurement, which
v ! (m 72emv shows 142mV saw-tooth input ripple. Additional high
M L N
/’: LR : o . frequency noise is due to parasitic inductance.
[ 17 ' ]
. i { Chi Pk-PE
180mY
Iy 4 . :
It T Tt T Tl T T T T Mean
1 4095ma
-
Cha Freq
162.3kHz
4
: Bl veemv e chz 500V AMIT.00ES A £hi % 350V
Chd, S00ma ki I7 Sep 2016
Wi[15.40 % [P
FIGURE 17
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e Calculation of compensation components.
For the compensation component calculations we will use the formulas as given in chapter 2. For the output capacitance

we use Coyt = 47uF and Output capacitor ESR = 0.36Q. We will first use the standard bandwidth setting of 0.1xFg:

R =
COMP GmeaGcs
choose 180kQ.

21 C001 FSW ) VOUT_

With Gpmga = 970uA/V, Ges = 0.9A/V and Cout = 47uF: Rcomp becomes 178kQ. We will

VREer

1
2m Cout* RLoAD

1

2 141H2 Rooup 6.3nF. We choose 6.8nF.

The converter load pole fp ., = lies at 141Hz. Ccomp =

The output capacitor ESR of 0.36Q will result in an ESR zero of at 9.4kHz. From Cp = CourResr we can find that Cp

Rcomp
needs to be 95pF. We'll choose 100pF.
Figure 18 show the step load response at room temperature, with a fast load step from 250mA to 500mA.

Zoom of ESR drop confirms the voltage
drop to be Al pap*ESR
(250mA+0.36Q = 90mV)

——

80psec step shows the initial Vout
drop due output cap ESR.

4msec step at 25°C: Vour recovery
time around 3msec due to

Rcomp*Ccomp time constant.

TekRun | e e Trig’d TekRun | Trig'd

IS

Trig'd Tek Run

Ar 82.0mv
@: 2.00mv

Ch1 Max
30.0my

Ch1 Max
78.0mv

Ch1 Max
94.0my

o e e

Ch1 Min Ch1 Min Ch1 Min

—88.0mv -102mv —102mv

Ch4 High Ch4 High Ch4 High

470mA 480mA 540mA
“ L G

Chd Low Chd Low Chd Low

@) 200maA 1 220mA ) 170mA
100mV A8 M1.00ms A Ch4 J 390mA 100mV A& M[20.04s| A Cha S 390mA 100mV A8 M4.00us| Al Cha 7 390mA

Chd[ 500mAQ 17 Sep 2016 Ch4[ 500mA 17 Sep 2016 Chd[ 500mAQ 17 Sep 2016
20.00 % 13:38:19 20.00 % 13:38:49 20.00 % 13:41:07

As mentioned earlier, electrolytic capacitor ESR is heavily dependent on temperature: ESR becomes much higher at lower
temperatures. Below figure 19 show the step response at -20°C:

4msec step at -20°C; Increased ripple.

80usec step at -20°C shows instability.

Zoom shows a voltage drop to be
Al oap*ESR to be 316mV:
ESR is now 316mV/250mA = 1.26Q

Tekstep | S —— Tekstop | | — Tekstop | S —
T A 316mv A 316my A 316mv
@ -316mv @ -316my @ -316mv
|
Ch1 Max Ch1 Max R Ch1 Max
220mv 222mv 58.0mv
|
ch1 Min ch1 Min ch1 Min
~262my ~302mv ~294my
Chd High chd High Chd High
470mA 430mA 540mA
< < |
: chd Low Cchd Low chd Low
121 200mA ) 210mA ) 160mA
T00mv V& M[T.00ms A Chd ~ 390mA T00mV v M[20.0s A Chd 7+ 390mA T00mv vy M[4.00s A Chd  390mA
cha[ 500mA < 17 Sep 2016 Cha[ 500mA < 17 sep 2016 Ccha[ 500mA < 17 Sep 2016

20.00 % 13:52:59 20.00 % 13:51:55 20.00 % 13:47:55

FIGURE 19

Clearly the converter is not stable at lower temperatures. What happened is that the increased output capacitor ESR at
low temperature sets the modulator ESR zero at much lower frequency, around 2.6kHz. This increases the modulator gain
at high frequencies and results in a much higher control bandwidth. The phase margin will be poor.

