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6 Pin Configuration and Functions

HKH Package
20-Pin CFP
Bottom View

4 )
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EN (12 (TTTT T Y19 1L Ss/TR
i I I =
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SYNC B |E 4 | |17 0L VSENSE
. I | il
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PGND |:E_I; o \_________ ol ] e
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Not to scale
Pin Functions
PIN
110 DESCRIPTION
NO. NAME
1 GND — | Return for control circuitry.®
2 EN | EN pin is internally pulled up allowing for the pin to be floated to enable the device. Adjust the input undervoltage lockout (UVLO)
with two resistors.
3 RT o) In internal oscillation mode, a resistor is connected between the RT pin and GND to set the switching frequency. Leaving this pin
floating sets the internal switching frequency to 500 kHz.
4 SYNC 1/0 | Optional 100-kHz to 1-MHz external system clock input.
5 VIN | Input power for the control circuitry of the switching regulator.
6
- PVIN | Input power for the output stage of the switching regulator.
8
9 PGND — | Return for low-side power MOSFET.
10
11
12
13 PH (0] Switch phase node.
14
15
16 REFCAP (o] Required 470-nF external capacitor for internal reference.
17 VSENSE | Inverting input of the gm error amplifier.
18 COMP 1/0 | Error amplifier output and input to the output switch current comparator. Connect frequency compensation to this pin.
Slow-start and tracking. An external capacitor connected to this pin sets the internal voltage reference rise time. The voltage on
19 SS/TR 1/0 . . ; R .
this pin overrides the internal reference. It can be used for tracking and sequencing.
Power Good fault pin. Asserts low if output voltage is low due to thermal shutdown, dropout, overvoltage, or EN shutdown, or
20 PWRGD (o] .
during slow start.

(1) GND (pin 1, analog ground) must be connected to PGND external to the package. Thermal pad must be connected to a heat dissipating
layer. Thermal pad is internally connected to the seal ring and GND.
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Table 1. Bare Die Information

38.0

2173.9

'
380 v
v

BACKSIDE BOND PAD METALLIZATION
DIE THICKNESS BACKSIDE FINISH POTENTIAL COMPOSITION BOND PAD THICKNESS
15 mils Silicon with backgrind Ground ALCU 1050 nm
5 4 2 1
6
81
7 80
8 79
78
77
9
10
11
12
76 75 |74 |73
5356.3
13 /14 |15 |16
17 |18 19 20
72 71 |70 69
68 67 |66 |65
21 22 23 24
25 26 27 |28
64 63 62 61
60 59 |58 |57
29 30 31 32
33 34 35 36
56 55 |54 |53
46 52 |51 |50
37 40 42 44
38 39 41 43
45 47 |48 |49
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Table 2. Bond Pad Coordinates in Microns

DESCRIPTION PAD NUMBER X MIN Y MIN X MAX Y MAX
AVSS 938.16 5098.41 1064.16 5224.41
AVSS 2 759.06 5098.41 885.06 5224.41

N/C 3 579.96 5098.41 705.96 5224.41
AVSS 4 400.86 5098.41 526.86 5224.41
AVSS 5 221.76 5098.41 347.76 5224.41

EN 6 38.7 4843.98 164.7 4969.98

RT 7 38.7 4115.43 164.7 4241.43
SYNC 8 38.7 3936.33 164.7 4062.33

VIN 9 55.89 3473.865 181.89 3599.865

VIN 10 55.89 3285.765 181.89 3411.765

VIN 11 55.89 3097.665 181.89 3223.665

VIN 12 55.89 2909.565 181.89 3035.565
PVIN 13 360.045 2468.025 486.045 2594.025
PVIN 14 500.805 2468.025 626.805 2594.025
PVIN 15 643.905 2468.025 769.905 2594.025
PVIN 16 782.505 2468.025 908.505 2594.025
PVIN 17 360.045 2312.595 486.045 2438.595
PVIN 18 500.805 2312.595 626.805 2438.595
PVIN 19 643.905 2312.595 769.905 2438.595
PVIN 20 782.505 2312.595 908.505 2438.595
PVIN 21 360.045 1868.265 486.045 1994.265
PVIN 22 500.805 1868.265 626.805 1994.265
PVIN 23 643.905 1868.265 769.905 1994.265
PVIN 24 782.505 1868.265 908.505 1994.265
PVIN 25 360.045 1712.835 486.045 1838.835
PVIN 26 500.805 1712.835 626.805 1838.835
PVIN 27 643.905 1712.835 769.905 1838.835
PVIN 28 782.505 1712.835 908.505 1838.835
PGND 29 360 1004.625 486 1130.625
PGND 30 498.6 1004.625 624.6 1130.625
PGND 31 637.2 1004.625 763.2 1130.625
PGND 32 775.8 1004.625 901.8 1130.625
PGND 33 360 863.955 486 989.955
PGND 34 498.6 863.955 624.6 989.955
PGND 35 637.2 863.955 763.2 989.955
PGND 36 775.8 863.955 901.8 989.955
PGND 37 360 384.525 486 510.525
PGND 38 360 243.855 486 369.855
PGND 39 503.1 243.855 629.1 369.855
PGND 40 503.1 384.525 629.1 510.525
PGND 41 641.7 243.855 767.7 369.855
PGND 42 641.7 384.525 767.7 510.525
PGND 43 775.8 243.855 901.8 369.855
PGND 44 775.8 384.525 901.8 510.525

