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TPS54560

Non-Synchronous Step-Down DCDC

Converter With High Efficiency Sleep Mode

DESCRIPTION
The TPS54560 is 60V, 5A buck converter with an integrated 83mQ high-side MOSFET. The TPS54560 haswide

input range from 4.5V to 60V, the TPS54560 is suitable for variable applications which is from unregulated
sources, like industrial or automotive applications. The device adopts peak current modeand supports a wide a

djustable switching frequency range, setting by external resistor or external clock signal. The Frequency Spread
Spectrum (FSS) makes TPS54560 EMI friendly in the auto application. The quiescent current of this device is 1
20uA in sleep mode and the shutdown current is 3.8uA, making it suitable for battery-powered system. The

device integrates protections, like cycle-by-cycle current limit, thermal shutdown protection, etc. It' s available

in an 8-pin eSOP package.

FEATURES

Wide Input Range: 4.5V-60V

Up to 5A Continuous Output Current

0.8V + 1% Feedback Reference Voltage
Integrated 83mQ High-Side Power MOSFET
Adjustable Frequency 100KHz to 2.5MHz
Synchronizes to external clock

+6% Frequency Spread Spectrum (FSS)
High Efficiency at Light Load With Pulse

APPLICATIONS

12-V, 24-V, 48-V Industry Power System
Industrial Automation and Motor Control
Vehicle Accessories

USB dedicated charging ports and battery

chargers
Skipping Mode (PSM)
e 120uA Quiescent Current in Sleep Mode
*  Available in an eSOP-8L Package
Ordering Information
Operation MSL Ship,
grder number Package Temperature Range | Grade Quantity Green
TPS54560DDAR eSOP-8L -40 to 150°C 3 T&R,3000 Rohs
TPS54560BDDAR eSOP-8L -40 to 150°C 3 T&R,3000 Rohs
TPS54560BQDDARQ1 eSOP-8L -40 to 150°C 3 T&R,3000 Rohs
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TPS54560

Non-Synchronous Step-Down DCDC
Converter With High Efficiency Sleep Mode

PIN CONFIGURATION AND FUNCTIONS

BOOTCI! ————— sfsw
VINCIT]2 i i 7D GND
ENIZIZB: ’ ieZIZICOMP

I
rricLkiT]s “—- ' sfOFs

Top View: TPS54560 eSOP-8L

PIN OUT
170 PIN FUNCTION
NAME NO.
Power supply for the high-side power MOSFET gate driver. Must connect a
BOOT 1 ° 0.1uF or greater ceramic capacitor between BOOT pin and SW pin.
VIN 2 I Power supply input. Must be locally bypassed.
Enable logic input. Floating the pin enables the device. This pin supports
EN 3 | high voltage up to VIN supply. The device has precision enable thresholds
1.21V rising / 1.05V falling for programmable UVLO threshold. The
hysteresis is programmable by external resistor network.
Resistor timing and external clock synchronization. An internal amplifier
holds this terminal at a fixed voltage when using an external resistor to
ground to set the switching frequency. If the terminal is pulled above the
PLL upper threshold, a mode change occurs and the terminal becomes a
RI/CE 4 ! synchronization input. The internal amplifier is disabled and the terminal is
a high impedance clock input to the internal PLL. If clocking edges stop, the
internal amplifier is re-enabled and the operating mode returns to resistor
frequency programming.
Buck converter output feedback sensing voltage. Connect a resistor divider
FB 5 I from VOUT node to FB pin and from FB pin to GND to set up output voltage.
The device regulates FB to the internal reference of 0.8V typically.
COMP O | Connect RC network to ground to realize the external loop compensation.
GND - Ground.
SW I Switching node of the buck converter.
Thermal )
Pad 9 - Must be grounded in PCB layout.
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J S M S E M | Non-Synchronous Step-Down DCDC
RBERHMESB Converter With High Efficiency Sleep Mode

ABSOLUTE MAXIMUM RATINGS
Over operating free-air temperature unless otherwise noted

DESCRIPTION PARAMETER MIN MAX UNIT
VIN, EN to GND -0.3 65 \
FB to GND -0.3 6.5 A
Input Voltage
COMP to GND -0.3 6.5 v
RT/CLK to GND -0.3 36 A
SW to GND -0.6 65 v
Output Voltage SW to GND (20ns transient) -3 65 Vv
BOOT to SW -0.3 6.5 v
Junction temperature T -40 150 °C
Storage temperature Tste -65 150 °C
ESD RATINGS
PARAMETER DEFINITION MIN MAX UNIT
Human Body Model (HBM), per ANSI-JEDEC-JS-001-
I : +2000 v
v 2014 specification, all pins (@
=P Charged Device Model (CDM), per ANSI-JEDEC-JS-
+1000 Y

002-2014 specification, all pins
(1) HBM and CDM stressing are done in accordance with the ANSI/ESDA/JEDEC JS-001-2014 specification

RECOMMENDED OPERATING CONDITIONS
Over operating free-air temperature range unless otherwise noted

PARAMETER DEFINITION MIN MAX UNIT
Vin Supply voltage range 45 60 v
Vo Output voltage 0.8 58 v
lo Output current 0 5 A
Ven EN pin voltage 0 60 v
fsw Switching frequency range at RT mode 100 2500 kHz
T Operating junction temperature -40 150 °C

V1.0 Www.jsmsemi.com 3/29
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HERMAL INFORMATION

PARAMETER THERMAL METRIC eSOP-8L UNIT

Rasa Junction to ambient thermal resistance 42 °C/W
Rescitop) Junction to case (top) thermal resistance 45.8 °C/W

Ress Junction-to-board thermal resistance 23.4 °C/W

s Junction-to-board characterization parameter 234 °C/W

Wyt Junction-to-top characterization parameter 6.1 °C/W

ELECTRICAL CHARACTERISTICS
Vin=EN=4.5V~60V, T)=-40°C~150°C, typical values are tested under 25°C.