To overcome this problem the compensation needs to be adjusted: You could just increase the value of Cp, but this will
reduce phase margin at room temperature ESR. It is better to reduce the overall converter bandwidth by reducing Rcomp
considerably. This will give the best phase margin in both high ESR (low temperature) and low ESR (high temperature)
condition.
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In this case we lower the bandwidth with a factor 3 to around 13kHz: Rcomp becomes 68k. Ccomp now becomes 15nF.

Calculate Cp for room temperature ESR of 0.36Q: Cp becomes 250pF, choose 270pF. The figure 20 below show the result:
The step load response now looks good at both low temperature and high temperature conditions.

Load step at +25°C : OK Load step at -30°C : OK Load step at +70°C : OK

Tek Stop | S — TekStop | | — TekStop | | —
A 102mv A 316mv A: 84.0mv
@ —102mv @ —316mv @ -g4.0mv

Ch1 Max
18.0mvy

Ch1 Max

Ch1 Max
56.0mv

24.0mv

ch1 Min ch1Min : : ch1Min

—122mv -326mv =100mv

Chd High Chd High Chd High

540mA 530mA 530mA
€ €

Chd Low Chd Low Chd Low

21 170mA 21 160mA 21 160mA
“T00mV A& M[4.00ps| A Cha 7 390mA 100mV A8 M[4.00s| A Chd 7 390mA T00mV A& M[4.004s A Chd 7 390mA

Ch4[ 500mA< 17 Sep 2016 Chd[ S00mA< 17 Sep 2016 Cha[ 500mA< 17 Sep 2016
20.00% 15:04:58 20.00 % 15:04:12 20.00 % 15:05:23

FIGURE 20

e Soft-start design: For the 12V application with 47uF output capacitance, too fast Vouyr rise time can result in some inrush
current: To keep the inrush during Voyr rise less than 100mA, the rise time must be greater than

47uF+12V/100mA=5.6msec. Cgg= (lc?ss'\t/’) , 50 Css needs to be larger than 42nF. We will choose 47nF. This gives total start-

up time of 8.6msec and Voyr rise time from 0 to 12V will be 6.3msec.

Telcfun A T . Figure 21 shows the soft-start behavior of the 12V
h i 113V application.
9.16ms

E . I . . @: 9.16ms
: R R LY, Ch1 Max
' Weg l : :

bk

b

124V

Ch1 Min
=200mv

Ch4 High
162mA

Ch4 Low
12.0mA

T ierrretined J f ... IO e L |
l Chil| 5.00V ®&Ch2[ 10,0V AM2.00ms A Ch2 5 B8.80V
EIE 500mV &Chd| 100mAQ

) 17 Sep 2016
11/20.00 % 15:46:19

FIGURE 21

e External Bootstrap capacitor charging circuit.
If the converter input can be lower than 18.5V, the external bootstrap supply is needed. The optimal value for this
bootstrap supply is around 3.3V: Higher values like 5V can lead to too strong high-side MOSFET drive which can lead to
noise and unstable switching at certain conditions. The 3.3V bootstrap supply can derived from the 12V output by using a
zener voltage clamp similar to the 5V application.
With an average bootstrap charge current of 1ImA and a zener bias current of 1.5mA, the zener bias resistor R3 becomes
(12V-3.3V)/2.5mA=3.5k. We will choose 3.3k. The total power dissipation in R3 is 2.5mA”+3.3kQ = 20mW, so a small size
SMD resistor can be used. The circuit is shown in figure 22.