PH 45 1239.66 97.425 1365.66 223.425

PH 46 1374.66 529.965 1500.66 655.965

PH 47 1378.26 97.425 1504.26 223.425
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Table 2. Bond Pad Coordinates in Microns (continued)

DESCRIPTION PAD NUMBER X MIN Y MIN X MAX Y MAX
PH 48 1516.86 97.425 1642.86 223.425
PH 49 1657.26 97.425 1783.26 223.425
PH 50 1790.46 529.965 1916.46 655.965
PH 51 1651.86 529.965 1777.86 655.965
PH 52 1513.26 529.965 1639.26 655.965
PH 53 1790.46 718.515 1916.46 844.515
PH 54 1651.86 718.515 1777.86 844.515
PH 55 1513.26 718.515 1639.26 844.515
PH 56 1374.66 718.515 1500.66 844.515
PH 57 1790.46 1150.065 1916.46 1276.065
PH 58 1651.86 1150.065 1777.86 1276.065
PH 59 1513.26 1150.065 1639.26 1276.065
PH 60 1374.66 1150.065 1500.66 1276.065
PH 61 1795.365 1565.1 1921.365 1691.1
PH 62 1655.865 1565.1 1781.865 1691.1
PH 63 1515.465 1565.1 1641.465 1691.1
PH 64 1376.865 1565.1 1502.865 1691.1
PH 65 1795.365 2016 1921.365 2142
PH 66 1655.865 2016 1781.865 2142
PH 67 1515.465 2016 1641.465 2142
PH 68 1376.865 2016 1502.865 2142
PH 69 1795.365 2164.86 1921.365 2290.86
PH 70 1655.865 2164.86 1781.865 2290.86
PH 71 1515.465 2164.86 1641.465 2290.86
PH 72 1376.865 2164.86 1502.865 2290.86
PH 73 1795.365 2615.76 1921.365 2741.76
PH 74 1655.865 2615.76 1781.865 2741.76
PH 75 1515.465 2615.76 1641.465 2741.76
PH 76 1376.865 2615.76 1502.865 2741.76

REFCAP_NU 7 1933.245 3572.46 2059.245 3698.46
VSENSE 78 1933.245 3770.415 2059.245 3896.415
COMP 79 1933.245 3949.515 2059.245 4075.515
SS 80 1933.2 4149.135 2059.2 4275.135
PWRGD 81 1933.2 4292.325 2059.2 4418.325
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7 Specifications

7.1 Absolute Maximum Ratings
over operating temperature (unless otherwise noted)®

MIN MAX UNIT
VIN -0.3 7.5
PVIN -0.3 7.5
EN -0.3 55
VSENSE -0.3 3.3
Input voltage COMP -0.3 3.3 \Y
PWRGD -0.3 5.5
SS/TR -0.3 55
RT -0.3 55
SYNC -0.3 7.5
REFCAP -0.3 3.3
Output voltage PH -1 7.5 \%
PH 10-ns transient -3 7.5
Vdiff (GND to exposed thermal pad) -0.2 0.2 \%
Source current PH Current limit  Current limit A
RT +100 HA
PH Current limit  Current limit A
. PVIN Current limit  Current limit A
Sink current
COMP +200 HA
PWRGD -0.1 5 mA
Operating junction temperature -55 150 °C
Storage temperature, Tgyg —65 150 °C

(1) Stresses beyond those listed under Absolute Maximum Ratings may cause permanent damage to the device. These are stress ratings
only, which do not imply functional operation of the device at these or any other conditions beyond those indicated under Recommended
Operating Conditions. Exposure to absolute-maximum-rated conditions for extended periods may affect device reliability.