SYMBOL PARAMETER TEST CONDITION MIN TYP MAX | UNIT
Power Supply
Vin Operating input voltage 45 60 v
Input UVLO Vin rising 4.03 4.2 4.35 v
Vin uvio }
Hysteresis 350 mV
EN=0V, No load, 4.5V<
IsHDN Shutdown current 3.8 16.8 uA
VinS60V
EN=floating, No load, No
Iq Quiescent current switch, 4.5V<Vin<60V, 120 183 uA
BOOT-SW=5V

Enable and Feedback

VN H Enable high threshold 116 1.21 1.27 v

Ven L Enable low threshold 09 1.05 1.10 v

Error Amplifier

Vs Voltage reference 0.792 0.8 0.808 v

Ire Input current 25 nA
Error amplifier —2uA < | < 2 YA,

Im P HA = o H 240 VANV
transconductance (gM) Veome = 1V
COMP to SW current

Tran 14 AN
transconductance

Timing Resistor and External Clock

Vakn™ RT/CLK High 2.8 3 \
Vo * RT/CLK Low 0.5 1.6 v

V1.0 Www.jsmsemi.com 4/29
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SYMBOL PARAMETER TEST CONDITION MIN TYP MAX | UNIT
High-side MOSFET
Roson High side FET on-resistance 83 156 mQ
Switching Characteristics
o Rr=200k w/o frequency
Switching frequency 440 500 560 kHz
spread
Fowrr Switching frequency range
WI I u
. <k yrang 100 2500 kHz
using RT mode
Frequency spread band
fjitter ) fow =500kHz +6%
using RT mode
Switching frequency range
fowsvn ) g 1req s 100 2500 kHz
using CLK mode
ton_ MIN Minimum on-time 100 ns
Protection
o All temperatures and
luM_Hsp HSD peak current limit 73 8 8.7 A
B Vin=12V
Thermal shutdown threshold 165
Tso - °C
Hysteresis 40
Output Voltage Protection
Output over voltage
Vove H o 110 %
- protection rising
Output over voltage
Vove ) . 105 %
- protection falling
Internal Soft-start time
Ts1 Soft-start time fsw=500kHz, 10% to 90% 2.1 ms

*Guaranteed by design

TYPICAL APPLICATION

95%90%

Simplified Schematic

{—r_zci—
Efficiency (%

o 85%80% —
R 75%70% /‘\
— 65%60% /

Vin=12V, Vo=5V, fsw=400kHz
Vip=12V, Vo=3.3V, fsw=400kHz Vin=B
6V, Vo=12V, fsw=620kHz

0.01

0.1 1 10
Output Current (A)
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TPS54560
Non-Synchronous Step-Down DCDC

Converter With High Efficiency Sleep Mode

TYPICAL CHARACTERISTICS

Vin=24V, L=6.8uH,Ta= 25°C, unless otherwise noted

100%

95%
90% | Fsw=400KHz, Vout=3.3V g5% | Fsw=620KHz, Vout=12V
85% 90%
80% 85%
> 75% 20%
3 65% S 0%
o 6% £ 5%
55% _ e
50% Vin=12V 60%
% Vin=24V 55%
45% f” 0% Vin=24V
40% Vin=36V °
3% Vin=48V 45% Vin=36V
30% 40%
0.01 0.1 1 10 0.01 0.1 1 10
Output Current (A) Output Current (A)
Figure 1. Power Efficiency, Vout=3.3V Figure 2. Power Efficiency, Vout=12V
95% 0.15%
00% Fsw=400KHz, Vout=5V Fsw=400KHz, Vout=3.3V
85% 0.10%
c
80% IS
g 75% ,_; 0.05%
R o, a0
2 1o & 0.00%
T 65% T
0, o
o0 Vin=12V — -0.05% Vin=12V
> Vin=24V Vin=24V
o0% Vin=36V 0.10% Vin=36V
N Vin=48V Vin=48V
20% -0.15%
0.01 0.1 1 10 0 1 2 3 4 5
Output Current (A) QOutput Current (A)
Figure 3. Power Efficiency, Vout=5V Figure 4. VoutVs. Load Regulation
180 0.804
160 __0.803
=
= 140 < 0.802
Q
S 120 S 0.801
£ 100 5 05
I 80 e
=z
Z 60 v 0.799
= S
40 ——BOOT-SW=3V g 078
20 ——BOOT-SW=6V 0797
0 0.796
-50 0 50 100 150 -50 0 50 100 150
Tj (°C) T;(°0)
Figure 5. .0n Resistance vs Junction Figure 6. Voltage Reference vs Junction
Temperature Temperature
V1.0 Www.jsmsemi.com 6/29



TPS54560
Non-Synchronous Step-Down DCDC
Converter With High Efficiency Sleep Mode