D1 1mA R3
|l - -
[‘
RT6204GSP 1N4148 l 3k3
] = c1 |zt
47n
BOOT 3v9
VIN Choot
= 100n J: —L—
3 - - V-out
sW T . . T>12V/0.5A
L1 1 1

FIGURE 22
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Figure 23 below shows the 12V converter operation at maximum load when V| is reduced: The maximum duty-cycle is
determined by the converter minimum off time which is around 200nsec, which results in 93% max duty-cycle. The input

voltage where the converter reaches the max duty-cycle depends on load current: The IxRdson drop and inductor I1xDCR drop
need to be included, which is around 0.66V at 0.5A load for the 12V application. The V|y where drop-out starts to happen is

then 12V/0.93 + 0.66V = 13.56V.

ch2 Freq
360.1kHz

Ch3 Mean
9.06

Ch4a Mean
511mA

17 Sep 2016
16:20:44

Vin = 15V: ~80% duty-cycle ViN = 13.3V: just at max duty-cycle: V)y=10.1V: dropout mode in max duty-
Vour = 12V Vout = 12V cycle operation. Voyt =9.06V
Tek Stop il ] Tek Stop j— ] Tek Stop = ]
V=15V g u Vi = 13.3V v V=101V
[ ——— i weall 1 - - I /
Viir= 12V : | \. o -
| chzfreq ¢ Vaur=:112Vi ch2 Freq 5 :
' 358.9kHz 357.9kH2 N
i 4 I I ‘ Vour= 9.06Y 4
B oo o e e e e e ] 3 Mean [ 2} SR A . ++| Ch3Mean [ S S SN SN/ S BN | P S SR S B
1 12,0V 120V I
o e it i e®|  CH1 MEAN - chi Mean A—
¢ i 15.0V ‘ 13.3v
14 : t ILq
1 Ch4 Mean Ch4 Mean
S511mA S10mA
e Chl 5.00V %@ 5.00V --\MZ.DDMS A ch2 5 2.30»: AR S0 v W@ 5.00v uM2.00ps A Ch2 £ 2.30V s oo WEE 5.00 v V-MZ.ODHS A Chz £ 230V
ch3| 5.00V wCha| 200mA<r 17 Sep 2016 Ch3[ 5.00V WChd[ 200mAQ 17 Sep 2016 Ch3| 5.00V AChd] 200mA<
1120.00 % 16:19:49 11/20.00 % 16:20:13 1[20.00 %
FIGURE 23
The total 12V application schematic is shown in figure 24.
RT6204GSP
V-in 1
135 ~ 6OV [ 2l BOOT
R5 Cin1l Cin2l Cin3l 3 V-out
100K 22uT 220 uwI SW ¥ +—{>12V/0.5A
| - L L 220uH Cout2
- - - 7 47UF =
EN 5 140k TESR=O.3ER 0.1u
FB *
6
8 COMP Rz — —
Ss Rcomp 10k
GND 68k cp —
Css P
47n T 4 T Ccomp T 270p Cint, Cin2: 2.2uF / 100V 1208 Murata GRM31CR72A225KA73L
15n Cin3: 0.1uF / 100V 0603 Murata GRM188R72A104KA35D
= = — — Cout1: 47uF/35V 6.3x5.8mm aluminum electrolytic capacitor
(Panasonic VFK series ESR 0.36ohm, rms current 240mA)
L1: 220uH, 0.4550hm, 0.8A Bourns SRU1048A
Z1: 3.8V 200mW zener: Vishay BZX384C3V9
FIGURE 24
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6.

FOURTH EXAMPLE APPLICATION: 24V OUTPUT

This fourth example examines the converter with a fixed 24V output and a wide input voltage range.

The maximum input voltage for the 24V output case is the same as for the 12V case: it is limited by the RT6204 60V
maximum input voltage rating. If the input supply can be lower than 37V, the duty-cycle will be higher than 65%, and the
external bootstrap charging circuit needs to be implemented.

Feedback network: use Voyt = VRrer (1 +%) to select R1 and R2: In this case we choose R2 = 10k and R1 = 290k.

Inductor value: For this 24V application, the duty-cycle can exceed 50% when Vy is lower than 48V, so for wide V|y
applications, the effect of slope compensation on the minimum required inductance needs to be considered. The slope

compensation criteria L1 > % (1H) requires an inductor greater than 400pH.

. . . . v Vv

Inductor calculation based on 30% current ripple at 60V input using L = ﬁ- (1-%
SwAlL IN

select the inductor based on slope compensation criteria. In this example we will use 470uH. The selected inductor is

Bourns SSR1240-471 shielded inductor with a 0.6A saturation current and 1.35Q resistance.