7.2 ESD Ratings

VALUE | UNIT
v Electrostatic Human-body model (HBM), per ANSI/ESDA/JEDEC JS-001, all pins® +750 v
(ESD)  discharge Charged-device model (CDM), per JEDEC specification JESD22-C101, all pins® £1000
(1) JEDEC document JEP155 states that 500-V HBM allows safe manufacturing with a standard ESD control process.
(2) JEDEC document JEP157 states that 250-V CDM allows safe manufacturing with a standard ESD control process.
7.3 Recommended Operating Conditions
MIN NOM MAX UNIT
T; Junction operating temperature -55 125 °C
7.4 Thermal Information
TPS50601A-SP
THERMAL METRIC @ HKH (CFP) UNIT
20 PINS
Roacbot) Junction-to-case (bottom) thermal resistance 0.514 °C/W

(1) Taken per Mil Standard 883 method 1012.1.
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7.5 Electrical Characteristics

T, =-55°C to 125°C, V|y = Py)y = 3.0 V to 7.0 V (unless otherwise noted)

PARAMETER | TEST CONDITIONS MIN TYP MAX | UNIT
Supply Voltage (VIN AND PVIN Pins)
PVIN operating input voltage 3 7 Y,
PVIN internal UVLO threshold PV, rising 2.50 \%
PVIN internal UVLO hysteresis 450 mV
VIN operating input voltage 3 Y,
VIN internal UVLO threshold V) rising 2.75 \%
VIN internal UVLO hysteresis 150 mV
VIN shutdown supply current Ven=0V 1.35 25| mA
VIN operating — non switching supply current | Vsense = Ve 5 10| mA
Enable and UVLO (EN Pin)
Enable threshold R|S|.ng 114 118 \Y
Falling 1.05 111
Input current Ven=1.1V 6.1 pA
Hysteresis current Ven =13V 3 pA
Voltage Reference
Voltage reference 0OA<lout<6 A, -55to 125°C 0.792 0.804 0.816 \Y
REFCAP voltage 470 nF 1.211 Y,
Mosfet
High-side switch resistance PVIN = V|y =3V, lead length = 4 mm 50 mQ
High-side switch resistance PVIN = V\y =5 V, lead length = 4 mm 45 mQ
High-side switch resistance PVIN = Vy = 7V, lead length = 4 mm 43 mQ
Low-side switch resistance® PVIN = V5= 3V, lead length = 4 mm 35 mQ
Low-side switch resistance® PVIN = V\y =5 V, lead length = 4 mm 34 mQ
Low-side switch resistance® PVIN = Vy = 7 V, lead length = 4 mm 33 mQ
Error Amplifier
Error amplifier transconductance (gm) @ —2 pA < lcomp < 2 pA, Vicompy = 1 V 1000 1400 2000| pS
Error amplifier dc gain® Vsense = 0.804 V 10000 VIV
Error amplifier source/sink® V(comp) = 1V, 100-mV input overdrive -250 +115 250 pA
Error amplifier output resistance 7 MQ
Start switching threshold @ 0.25 Y,
COMP to Iswitch gm® 22 S
Current Limit
High-side switch current limit threshold VN=T7V 11 A
Low-side switch sourcing current limit) V=7V 10 A
Low-side switch sinking current limit Vin=7V 3 A
Thermal Shutdown
Thermal shutdown 170 °C
Thermal shutdown hysteresis 30 °C
Internal Switching Frequency
Internally set frequency RT = Open 395 500 585| kHz
RT = 100 kQ (1%) 395 500 585
Externally set frequency RT = 487 kQ (1%) 85 100 120| kHz
RT = 47 kQ (1%) 900 1000 1100

External Synchronization

(1) Measured at pins.

(2) Ensured by design only. Not tested in production.

(3) Parameter is not tested in production.
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Electrical Characteristics (continued)

T, =-55°C to 125°C, V| = Py,y = 3.0 V to 7.0 V (unless otherwise noted)

PARAMETER TEST CONDITIONS MIN TYP MAX | UNIT
SYNC out low-to-high rise time (10%/90%) CrLoap = 25 pF 70 111 ns
SYNC out high-to-low fall time (90%/10%) CrLoap = 25 pF 6 155 ns
Falling edge delay time® 180 °
SYNC out high level threshold lon =50 pA Vin-0.3 \%
SYNC out low level threshold loL = 50 pA 600 mV
SYNC in low level threshold PVIN=V,y=3V 900 mV
SYNC in high level threshold PVIN=V,y=3V 2.45 \%
SYNC in low level threshold PVIN=Vy=7V 900 mV
SYNC in high level threshold PVIN=Vy=7V 4.25 \%
SYNC in frequency range® 100 1000 | kHz
PH (PH Pin)
Minimum on time gﬂsefgulid:atzl:% to 90% of VIN, 190 235 ns
Slow Start and Tracking (SS/TR Pin)
SS charge current 15 25 3 pA
SS/TR to VSENSE matching V(ssir) = 0.4 V 30 90| mVv
Power Good (PWRGD Pin)
Vsense falling (fault) 91
VSENSE threshold Vsense ris?ng (good) 94 %
Vsense rising (fault) 109 VREF
Vsense falling (good) 106
Output high leakage Vsense = VRers Vipwrep) = 5 V 30 181 nA
Output low l(pwreD) = 2 MA 0.3 Vv
Minimum VIN for valid output Vpwrep) < 0.5 V at 100 pA 0.6 1 Vv
Minimum SS/TR voltage for PWRGD 1.55 Vv

(4) Bench verified. Not tested in production.