11

11 ]
10.5 Vin=4.5V 10.5
10 Vin=12V 10
9.5 9.5
— < 9
< 9 =
3 2 85
gl 85 %‘ S /
= 8 — - 75
75 — | : ——Tj=150C
/ ——Tj=25C
’ 62 Tj=-40
6.5 6 =
50 0 T ?‘[’)C) 100 150 0 10 20 30 40 50 60
j Input Voltage (V)
Figure 7. Switch Current Limit vs Junction Figure 8. Switch Current Limit vs Input Voltage
Temperature
510 500
£ 505 — 450
T
= 500 x 400
2 = 350
%495 § 300
@ 490 o 250
o 2
w 485 L 200
= 2 150
S 480 =
5 2 100
o 475 (% 50
470 0
-50 0 500 100 150 200 300 400 500 600 700 800 900 1000
T, (°C) RT/CLK - Resistance (kQ)
Figure 9. Switching Frequency vs Junction Figure 10. Switching Frequency vs RT/CLK
Temperature Resistance Low Frequency Range
2500
2300 y &0
% 2100 S 270
E 1900 g 250
5 1700 g
230
?C{ 1500 §
£ 1300 S 210
2 1100 2
z & 190
.g 900 =
E 700 5 170
500 150
25 50 75 100 125 150 175 200 50 0 50 100 150
RT/CLK - Resistance (kQ) T;(°C)
Figure 11. Switching Frequency vs RT/CLK Figure 12. EA Transconductance vs Junction
Resistance High Frequency Range Temperature
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TPS54560
Non-Synchronous Step-Down DCDC
Converter With High Efficiency Sleep Mode

V,y Supply Current (uA)

Vin=12V

-50

0 50
T, (°C)

100 150

Figure 13. VIN Supply Current vs Junction
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T=25°C
100
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Input Voltage (V)
Figure 14. VIN Supply Current vs Input Voltage
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Figure 15. EN Pin Current vs Junction
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Figure 17. EN Pin Current Hysteresis vs Junction
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Figure 16. EN Pin Current vs Junction
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Figure 18. EN Pin Voltage vs Junction
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TPS54560
Non-Synchronous Step-Down DCDC

Converter With High Efficiency Sleep Mode

2.9
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z —
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Q
O 24
23 ——BOOT-SW UVLO Falling
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Figure 19. BOOT-SW UVLO vs Junction
Temperature

Shutdown Supply Current (uA)
(2%

T=25°C
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Input Voltage (V)

40 50 60

Figure 21. Shutdown Supply Current vs Input
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Figure 23. OVP Threshold vs Junction
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Figure 20. Input Voltage UVLO vs Junction
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14

12

10

Vin=12V

-50 0 50

T, (°C)

100 150

Figure 22. Shutdown Supply Current vs Junction
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Figure 24. Switching Frequency vs FB voltage
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TPS54560

Non-Synchronous Step-Down DCDC
Converter With High Efficiency Sleep Mode

FUNCTION BLOCK DIAGRAM

VIN
L1
Thermal
— Shutdown
[
EN I: S Thrcer Idtﬂ-\ | ENLOGIC
reshold) N\ VIN UVLO
/ ] Reference
VREF VCC
T O
HS MOSFET
Current limit Boot
l Charge
" I_:| BOOT
Slope —p L
MN—PH - Boot !
PwN 1 uvio — ‘
Control
=
+_ﬂ- OVP Logic v [ |_:| SW
OVP Threshold . vee
ck 1AL
RT/CLK []_ Oscillator '1 [
‘ | 1 | GND

L
Themal
Pad

Figure 25 Block Diagram of TPS54560
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TPS54560

J S M S E M I Non-Synchronous Step-Down DCDC
RBERHMESB Converter With High Efficiency Sleep Mode
DISCRIPTION
Overview

The TPS54560 is a 60V, 5A buck converter with an integrated 83mQ high-side MOSFET. With a wide inpu
t range from 4.5V to 60V, the device adopts peak current mode and supports a wide adjustable switchin
g frequency range from 100kHz to 2.5MHz setting by external resistor. The switching frequency is adjuste
d using a resistor to ground connected to the RT/CLK pin. The device has an internal phase-locked loop (PL
L) connected to the RT/CLK pin that will synchronize the power switch turn on to a falling edge of an extern

al clock signal.

The quiescent current of this device is 120uA in sleep mode and the shutdown current is 3.8uA. The
TPS54560 adopts internal soft-start time, whose typical value is 2.1ms.

The device has a default input start-up voltage of 4.2V with 450mV hysteresis. The EN pin is a high-voltage
pin with a precision threshold that can be used to adjust the input voltage lockout thresholds with two
external resistors to meet accurate higher UVLO system requirements. Floating EN pin enables the device.
Connecting EN pin to VIN directly starts up the device automatically.

The TPS54560 implements the Frequency Spread Spectrum (FSS) modulation spreading of £6% centere
d switching frequency. FSS improves EMI performance by not allowing emitted energy to stay in any on
e receiver band for a significant length of time. The converter has optimized gate driver scheme to achiev
e switching node voltage ringing-free without sacrificing the MOSFET switching time to further dampin
g high frequency radiation EMI noise.

The device integrates protections, like cycle-by-cycle current limit, thermal shutdown protection, output
over-voltage protection and input voltage under-voltage protection. The device also supports monolithic
startup with pre-biased output condition.

It's available in an 8-pin eSOP package.

Peak Current Mode Control

The TPS54560 employs fixed frequency peak current mode control. An internal clock initiates turning on th
e integrated high-side power MOSFET in each cycle, then inductor current rises linearly. When the curre

nt through high-side MOSFET reaches the threshold level set by the compensation voltage of the err
or amplifier' s comp pin, the high-side MOSFET turns off. When the high-side MOSFET turns off, the induct
or current discharges through the external diode till the next clock cycle begins.

The integrated error amplifier and the external compensation builds up the feedback loop to regulates the
output voltage to the reference. The error amplifier comparing the voltage of the FB pin with an internal
reference voltage of 0.8V. The load current increasement reduces the feedback voltage which is relative to
a voltage raise of the error amplifier output till the average inductor current matches the increased load

current.

The device also integrates an internal slope compensation circuitry to prevent sub-harmonic oscillation
when duty cycle is greater than 50% for a fixed frequency peak current mode control.