) gives L = 274pH. So we need to

Output capacitor choice: For this 24V application, MLCC ceramic capacitors are not really suitable due to their large
capacitance drop at high DC bias voltage. To achieve sufficient capacitance, you’d need large size 50V MLCC types, which
are quite expensive.

Small SMD aluminum electrolytic capacitors are more suitable. In the 12V output application we used 47uF, 35V,
6.3x5.8mm size (Panasonic VFK Series) with an ESR of 0.36Q and a rated RMS current of 240mA. We can consider using
this capacitor for the 24V application as well.

You can calculate the output ripple in PSM mode and CCM mode. The PSM peak current for this 24V case will be the IC
regulated PSM peak value of 150mA, without much propagation delay influence. The CCM ripple current with 470uH
inductor will be around 88mApp.

_ L 2 Vin
VrippLE psm = Al psm'ESR+ °C Al
ouT

Vout(ViN-Vour) y y
VRIPPLE_CCM = AIL_CCM (ESR+ ) where AIL_CCM = L. (1'ﬂ)

Fow L ViN

8CoutFsw

PSM ripple at 60V input with 47uF electrolytic capacitor with 0.36Q ESR will be around 62mVpp.
CCM ripple at 60V input with 47uF electrolytic capacitor with 0.36Q ESR will be around 32mVpp.

For this 24V output example, we will use the 47uF/35V 6.3x5.8mm electrolytic capacitor with ESR 0.36Q.
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Figure 25 shows the measured output ripple in PSM mode and CCM mode when using this electrolytic output capacitor. It
is recommended to place a small 100nF/50V ceramic capacitor in parallel with the electrolytic output capacitor: The low
ESR ceramic capacitor will filter the high frequency spikes from the switching transitions. But this capacitor will not have
any effect on the ripple amplitude or converter stability.

24V output ripple in PSM mode with electrolytic 24V output ripple in CCM mode with electrolytic
capacitor: Ripple voltage is 82mVpp capacitor: Ripple voltage is 38mVpp
Tek Stop f i ] Tek stop [ i | _
Y | | P | i
h Vour 1 ! 1 Vour i
s i e INANSNAAASANAANAAAA
! 1 ! |
! ; | ch1 Pk—pk I | chlpk-pk
| | 1 ! } §2.0mv R S L TN S . ——— w  35.0mv
L1 I 1 i 1
- ? I !
[ 1 Chd Max [ PSP AP AP S s ++  Ch4 Max
I | 198maA ! i 560mA
i i I |
‘% Cha Freq { ChaFreq
1 { 360,2kH2 ' { 354.GkH2
I 1 {
i { !
| |
| !
] 1 . I ]
B T S0 omva e 2000 OM40.05s A Chz £ 476V 2 T 50.0mvaRcha 260V UM Z.0008 A Ch2 S 476V
ch4[ 100mA D 17 5ep 2016 il s00maA e 17 Sep 2016
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FIGURE 25

Input capacitor selection: The 24V application will have higher input ripple than the previous examples since the power
level is higher. In the 12V application we used the 100nF/100V 0603 X7R capacitor (Murata GRM188R72A104KA35) in
parallel with two pieces 2.2uF/100V 1206 X7R capacitor (Murata GRM31CR72A225KA73) giving a total combination of

1.54F.
If we use this same combination in the 24V application with 60V input and 0.5A load: AV = W—X'Vsm(ﬁm) will
IN'TSW'VIN IN

give an input ripple of around 229mVpp. For EMC reasons, it may be necessary to add an additional 2.2uF/100V 1206 X7R
and a high frequency bead.

Tek Stop | — Figure 26 shows the actual input ripple measurement with
the same 1.5uF input capacitor, resulting in a 230mVpp saw-

tooth input ripple at 60V input and max 0.5A load.

UL

1
! Chl PPk The worst case RMS current in the input capacitor in this 24V
I+ application will happen when V|y is 48V and the load is 0.5A.
: . Sl chaMean The maximum RMS current will be 0.25A. This will not be a
& . T . problem for the selected input capacitors.