(5) Parameter is production tested at nominal voltage with V,y = Py =5 V.

10
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7.6 Typical Characteristics
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Typical Characteristics (continued)
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Typical Characteristics (continued)
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8 Detailed Description

8.1 Overview

The device is a 7-V, 6-A synchronous step-down (buck) converter with two integrated MOSFETSs, a PMOS for the
high side and a NMOS for the low side. To improve performance during line and load transients, the device
implements a constant frequency, peak current mode control, which also simplifies external frequency
compensation. The wide switching frequency, 100 kHz to 1 MHz, allows for efficiency and size optimization when
selecting the output filter components.

The device is designed for safe monotonic startup into prebiased loads. The default start up is when VIN is
typically 3 V. The EN pin has an internal pullup current source that can be used to adjust the input voltage UVLO
with two external resistors. In addition, the EN pin can be floating for the device to operate with the internal
pullup current. The total operating current for the device is approximately 5 mA when not switching and under no
load. When the device is disabled, the supply current is typically less than 2.5 mA.

The integrated MOSFETSs allow for high-efficiency power supply designs with continuous output currents up to 6
A. The MOSFETSs have been sized to optimize efficiency for lower duty cycle applications.

The device has a power good comparator (PWRGD) with hysteresis which monitors the output voltage through
the VSENSE pin. The PWRGD pin is an open-drain MOSFET which is pulled low when the VSENSE pin voltage
is less than 91% or greater than 109% of the reference voltage VREF and asserts high when the VSENSE pin
voltage is 94% to 106% of the VREF.

The SS/TR (slow start/tracking) pin is used to minimize inrush currents or provide power-supply sequencing
during power-up. A small-value capacitor or resistor divider should be coupled to the pin for slow start or critical
power-supply sequencing requirements.

The device is protected from output overvoltage, overload, and thermal fault conditions. The device minimizes
excessive output overvoltage transients by taking advantage of the overvoltage circuit power good comparator.
When the overvoltage comparator is activated, the high-side MOSFET is turned off and prevented from turning
on until the VSENSE pin voltage is lower than 106% of the VREF. The device implements both high-side
MOSFET overload protection and bidirectional low-side MOSFET overload protections, which help control the
inductor current and avoid current runaway. The device also shuts down if the junction temperature is higher than
thermal shutdown trip point. The device is restarted under control of the slow-start circuit automatically when the
junction temperature drops 10°C typical below the thermal shutdown trip point.

14 Copyright © 2017-2019, Texas Instruments Incorporated
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8.2 Functional Block Diagram
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8.3 Feature Description

8.3.1 VIN and Power VIN Pins (VIN and PVIN)

The device allows for a variety of applications by using the VIN and PVIN pins together or separately. The VIN
pin voltage supplies the internal control circuits of the device. The PVIN pin voltage provides the input voltage to
the power converter system. Both pins have an input voltage range from 3 to 7 V. A voltage divider connected to
the EN pin can adjust the input voltage UVLO appropriately. Adjusting the input voltage UVLO on the PVIN pin
helps to provide consistent power-up behavior.

8.3.2 Voltage Reference
The voltage reference system produces a precise voltage reference as indicated in Electrical Characteristics.

Copyright © 2017-2019, Texas Instruments Incorporated 15
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Feature Description (continued)
8.3.3 Adjusting the Output Voltage

The output voltage is set with a resistor divider from the output (VOUT) to the VSENSE pin. Tl recommends to
use 1% tolerance or better resistors. Start with a 10 kQ for Rop and use = 1 to calculate Rgorrom. TO improve
efficiency at light loads, consider using larger-value resistors. If the values are too high, the regulator is more
susceptible to noise and voltage errors from the VSENSE input current are noticeable.

V,
RpoTToM = st X Reop
VOUT — Vegp
where
¢ Vgee=0.804V 1)

8.3.4 Safe Start-Up Into Prebiased Outputs

The device is designed to prevent the low-side MOSFET from discharging a prebiased output. During monotonic
prebiased startup, the low-side MOSFET is not allowed to sink current until the SS/TR pin voltage is higher than
1.55V.

8.3.5 Error Amplifier

The device uses a transconductance error amplifier. The error amplifier compares the VSENSE pin voltage to the
lower of the SS/TR pin voltage or the internal 0.804-V voltage reference. The transconductance of the error
amplifier is 1475 pA/V during normal operation. The frequency compensation network is connected between the
COMP pin and ground. The error amplifier DC gain is typically 20,000 V/V.