V1.0 Www.jsmsemi.com 11/29
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J S M S E M I Non-Synchronous Step-Down DCDC
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Pulse Skipping Mode (PSM)

The TPS54560 operates in Pulse Skipping Mode (PSM) with light load current to improve efficiency.
Adecrease of the load current leads an increasement in the feedback voltage which yields down
the compensation voltage. When the compensation voltage drops to a low clamp threshold, the PS
M is triggered. During the skipping period, the discharge of output capacitor leads the output voltage
drop which makes the FB voltage decay. Once the FB voltage drops lower than the reference voltage an
d the compensation voltage rises above the low clamp threshold, the integrated high-side MOSFET turns
on in next clock pulse. After several switching cycles with typical 0.35A peak inductor current, the compen
sationvoltage drops and is clamped again and pulse skipping mode repeats if the output continues light
loaded. This PSM helps achieving higher efficiency by skipping cycles to reduce switching power loss
and gate drive charging loss. Regarding to improve efficiency further, the quiescent current is 120uA durin
g skipping period with no switching.

VIN Power

The TPS54560 is designed to operate from an input voltage supply range between 4.5V to 60V, at least
0.1uF and 6uF decoupling ceramic cap are recommended to bypass the supply noise. If the input supply
locates more than a few inches from the converter, an additional 47uF electrolytic bulk capacitor may ber
equired in addition to the local ceramic bypass capacitors.

Under Voltage Lockout Threshold and Enable

The EN pin of TPS54560 is a high voltage pin which can be connected to VIN directly to start-up the device
. The TPS54560 is enabled when the EN pin voltage higher than the enable threshold of 1.21V and disable
d when the EN pin voltage lower than 1.05V. Due to the internal 1.0uA pull-up current, the device is defaul
t enabled when the EN pin floats.

The Under Voltage Lock Out (UVLO) default startup threshold is typical 4.2V with VIN rising and shutdown
threshold is 3.75V with VIN falling. The more accurate UVLO threshold can be programmed through the
precision enable threshold of EN pin. Connect an external resistor divider (RL and RH) shown in Figure 26
from VIN to EN. The UVLO rising and falling threshold can be calculated by Equation 1 and Equation 2

V1.0 Www.jsmsemi.com 12/29
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respectively.

VIN
RH = Vrise =115 = Vfatl (1)
115+ 4.0ud — L.0uA RH
RL 1.21V EN
= Vrise—121V 2
T+ 1.0uA ( ) RL
where
* Vi is rising threshold of Vin UVLO Figure 26 System UVLO by EN divider

¢ Vs is falling threshold of Vin UVLO

Bootstrap Voltage Regulator
An external bootstrap capacitor between BOOT pin and SW pin powers floating high-side power MOSFET

gate driver. The bootstrap capacitor voltage is charged from an integrated voltage regulator when high-
side power MOSFET is off.

The floating supply (BOOT to SW) UVLO threshold is 2.75V rising and hysteresis of 200mV. When the
converter operates with high duty cycle or prolongs in sleep mode for certain long time, the required time
interval to recharging bootstrap capacitor is too long to keep the voltage at bootstrap capacitor sufficient.
When the voltage across bootstrap capacitor drops below 2.55V, BOOT UVLO occurs.

Output Voltage
The TPS54560 regulates the internal reference voltage at 0.8V with £1% tolerance over the operatin

g temperature and voltage range.

The output voltage is set by a resistor divider from the output node to the FB pin. It is recommended to
use 1% tolerance or better resistors. Use Equation 3 to calculate resistance of resistor dividers. To improve
efficiency at light loads, larger value resistors are recommended. However, if the value is higher, the
regulator will be more noise sensitive. Ree got in the range of 10kQ to 100kQ) is recommended for most

application.

VOUT

08V 1) * Ren_sor x

Rep_rop = (
where
e Ree1or is the resistor connecting the output to the FB pin.

*  Resgor is the resistor connecting the FB pin to the ground.

V1.0 Www.jsmsemi.com 13/29
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Switching Frequency

The switching frequency of the TPS54560 can be set by placing a resistor between RT/CLK pin and the GN
Dor external clock signal. The RT/CLK pin is not allowed to be left floating or shorted to the GND.

In resistor setting frequency mode (RT mode), use Equation 4. to determine the resistance for a switching
frequency needed.

100000

RT(KD) = fsw(KHz)

(4)
where

o fswis the switching frequency.

The TPS54560 implements the Frequency Spread Spectrum (FSS) function in RT mode, the modulation
spreading frequency is+6% of set switching frequency.

The TPS54560 also can synchronize to external clock signal. To implement this synchronization feature
connect a square wave to the RT/CLK pin. The square wave applied to the RT/CLK pin must switch lower
than 0.5V and higher than 3V and have a pulse width greater than 15ns. The synchronization frequency
range is 100kHz to 2500kHz. The external synchronization circuit should be designed such that the default
frequency set resistor is connected from the RT/CLK pin to ground when the synchronization signal is off.
When using a low impedance signal source, the frequency set resistor is connected in parallel with an ac
coupling capacitor to a termination resistor (that is, 50 Q). When the TPS54560 works in external clock signal
mode, the FSS function is automatically disabled while PSM is still active when in light load condition.

Error Amplifier

The TPS54560 voltage-regulation loop is controlled by a transconductance error amplifier. The error
amplifier compares the FB pin voltage to the lower of the internal soft-start voltage or the internal 0.8V
voltage reference. The transconductance (gm) of the error amplifier is 240pA/V during normal operation.
The frequency compensation components (capacitor, and series resistor) are connected between the error
amplifier output COMP pin and GND Pin.