Ch2 Fraq
351.5kHz

&

ol b—— | e T, i, |, |, ]
E@E t0omV AmCh2 20,0V WM 1.00Js A Ch2 £ 47.6V
cha] 500mAS 17 Sep 2016
H21.00% 18:30:57

FIGURE 26
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Calculation of compensation components.

As was shown in the 12V output application, the electrolytic output capacitor ESR variation over temperature can have a
big impact on converter stability. If the converter has to work at very low temperatures, a factor 3 higher ESR has to be
considered. Due to this effect, the converter bandwidth has to be set a factor 3 lower than the standard 0.1xFsyy setting.
For the 24V output supply, we will use similar bandwidth as the 12V application, around 12kHz instead of 35kHz. For the
compensation component calculations we will use the formulas as given in chapter 2. For the output capacitance we use

Cout = 47uF and output capacitor ESR = 0.36Q.

Recowp = 2w Co12kHz Vout, \yith Gmea = 970pA/V, Gcs=0.9A/V and Coyt = 47uF: Rcomp becomes 124kQ. We will choose
Gmea'Ges  VRer
120kQ.

1
21 71Hz 'RCOMP

1

L =18.7nF. We choose 18nF.
2m Cout' RLoaD

The converter load pole prOAD = lies at 71Hz. Ccoomp =

We use the room temperature ESR to calculate Cp: The output capacitor ESR of 0.36Q will result in an ESR zero of at

9.4kHz. When we calculate Cp = % we can find that Cp needs to be 136pF. We'll choose a slightly larger value of
COMP
150pF.

Figures 27 show the 250mA to 500mA step load response at +25°C (longer duration), and short duration pulse load steps
at -30°C and +70°C to see the details of the transition.

12msec load step at +25°C 120usec load step at -30°C : OK 120usec load step at +70°C : OK

TekRun | | — Trig'd TekStop | e — — TekStop | | —

[T S—— “ _ ™
r Ch1 Max Ch1 Max Ch1 Max
82.0mv 238mv 34.0mv

ch1 Min ch1 Min chi Min

—-92.0mv ' —288mv —90.0mv

Chd High Chd High Chd High

470mA 490mA 490mA
« « <

Ch4 Low Chd Low Chd Low

B 230mA B 250mA B 250mA
Ch1[ 100mV & M4.00ms Al Ch4 £ 380mal Chi[ 100mv A& M/40.0us| A| Ch4 £ 380maAl Chi[ 100mv & M[40.0us| A| Ch4 £ 380maAl

S00mMAQ 18 Sep 2016 500mA G 18 Sep 2016 500mA G 18 Sep 2016
30.40% 08:38:53 30.40% 09:00:40 30.40% 08:41:47

FIGURE 27

Soft-start design: To keep the inrush current below 100mA for the 24V application with 47uF output capacitance, the
(ss't)

osy ’5° Css needs to be larger than 82nF. We will

Vour rise time must be larger than 47uF«24V/100mA=11msec. Cgg =

choose 100nF. Vgyr rise time from 0 to 24V will be 13msec.

Tek Run R e . Trig? Figure 28 shows the soft-start behavior of the 24V application.

U

la: 1.12v
I ; ; - j@ 1.14v

1A 16.4ms
« @ 16.3ms

Ch1 High
2490V

Ch4 High
204mA

[ e e L P I | i R ——

Ch1 10,0V &Ch2 20.0V &M4.00ms A Ch2 S 10.8V

EiE 5S00mV &Chd4| 100mA QN 18 Sep 2016
11120.00 % 08:32:49

FIGURE 28
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e External Bootstrap capacitor charging circuit.

If the converter input can be lower than 37V, the external bootstrap supply is needed. The optimal value for this
bootstrap supply is around 3.3V: Higher values like 5V can lead to too strong high-side MOSFET drive which can lead to
noise and unstable switching at certain conditions. The 3.3V bootstrap supply can derived from the 24V output by using a
zener voltage clamp similar to the 12V application.