8.3.6 Slope Compensation

The device adds a compensating ramp to the switch current signal. This slope compensation prevents
subharmonic oscillations. The available peak inductor current remains constant over the full duty cycle range.

8.3.7 Enable and Adjust UVLO

The EN pin provides electrical on and off control of the device. When the EN pin voltage exceeds the threshold
voltage, the device starts operation. If the EN pin voltage is pulled below the threshold voltage, the regulator
stops switching and enters low I, state. The EN pin has an internal pullup current source, allowing the user to
float the EN pin for enabling the device. If an application requires controlling the EN pin, use open-drain or open-
collector output logic to interface with the pin.

The device implements internal UVLO circuitry on the VIN pin. The device is disabled when the VIN pin voltage
falls below the internal VIN UVLO threshold. The internal VIN UVLO threshold has a hysteresis of 150-mV
typical.

If an application requires either a higher UVLO threshold on the VIN pin or a secondary UVLO on the PVIN in
split-rail applications, then the EN pin can be configured as shown in K 15, Kl 16, and & 17. A ceramic
capacitor in parallel with the bottom resistor R, is recommended to reduce noise on the EN pin as used in the
TPS50601A-SP Evaluation Module, SLVUBG5.

The EN pin has a small pullup current, I,, which sets the default state of the pin to enable when no external
components are connected. The pullup current is also used to control the voltage hysteresis for the UVLO
function because it increases by I, after the EN pin crosses the enable threshold. Calculate the UVLO thresholds
with =¥ 2 and = 3.
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Feature Description (continued)
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K 15. Adjustable VIN UVLO
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K 16. Adjustable PVIN UVLO

TPS50601A-SP

Copyright © 2017, Texas Instruments Incorporated

17. Adjustable VIN and PVIN UVLO
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Feature Description (continued)

_ Ry X VEnraLLING
Vsror — Venraruing + Ri(Ip +1y)

where
e I,=3puA
e I,=6.1pA
*  Venrising = 1.14V
*  Venrane = 111V 3)

Ry

8.3.8 Adjustable Switching Frequency and Synchronization (SYNC)

The switching frequency of the device supports three modes of operations. The modes of operation are set by
the conditions on the RT and SYNC pins. At a high level, these modes can be described as master, internal
oscillator, and external synchronization modes.

In master mode, the RT pin should be left floating; the internal oscillator is set to 500 kHz, and the SYNC pin is
set as an output clock. The SYNC output is in phase with respect to the internal oscillator. SYNC out signal level
is the same as V) level with 50% duty cycle. SYNC signal feeding the slave module, which is in phase with the
master clock, gets internally inverted (180° out of phase with the master clock) internally in the slave module.

In internal oscillator mode, a resistor is connected between the RT pin and GND. The SYNC pin requires a 10-
kQ resistor to GND for this mode to be effective. The switching frequency of the device is adjustable from 100
kHz to 1 MHz by placing a maximum of 510 kQ and a minimum of 47 kQ respectively. To determine the RT
resistance for a given switching frequency, use 3 4 or the curve in 18. To reduce the solution size, the
designer should set switching frequency as high as possible, but consider the tradeoffs of supply efficiency and
minimum controllable on-time.

RT(Fs,) = 67009 x Fg,"**

where
¢ RTinkQ

600

500
400 \
300

200 \

RT (kQ)

I~

100 ]

0
100 200 300 400 500 600 700 800 900 1000
Fsw - Switching Frequency (kHz)

K 18. RT vs Switching Frequency

When operating the converter in internal oscillator mode (internal oscillator determines the switching frequency
(500 kHz) default), the synchronous pin becomes the output and there is a phase inversion. When trying to
parallel with another converter, the RT pin of the second (slave) converter must have its RT pin populated such
that the converter frequency of the slave converter must be within £5% of the master converter. This is required
because the RT pin also sets the proper operation of slope compensation.
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Feature Description (continued)

In external synchronization mode, a resistor is connected between the RT pin and GND. The SYNC pin requires
a toggling signal for this mode to be effective. The switching frequency of the device goes 1:1 with that of SYNC
pin. External system clock-user supplied sync clock signal determines the switching frequency. If no external
clock signal is detected for 20 us, then TPS50601A-SP transitions to its internal clock, which is typically 500 kHz.
An external synchronization using an inverter to obtain phase inversion is necessary. RT values of the master
and slave converter must be within £5% of the external synchronization frequency. This is necessary for proper
slope compensation. A resistance in the RT pin is required for proper operation of the slope compensation circuit.
To determine the RT resistance for a given switching frequency, use = 4 or the curve in X 18.

These modes are described in & 3.