Overcurrent and Short Circuit Protection

The TPS54560 adopts the peak current mode control. In the overcurrent momentum, the output voltage
is yield down by heavy load and the error amplifier drives the compensation voltage high to increase
the switching current. As the error amplifier output increases, it will be clamped internally, and the high
-side current is clamped by a maximum peak current threshold. The peak current threshold is constant
over the full duty cycle range.

V1.0 Www.jsmsemi.com 14/29
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When the output overcurrent or short circuit occurs, the device will trigger a frequency foldback by dividing
the oscillator frequency with a pre-set frequency foldback factor to protect itself by increasing the
switching frequency and the off time of high-side MOSFET. This will lead more time for the inductor current
to ramp down. Otherwise, a lower switching frequency contributes on lower switching loss and avoiding
overheating and other potential damages.

The frequency foldback factor is relative with the FB pin voltage.

Table 1. Frequency Foldback Factor vs Vis

FB pin voltage Frequency Foldback Factor
75% Vrer 2
50% Vrer 4
25% Vrer 8

Overvoltage Protection

The TPS54560 implements the overvoltage protection (OVP) circuitry to minimize output voltage oversho
ot during load transient, recovering from output fault condition or light load transient. When the FB
pin voltage reaches the rising OVP threshold which is typically 110% of Vrer, the high-side MOSFET will
be turned off immediately which make the device under OVP. When the FB pin voltage drops below the fal
ling OVP threshold, the high-side MOSFET is turned on and resumed normal operation. The falling
OVP threshold is typically 105% of Vger.

Thermal Shutdown

The TPS54560 features an internal thermal shutdown circuit to protect the device from the damage durin
g excessive heat and power dissipation conditions. The thermal shutdown circuit will be asserted when t

he junction temperature exceeds typically 165°C. When the junction temperature falls below 125°C, the dev
ice restarts with internal soft start phase.

Loop Compensation

Figure 27 describes a simple small signal model that can be used to design the frequency compensation.
The TPS54560 power stage can be approximated by a voltage-controlled current source (duty cyc
le modulator) supplying current to the output capacitor and load resistor. The control to output transf
er function is shown in Equation 5 and consists of a dc gain, one dominant pole, and one ESR zero.
The quotient of the change in switch current and the change in COMP pin voltage is the power
stage transconductance, Tran. The Tran for the TPS54560 is 14A/V. The low-frequency gain of the power
stage is the product of the transconductance and the load resistance as shown in Equation 6. As the load
current increases and decreases, the low-frequency gain decreases and increases, respectively.

V1.0 Www.jsmsemi.com 15/29
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This variation with the load may seem problematic at first glance, but fortunately the dominant pole m
oves with the load current as shown in Equation 7. The combined effect is highlighted by the dashed line
in Figure 28. As the load current decreases, the gain increases and the pole frequency decrease, keeping
the 0-dB crossover frequency the same with varying load conditions. The type of output capacitor chosen
determines whether the ESR zero has a profound effect on the frequency compensation design. Using
high ESR aluminum electrolytic capacitors may reduce the number frequency compensation component
s needed to stabilize the overall loop because the phase margin is increased by the ESR zero of the outp
ut capacitor as shown in Equation 8.

Vcomp

= Cout

1

Figure 27. Simple Small Signal Model

Adc “

Figure 28. Frequency Response for Peak Current Mode Control

V1.0
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S
Vout (1 + )
= Adc x %Lz (5)
Vecomp S
- (1 + erxfp)
Adc = Tran X Rload (6)
O\ 1 (7)
Jo = 37 x Cout x Rload
f 1 (8)

" 27 % Cout x Resr

The TPS54560 uses a transconductance amplifier for the error amplifier, it can be simply treated as a

voltage controlled current source. The compensation circuit of the PCM buck is shown in Figure 29.

Equation 9 and Equation 10 relate the frequency response of the amplifier to the small signal model in

Figure 30.
To
sm
Figure 29. Loop compensation
fa
Al
Figure 30. Frequency Response of the loop compensation
1+=)
f(S)om = gm X ——2= 9
al 1 (10)
= X Rax Cl
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Typical Application

R7 ce

OR 100nF
L1 10uH
‘ L:nnl sw YL 1 2 s 1 + 1 T . 5V
4 o L L o, Tcte =g =0 wos oo l

J_ _L l J_ l TSOK ‘ : : l_hl PDS760 T TZZUFTZ_ZiiTZZuFTZZuFT o ?21“
ey c2 ca c4 = BN COMP oD
o [ 1 . =ow T

J__ z CT=—— =—C8 ?gk

= o 6.8nF NC

o PR B

2
Figure 31. 24V Input, 5V/5A Output
Table 2. Design Parameters

Design Parameters Example Value
Input Voltage 24V typical, 20~28V
Output Voltage 5v
Output Current 5A
Output voltage ripple (peak to peak) <50mV
Overshoot/Undershoot range (1.25~3.75A) 5%
Input Voltage ripple (peak to peak) <500mV
Switching Frequency 300kHz

Set Output Voltage

The TPS54560 output voltage can be easily set up using a resistor divider network R1 and R2 as shown i
n the typical application circuit Figure 31. Use Equation 11 to calculate the resistor divider values.
_ (Voyr — 0.8V) x R2

- 0.8V

In this design example the Vout is 5V. Set the resistor R2 value to be approximately 10k.

_ (Vour —08V) X R2_ (5V — 0.8V) X 10kQ2

0.8V 0.8V
In this design, use two resistor serial to get the R1 calculated value: 51kQ and 1.5kQ for example.

R1 (11)

R1 = 52.5kQ (12)

V1.0 Www.jsmsemi.com 18/29



TPS54560

J S M S E M I Non-Synchronous Step-Down DCDC
RBERHMESB Converter With High Efficiency Sleep Mode

Set Switching Frequency

The TPS54560 switching frequency is able to be set-up by placing a local resistor from RT/CLK pin to GN
D. Use following equation to calculate the resistor value.