With an average bootstrap charge current of 1mA and a zener bias current of 1.5mA, the zener bias resistor R3 becomes
(24-3.3)/2.5mA=8.2k. The total power dissipation in R3 is 2.5mA’+8.2kQ = 51mW, which may require a slightly larger size
SMD resistor. The circuit is shown in figure 29.

D1 1mA R3
— Y
RT6204GSP 1N4148 l 8.2k
1 = c1 |z
47n
BOOT 3v9
VIN Choot
= 100n J_* —L—
3 - - V-out
SW f'ﬁl}qﬁ\ T T [524V/0.5A

FIGURE 29

Figure 30 below shows the 24V converter operation at maximum load when V| is reduced: The maximum duty-cycle is
determined by the converter minimum off time which is around 200nsec, which results in 93% max duty-cycle. The input
voltage where the converter reaches the max duty-cycle depends on load current: The IxRdson drop and inductor I1*DCR drop
need to be included, which is around 0.98V at 0.5A load for the 24V application. For the 24V application at 0.5A load current,
the V|y where drop-out starts to happen is then 24V/0.93 + 0.98V = 26.8V.

Vin = 33V: ~75% duty-cycle VN = 27.3V: just at max duty-cycle: Vin = 25.2V: dropout mode in max
Vourt = 24.2V Vour = 24.2V duty-cycle operation. Voyt = 22.2V
Tek Stop | T Tekstop i 0 i Tek stop | ir ]
M ! ] Uy lo7ay [ 1
Vi =33V j M Vi =25.2Y
Vour= 242V | e Vour= 24.2V | sraseea . chz req
1 Vour=22.2V
s I TS P TP T | chimean Ghbe webe sannleees eses Linea e le s e e Ch Mean - Ch3 Mean
. i B N . i 330V L 1 27.3v . 8 - 252V
[ETEERRE: 4 It 1 (IR €
1 | Chil Mean 1 Chimean 1 Ch1 Mean
| Taaav 24.2V 22.2v
ol - .: | 1 | ) ] (|7\;2\|p:n Bl | Ch4 Mean B al_:.:wuc:gn
! 1 “s02ms 1 500m,
Ch1l 5.00V WCh3| 5.00V .m 2.00us A Ch2 £ m‘nv‘ Chl 500V A&cCh2[ 500V 4M2.00us| A Ch2 S IO-OVl Chi| 5.00V WCh2 5.00v GMZ200Ms A Ch2z 7 100V
Chi[ 5.00V WEIE 200mA <y 18 Sep 2016 Ch3[ 5.00V WERE 200mAON 18 Sep 2016 Ch3[ 500V WENE Z00mAGh 18 Sep 2016
130,20 % 09:13:01 1030.20% 09:14:16 030,20 % 9:14:41
FIGURE 30

The total 24V application schematic is shown in figure 31.

D1 1mA R3
|l - "
[‘
RT6204GSP 1N4148 l 8.2k
’ = c1 ] 2Z1
47n
BOOT] 3ve
VIN Choot
T 100n J_* —L— Veout
- - -ou
swi W > - [24Vi0.5A
470uH R1 +J__ICouﬂ
- 200k 47uF == Cout2
EN 5 TESR:U,EGR 0.1u
FB 4
6 1 1
COMP R2 — —
Recomp 10k
GND 120k cp —
4 T Ccomp T 150p Cint, Cin2: 2.2uF / 100V 1206 Murata GRM31CR72A225KAT3L
18n Cin3: 0.1uF / 100V 0603 Murata GRM188R72A104KA35D

— Cout1: 47uF/35V 6.3x5.8mm aluminum electrolytic capacitor
(Panasonic VFK series ESR 0.36ohm, rms current 240mA)
L1: 470uH, 1.350hm, 0.6A Bourns SSR1240-471

Z1: 3.9V 200mW zener: Vishay BZX384C3V9

FIGURE 31
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7. CONCLUSION

RT6204 buck converter can be successfully used in applications that require wide input range and wide output range. The
external compensation and soft-start make it possible to tune the design for various types of output capacitors. Simple
formulas can be used to determining the external key components and measured results match the calculated results quite
well.
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