#z 3. Switching Frequency, SYNC and RT Pin Usage Table

SWITCHING
RT PIN SYNC PIN FREQUENCY DESCRIPTION AND NOTES
SYNC pin behaves as an output. SYNC output signal
Float Generates an output signal 500 kHz is 180° in phase to the internal 500-kHz switching
frequency.
10-kQ resistor to GND 100 kHz to 1 MHz Internally generated switching frequency is based

upon the resistor value present at the RT pin.
47-kQ to 510-kQ

resistor to AGND User-supplied sync clock or
TPS50601A-SP master device

sync output

Internally synchronized to | Set value of RT that corresponds to the externally
external clock supplied sync frequency.

8.3.9 Slow Start (SS/TR)

The device uses the lower voltage of the internal voltage reference or the SS/TR pin voltage as the reference
voltage and regulates the output accordingly. A capacitor on the SS/TR pin to ground implements a slow-start
time. =X 5 shows the calculations for the slow-start time (tss, 10% to 90%) and slow-start capacitor (Csg). The
voltage reference (VREF) is 0.804 V and the slow-start charge current (Igg) is 2 pA.

Css (nF) X Vggg (V)
Iss (LA) (5)

When any of the following 3 scenarios occur; the input UVLO is triggered, the EN pin is pulled below 1.05 V, or a
thermal shutdown event occurs; the device stops switching and enters low current operation. At the subsequent
power-up, when the shutdown condition is removed, the device does not start switching until it has discharged its
SS/TR pin to ground ensuring proper soft-start behavior.

tss (ms) =

8.3.10 Power Good (PWRGD)

The PWRGD pin is an open-drain output. When the VSENSE pin is between 94% and 106% of the internal
voltage reference, the PWRGD pin pull-down is deasserted and the pin floats. TI recommends to use a pullup
resistor between 10 kQ to 100 kQ to a voltage source that is 5.5 V or less. The PWRGD is in a defined state
when the VIN input voltage is greater than 1 V but has reduced current sinking capability. The PWRGD achieves
full current sinking capability when the VIN input voltage is above 3 V.

The PWRGD pin is pulled low when VSENSE is lower than 91% or greater than 109% of the nominal internal
reference voltage. Also, the PWRGD is pulled low, if the input UVLO or thermal shutdown are asserted, the EN
pin is pulled low or the SS/TR pin is below 1.55 V.

8.3.11 Sequencing (SS/TR)

Many of the common power-supply sequencing methods can be implemented using the SS/TR, EN, and
PWRGD pins.

The sequential method is shown in & 19 using two TPS50601A-SP devices. The power good of the first device
is coupled to the EN pin of the second device, which enables the second power supply after the primary supply
reaches regulation.

Copyright © 2017-2019, Texas Instruments Incorporated 19
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K 19. Sequential Start-Up Sequence

K 20 shows the method implementing ratiometric sequencing by connecting the SS/TR pins of two devices
together. The regulator outputs ramp up and reach regulation at the same time. When calculating the slow-start
time, the pullup current source must be doubled in = 5.

TPS50601A-SP

EN

SS/TR

T PWRGD

TPS50601A-SP

EN

SS/TR

PWRGD

Copyright © 2017, Texas Instruments Incorporated

K 20. Ratiometric Start-Up Sequence

Ratiometric and simultaneous power-supply sequencing can be implemented by connecting the resistor network
of Ry and R, (shown in K 21) to the output of the power supply that needs to be tracked or another voltage
reference source. Using = 6 and = 7, the tracking resistors can be calculated to initiate the VOUT, slightly
before, after, or at the same time as VOUT;. & 8 is the voltage difference between VOUT; and VOUT,.

To design a ratiometric start-up in which the VOUT, voltage is slightly greater than the VOUT, voltage when
VOUT, reaches regulation, use a negative number in = 6 and = 7 for AV. 3\ 8 results in a positive number for
applications where the VOUT, is slightly lower than VOUT; when VOUT, regulation is achieved.

The AV variable is 0 V for simultaneous sequencing. To minimize the effect of the inherent SS/TR to VSENSE
offset ( Vss.oreset, 30 mV) in the slow-start circuit and the offset created by the pullup current source (Isg = 2 pA)
and tracking resistors, the Vss.oerset and Isg are included as variables in the equations.

20 Copyright © 2017-2019, Texas Instruments Incorporated
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To ensure proper operation of the device, the calculated R; value from T 6 must be greater than the value
calculated in = 9.