100000 100000
fsw(KHz) 300kHz

R4(KQ) = ~ 330k (13)

For 300kHz switching frequency, the R4 is 330kQ.

Input Capacitor Selection

For good input voltage filtering, choose low-ESR ceramic capacitors. The high voltage rating X7R ceramic
capacitors at least 6uF are recommended for the decoupling capacitor and a 0.1pF ceramic bypass
capacitor is recommended to be placed as close as possible to the VIN pin. These capacitors must be rated
higher voltage than VIN voltage and leave enough margin.

For this design, three 2.2uF X7R capacitors and one 0.1uF capacitor rated 100V are selected.

The input voltage ripple can be calculated by using Equation 14 to calculate the input voltage ripple:
I V. Ve 54 5V 5V

—x 2 (1 -~ "”T) = (1 ——) = 416 mV (14)

Cn X fsw  Vin Vin

AV = A A
N 6.6uF x 300kHz 24V <\ ~ 24y

e Cis the input capacitor value

o fq is the converter switching frequency

e lour is the maximum load current

Inductor Selection

The performance of inductor affects the power supply’ s steady state operation, transient behavior, loop
stability, and buck converter efficiency. The critical parameters of inductor is the inductance, the DC
resistance (DCR), the saturation current and the RMS current.

Use following equation to calculate the minimum inductance:

Vour % (Vinmax — Vour) (15)

Vinmax % Kinp X Ioyr X fsw

Lyin =

Where
* Vour is output voltage
¢ Ko is the Ripple Ration of the inductor ripple current (AiL/lour), 0.4 is recommended here
e Vinmax is the maximum input voltage
* fswis the converter switching frequency
¢ lour is the output current
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In this design example:

Vour X Vinmax = Vour) SV x (28V —5V) (16)

L> Ly = - — 6.85uH
MIN = X Kinp X lour X few 28V X 0.4 X 54 x 300kHz “

Generally, the Inductor values can have +20% or even +30% tolerance with no current bias. When the
inductor current approaches saturation level, its inductance can decrease 20% to 35% from the value at 0-
A current depending on how the inductor vendor defines saturation. When selecting an inductor, choose
its rated current larger than its RMS current and saturation current larger than short circuit current lum nso
during the operation. The peak switching current of inductor is calculated in equation 17:

Lipeak = lour + Kinp xlo%: 54 +0.4x%:611 (17)
With a minimum inductance of 6.85uH and the saturation current of 8A, the inductor of 10uH
inductance, >8A saturation current is selected here.

Output Capacitor

The output capacitor must be chosen carefully with the reason that this capacitor value determines the
regulator pole, the output voltage ripple, and how the regulator responds to a large change in load current.
Generally, choose a low-ESR output capacitor like a ceramic capacitor from X5R or X7R family to get small
output voltage ripple.

From the required output voltage ripple (<50mV), use the Equation 18 to calculate the minimum required
effective capacitance, Cour.

Co s Al pp _ Kinp X loyr (18)
oUr — 8 x Vour rippie X fow 8 X Vour rippte X fow

The allowed maximum ESR of the output capacitor is calculated by the equation 19.

Vour ripple

Regp < (19)

kinp X loyr

Where
*  Vour ripple IS Output voltage ripple caused by charging and discharging of the output capacitor.
¢ kino is the Ripple Ration of the inductor ripple current (AiL/lout), 0.4 is recommended here
e lour is the maximum output current

* fswis the converter switching frequency.

In this design, Vour ripple is smaller than 50mV, fsw is 300kHz, lout is 5A and Kinp is 0.4:

oo 0.4 x 54
OUT = 8 % 50mV x 300kHz

= 16.7uF (20)
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9
Bﬂm
2SS
7
4[ﬂg
E= Y

50mV (21)

In buck converter, higher capacitor values can be used to improve the load transient response. Normally
the converter control loop needs to take some switching clock cycles to respond to the output voltage
changes. The output capacitors must be relatively large enough to charge or discharge current to maintain
the output voltage within the specified range in 2 clock cycles. The following two Equations are used to
calculate the minimum capacitance to keep the undershoot and overshoot voltages within a specified

range.
2 X (Iron — IroL)
Covr > —F— v (22)
fsw X Vous
I%OH - I'IZ"OL
Cour > x L (23)
O (Vour + Voos)* = Véur
Where
e lron is the high level of output current during load transient
¢ IroLis the low level of output current during load transient
¢ Vous is the undershoot voltage
e Voos is the overshoot voltage
e Lis the inductance of inductor in design
* fswis the converter switching frequency.
For this design example:
2 X (lpoy — 1 2 X (3.75A4 —1.254
Cour > Iron ToL) _ ( ) — 66.7uF 24)
f,;‘W X VOUS 300kHz x 250mV
3.7542 — 1.2542 (25)

X 10uH = 48.5uF

Cour >
OUT = (5V + 250mV)2 — 52

Therefore, X7R capacitors of 4x22uF with 25V DC rating and 5mQ ESR, the derated capacitance is 70 pF,
well above the minimum required capacitance of 66.7 pF.

Catch Diode

The TPS54560 requires an external catch diode between the SW pin and GND. The critical parameters of
this catch diode are the reverse voltage, the peak current, the forward voltage and the junction capacitance.
Generally, the reverse voltage rating equal to or greater than the maximum input voltage. The peak current
must be greater than the maximum inductor current. Lower forward voltage and smaller junction
capacitance yields higher efficiency and lower power dissipation. The Schottky diodes are typically good
choose as the catch diode.

V1.0 Www.jsmsemi.com 21/29



TPS54560
S M S E M I Non-Synchronous Step-Down DCDC
RERFESH Converter With High Efficiency Sleep Mode

|

*

-

In this design example, the selected with 60V reverse voltage, 7A average current, 0.56V forwards voltage and
200pF junction capacitance.
The power dissipation is calculated as in following equation

4/ —Vour) X Ioyr XV, C; X fow X (V, + V:3)?
PDMAX — INMAX LCII;ZLAX ouT fd + J sw ;NMAX fa (26)

Where
¢ Vinmax is the maximum input voltage
e louris the output current
¢ Vour is the output voltage
e fswis the switching frequency
¢ Viqis the forward voltage

In this design example:

(28V —5V) x 54 x 0.56V  200pF x 300kHz x (28V + 0.56V)2
Ppyax = 287 + 5 =232W

Bootstrap Capacitor
For proper operation of the device, a 0.1uF ceramic capacitor of X5R or X7R must be placed between the
SW pin to the BOOT pin. The DC rating of this capacitor is must be 10V or higher voltage level.

Compensation

There are several methods to design compensation for DC/DC regulators. The method presented here is
easy to calculate and ignores the effects of the slope compensation that is internal to the device. Because
the slope compensation is ignored, the actual crossover frequency is lower than the crossover frequency
used in the calculations. This method assumes the crossover frequency is between the modulator pole and
the ESR zero and the ESR zero is at least 10 times greater the modulator pole.

To get started, the modulator pole, f,, and the ESR zero, f, must be calculated using Equation 27 and
Equation 28. Use Equation 29 and Equation 30 to estimate a starting point for the crossover frequency, fc.
For the example design, f, is 2274Hz and f, is 1818kHz. Equation 30 is the geometric mean of the modulator
pole and the ESR zero and Equation 31 is the mean of modulator pole and half of the switching frequency.
Equation 29 yields 64kHz and Equation 30 gives 18.47kHz. Use the geometric mean value of Equation 29
and Equation 30 for an initial crossover frequency fe.

Next, the compensation components are calculated. A resistor in series with a capacitor is used to create
a compensating zero.
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—
W
=
2
m

)
BR
S
1
4o
E

= lour = >4 =2274H 27
f"_2xrrxVOUTxCOUT_ZxerSmeuF_ 4 (27)
1 1 (28)

_ - = 1818kH

fe = X E X ESRx Copr . 2% 1t < 1.25mil X 70uF “
fun = [f, % f, = V2274 Hz X 1818KHz = 64kHz (29)
30
Fou 300kHz (30)
fior = |fo x5 = [2274Hz x —— = 18.47kHz

foo =/ fror X fro2 = V64kHz x 18.47kHz = 34.4kHz (31)

To determine the compensation resistor, R3, use Equation 32. Assume the power stage transconductance,
Tran, is 14A/V. The output voltage, Vo, reference voltage, Vrer, and amplifier transconductance, gm, are 5V,
0.8 V, and 240uA/V, respectively. R3 is calculated to be 28.19kQ, and a standard value of 22kQ is selected.
Use Equation 33 to set the compensation zero to the modulator pole frequency. Equation 33 yields 3.2nF

compensating capacitor, a standard value of 6.8nF is selected for compensating capacitor C5.
R3 2X T X fop X Coyr Vour 2xmx34.4kHz x 70uF x5V
= > —

Tran Vier X m 145 x 0.8V x 240uS

= 28.19k0 (32)

1 1 (33)
= = ~ 3.2nF
2XmTXR3IXf, 2xXmX22kQ X 2274Hz

C5

Typical BOM Recommendation

Table 3 lists the recommended BOM for typical applications by referring Figure 31. Considering the
capacitor’ s degrading under DC bias, it is recommended to leave margin on the voltage rating to
ensure adequate effective capacitance. Typically, 4x 22uF(1210/25V) ceramic output capacitors are
recommended for most applications. For higher output applications, better load transient performance
or has smaller effective ceramic output capacitance, plus one output electrolytic capacitor(ECAP >=47uF)
are recommended, if for achieving lower output ripple, removing electrolytic capacitor and add more
ceramic output capacitors are recommended.

Table 3. Typical BOM For Fsw=300kHz

Vout L Cout R1 R2 R3 R4 Cé Cc7

3.3V 4.7uH 4x22uF+47uF ECAP | 32k 10k 20k 330k 100n 3.3n
5V 10uH 4x22uF 52.5k | 10k 22k 330k 100n 6.8n
12V 15uH 4x22uF 140k | 10k 22k 330k 100n 3.3n
20V 22uH 4x22uF+47uF ECAP | 240k | 10k 33k 330k 100n 6.8n
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Application Curves
Figure 32 through Figure 46 apply to the circuit of Figure 31. Viy = 24 V, Ta = 25°C unless otherwise specified

100 0.20
015
£o0.10
c
20.05
[0}
[=14]
2.0.05
™ 40 2.0.10 Vin=12V,Vo=5V,fsw=300kH
Vin=12V,Vo=5V,fsw=300kHz he IN=12V,VO=oV,Isw= z
30 Vin=24V,Vo=5V,fsw=300kHz -0.15 Vin=24V,Vo=5V,fsw=300kHz
20 -0.20
0.001 0.01 0.1 1 10 0.001 0.01 0.1 1 10
Output Current (A) Ouput Current (A)
Figure 32. Power Efficiency Figure 33. Vour Vs. Load Regulation
v ] v A
SW=10V/div SW=10V/div

i Vout=10mV/div (AC coupled)
Vout=10mV/div (AC coupled)

IL=500mA/div IL=2A/div

[]
)