VOUT, + AV Vgs_
R, = 2 5 ~SS—OFFSET

VREFR Iss (6)

R, = Vrer X Ry
VOUT, + AV — Vegp @
AV = VOUT, — VOUT, @©
R, > 2800 x VOUT, — 180 x AV ©

TPS50601A-SP

TPS50601A-SP

EN
R1

SS/TR
R2

PWRGD Wy

Copyright © 2017, Texas Instruments Incorporated

¥ 21. Ratiometric and Simultaneous Start-Up Sequence

8.3.12 Output Overvoltage Protection (OVP)

The device incorporates an output OVP circuit to minimize output voltage overshoot. For example, when the
power supply output is overloaded, the error amplifier compares the actual output voltage to the internal
reference voltage. If the VSENSE pin voltage is lower than the internal reference voltage for a considerable time,
the output of the error amplifier demands maximum output current. After the condition is removed, the regulator
output rises and the error amplifier output transitions to the steady-state voltage. In some applications with small
output capacitance, the power supply output voltage can respond faster than the error amplifier. This leads to the
possibility of an output overshoot. The OVP feature minimizes the overshoot by comparing the VSENSE pin
voltage to the OVP threshold. If the VSENSE pin voltage is greater than the OVP threshold, the high-side
MOSFET is turned off, preventing current from flowing to the output and minimizing output overshoot. When the
VSENSE voltage drops lower than the OVP threshold, the high-side MOSFET is allowed to turn on at the next
clock cycle.

8.3.13 Overcurrent Protection

The device is protected from overcurrent conditions by cycle-by-cycle current limiting on both the high-side and
low-side MOSFET.

Copyright © 2017-2019, Texas Instruments Incorporated 21
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8.3.13.1 High-Side MOSFET Overcurrent Protection

The device implements current mode control which uses the COMP pin voltage to control the turn off of the high-
side MOSFET and the turn on of the low-side MOSFET on a cycle-by-cycle basis. Each cycle the switch current
and the current reference generated by the COMP pin voltage are compared, when the peak switch current
intersects the current reference, the high-side switch is turned off.

8.3.13.2 Low-Side MOSFET Overcurrent Protection

While the low-side MOSFET is turned on its conduction current is monitored by the internal circuitry. During
normal operation the low-side MOSFET sources current to the load. At the end of every clock cycle, the low-side
MOSFET sourcing current is compared to the internally set low-side sourcing current limit. If the low-side
sourcing current is exceeded, the high-side MOSFET is not turned on and the low-side MOSFET stays on for the
next cycle. The high-side MOSFET is turned on again when the low-side current is below the low-side sourcing
current limit at the start of a cycle.

The low-side MOSFET may also sink current from the load. If the low-side sinking current limit is exceeded, the
low-side MOSFET is turned off immediately for the rest of that clock cycle. In this scenario, both MOSFETs are
off until the start of the next cycle.

When the low-side MOSFET turns off, the switch node increases and forward biases the high-side MOSFET
parallel diode (the high-side MOSFET is still off at this stage).

8.3.14 Thermal Shutdown

The internal thermal shutdown circuitry forces the device to stop switching if the junction temperature exceeds
175°C (typical). The device reinitiates the power-up sequence when the junction temperature drops below 165°C

(typical).
8.3.15 Turn-On Behavior

Minimum on-time specification determines the maximum operating frequency of the design. As the unit starts up
and goes through its soft-start process, the required duty-cycle is less than the minimum controllable on-time.
This can cause the converter to skip pulses. Thus, instantaneous output pulses can be higher or lower than the
desired voltage. This behavior is only evident when operating at high frequency with high bandwidth. When the
minimum on-pulse is greater than the minimum controllable on-time, the turn-on behavior is normal.

8.3.16 Small Signal Model for Frequency Compensation

The device uses a transconductance amplifier for the error amplifier and readily supports two of the commonly
used frequency compensation circuits shown in & 22. In Type 2A, one additional high-frequency pole is added to
attenuate high-frequency noise.

The following design guidelines are provided for advanced users who prefer to compensate using the general
method. The step-by-step design procedure described in Detailed Design Procedure may also be used.

comp Type2A  Type 2B

———————— -

R2

X 22. Types of Frequency Compensation

The general design guidelines for device loop compensation are as follows:
1. Determine the crossover frequency f.,. A good starting point is one-tenth of the switching frequency, fsw-
2. R3can be determined by:

22 Copyright © 2017-2019, Texas Instruments Incorporated
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2T X fCO X VOUT X COUT
3 =

gme, X Vref X gmy (10)

where gme, is the gm of the error amplifier (1400 uS), gmys is the gm of the power stage (22 S) and VREF is
the reference voltage (0.804 V).

1
f =
3. Place a compensation zero at the dominant pole P* Cour X Ry x2m using C; and Rj.
C; can be determined by
_ Cour X Ry
CG=—FF—
Rz 11)

4. C, is optional. It can be used to cancel the zero from the equivalent series resistance (ESR) of the output
capacitor Cqoy-

_ Cour X Rgsr
C=E"R
3 (12)

8.4 Device Functional Modes

8.4.1 Fixed-Frequency PWM Control

The device uses fixed frequency, peak current mode control. The output voltage is compared through external
resistors on the VSENSE pin to an internal voltage reference by an error amplifier which drives the COMP pin.
An internal oscillator initiates the turn on of the high-side power switch. The error amplifier output is converted
into a current reference which compares to the high-side power switch current. When the power switch current
reaches the current reference generated by the COMP voltage level, the high-side power switch is turned off and
the low-side power switch is turned on.