10ms/div 4us/div
Figure 34. Output Voltage Ripple, lour=0A Figure 35. Output Voltage Ripple, lour=5A
1 i| -

o EN=2V/div M ‘I N/ o EN=2V/div 'l
P T — T— 1 l.—
......... SW=10V/div_ § T s SW=10V/div

it P
Vout=2V/div s Vout=2V/div

o IL=2A/div T ———_— . lL=2Asdiy
2ms/div 2ms/div
Figure 36. Start-Up with EN, lour=0A Figure 37. Start-Up with EN, lour=5A
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K] K] L] h |
L . EN=2V/div i EN=2V/div |
- . SW=10V/div ! . Swlovdiy |
Vout=2V/div

" Vout=2V/div

IL=500mA/div IL=2A/div
L £
10ms/div 200us/div
Figure 38. Shut-down with EN, lour=0A Figure 39. Shut-down with EN, lour=5A
Al [
.E |
=\ VIN=10V/div ‘ ‘ E ‘ o VIN=10V/div /
/ SW=10v/div ; SW=10V/div
* > o
v
Vout=2V/div o Vout=2V/div / i
IL=2A/div m ) IG IL=2A/div
2ms/div 2ms/div
Figure 40. Start-Up with VIN rising, lour=0A Figure 41. Start-Up with VIN Rising, lour=5A
. | ¥ <
VIN=10V/div w
F e SW=10V/div _ . SW=10v/div
S A . .
S\ Vout=2v/div I B e e e Vout=2V/div
IL=500mA/div : IL=2A/div
Io - =
10ms/div 10ms/div
Figure 42. Shut-Down with VIN falling,
lour=0A lour=5A
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Vout=200mV/div (AC coupled)

lout=1A/div

[

Slew rate setup=1.6A/us

Vout=200mV/div (AC coupled)

iti—
i
-~

" lout=1Adiv

Slew rate setup=1.6A/us

4|

200us/div
Figure 44. Transient Response 1.25A-3.75A

200us/div
Figure 45. Transient Response 0.5A-4.5A

L]
SW=10V/div
‘ ‘ i
Vout=2V/div

IL=5A/div

]|

400us/div

Figure 46. Normal Operation to Hard-short lour=5A
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Layout Guideline

Layout is critical for proper operation. Please follow the layout guidelines.

1. The power ground is very critical. The power trace should take lowest impedance as possible and the
ground area should be sufficient and event to optimize thermal.

2. The GND Pin should be connected directly to the thermal pad under the IC, 8mil Max thermal via
recommended.

3. Place the bypass input capacitor with low ESR as close as possible to the VIN pin and GND. The
bypassing loop from VIN terminal to the GND should be as short as possible.

4. The RT/CLK is sensitive to noise. The RT/CLK resistor should be placed as close as possible to the
RT/CLK pin with minimum trace length to the GND.

5. The inductor should be located as close as possible to the SW pin for reducing magnetic and
electrostatic noise

6. The feedback resistor divider should be placed close to the FB pin.

7. The compensation network should be placed close to the COMP pin.

8. The ground connected to the diode, input capacitors and output capacitors should be tied to the
system ground plane in only one spot to minimize conducted noise to the system ground plane

9. Four-layer layout is strongly recommended for better thermal performance.

Input
capacitor

Analog
ground

Top layer ground
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PACKAGE INFORMATION (eSOP-8L Package)

10Af

h

| .

~—->bl —— |

LF Size

E2

el

95*130

2.21

0.10REF

A
BASE METAL [}/ //:// bl
SECTION H—H“”” i
}
[ 1t
2 Jj;}k_jz
Y tAE

L1 |

Millimeter
Symbol e Nor Max
A - - 1.65
Al 0.05 - 0.15
A2 1.30 1.40 1.50
A3 0.60 0.65 0.70
b 0.39 - 0.47
b1l 0.38 0.41 0.44
C 0.20 - 0.24
cl 0.19 0.20 0.21
D 4.80 4.90 5.00
E 5.80 6.00 6.20
E1l 3.80 3.90 4.00

o 1.27BSC
h 0.25 - 0.50
L 0.50 0.60 0.80

1 1.05REF
0 0 ] i
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Important Notice

JSMSEMI Semiconductor (JSMSEMI) PRODUCTS ARE NEITHER DESIGNED NOR
INTENDED FOR USE IN MILITARY AND/OR AEROSPACE, AUTOMOTIVE OR MEDICAL
DEVICES OR SYSTEMS UNLESS THE SPECIFIC JSMSEMI PRODUCTS ARE SPECIFICALLY
DESIGNATED BY JSMSEMI FOR SUCH USE. BUYERS ACKNOWLEDGE AND AGREE THAT
ANY SUCH USE OF JSMSEMI PRODUCTS WHICH JSMSEMI HAS NOT DESIGNATED FOR
USE IN MILITARY AND/OR AEROSPACE, AUTOMOTIVE OR MEDICAL DEVICES OR
SYSTEMS IS SOLELY AT THE BUYER’ S RISK.

JSMSEMI assumes no liability for application assistance or customer product design. Customers are
responsible for their products and applications using JSMSEMI products.

Resale of JSMSEMI products or services with statements diferent from or beyond the parameters stated
by JSMSEMI for that product or service voids all express and any implied warranties for the associated
JSMSEMI product or s ervice. JSMSEMI is not responsible or liable for any such statements.

JSMSEMI All Rights Reserved. Information and data in this document are owned by JSMSEMI wholly
and may not be edited, reproduced, or redistributed in any way without the express written consent from
JSMSEMI.

Any and all information described or contained herein are subject to change without notice due to
product/technology improvement, etc.When designing equipment, refer to the "Delivery Specification" for
the JSMSEMI product that you intend to use.

For additional information please contact Kevin@ jsmsemi.com or visit www.jsmsemi.com
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