8.4.2 Continuous Current Mode (CCM) Operation
As a synchronous buck converter, the device normally works in CCM under all load conditions.
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9 Application and Implementation

x

/:

Information in the following applications sections is not part of the TI component
specification, and Tl does not warrant its accuracy or completeness. TI's customers are
responsible for determining suitability of components for their purposes. Customers should
validate and test their design implementation to confirm system functionality.

9.1 Application Information

The TPS50601A-SP device is a highly-integrated synchronous step-down DC-DC converter. The device is used
to convert a higher DC-DC input voltage to a lower DC output voltage with a maximum output current of 6 A.

The TPS50601A-SP user's guide is available on the Tl website, SLVUBG65. The guide highlights standard EVM
test results, schematic, and BOM for reference.

9.2 Typical Application

'A%}

VIN
VOUT
PVIN PWRGD
* VIN PH
Cn == Ry b
= VSENSE
N EN TPS50601A-SP
Ra g REFCAP
SS/TR PGND
RT GND
THERMAL PAD
Css | RT COMP
e C, R
Cs

Copyright © 2017, Texas Instruments Incorporated
23. Typical Application Schematic
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Typical Application (continued)
9.2.1 Design Requirements

This example highlights a design using the TPS50601A-SP based on its evaluation module. For more details,
please refer to the EVM user's guide, SLVUBG65. A few parameters must be known in order to start the design
process. These parameters are typically determined at the system level. For this example, we start with the
following known parameters:

£ 4. Design Parameters

DESIGN PARAMETER EXAMPLE VALUE
Output voltage 25V
Maximum output current 6 A
Transient response 1-A load step AVOUT = 5%

Input voltage 5-V nominal, 45Vto 7V
Output voltage ripple 20 mVp-p

Start input voltage (rising V) 45V

Stop input voltage (falling V|y) 43V
Switching frequency 100 kHz

9.2.2 Detailed Design Procedure

9.2.2.1 Operating Frequency

The first step is to decide on a switching frequency for the regulator. There is a trade off between higher and
lower switching frequencies. Higher switching frequencies may produce smaller a solution size using lower
valued inductors and smaller output capacitors compared to a power supply that switches at a lower frequency.
However, the higher switching frequency causes extra switching losses, which hurt the converter’s efficiency and
thermal performance. In this design, a switching frequency of 100 kHz is selected. Based on K 18, the RT value
is set to a standard value of 487 kQ.

9.2.2.2 Output Inductor Selection

To calculate the value of the output inductor, use = 13. K_is a coefficient that represents the amount of inductor
ripple current relative to the maximum output current, Io. The inductor ripple current is filtered by the output
capacitor therefore, choosing high inductor ripple currents impact the selection of the output capacitor since the
output capacitor must have a ripple current rating equal to or greater than the inductor ripple current. In general,
the inductor ripple value is at the discretion of the designer depending on specific system needs. Typical values
for K. range from 0.1 to 0.5. For low output currents, the value of K, could be increased to reduce the value of
the output inductor.

_ Vinmax — VOUT VOUT

L X
Io XKL Vinmax X fsw (13)

For this design example, use K, = 0.45 and the inductor value is calculated to be 4.7 pH for nominal VIN =5 V.

9.2.2.3 Output Capacitor Selection

There are three primary considerations for selecting the value of the output capacitor. The output capacitor
determines the modulator pole, the output voltage ripple, and how the regulator responds to a large change in
load current. The output capacitance needs to be selected based on the more stringent of these three criteria.

The desired response to a large change in the load current is the first criteria. The output capacitor needs to
supply the load with current when the regulator can not. This situation would occur if there are desired hold-up
times for the regulator where the output capacitor must hold the output voltage above a certain level for a
specified amount of time after the input power is removed. The regulator is also temporarily not able to supply
sufficient output current if there is a large, fast increase in the current needs of the load such as a transition from
no load to full load. The output capacitor must be sized to supply the extra current to the load until the control
loop responds to the load change. =\ 14 shows the minimum output capacitance, from the electrical point of
view, necessary to accomplish this.
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. 2 %I
OUT = fow X AVOUT (14)

Where Alg is the change in output current, fsyy is the regulator switching frequency and AVOUT is the allowable
change in the output voltage. For this example, the transient load response is specified as a 5% change in VOUT
for a load step of 1 A. For this example, Al = 1 A and AVOUT = 0.05 x 2.5 = 0.125 V. Using these numbers
gives a minimum capacitance of 160 pF. This value does not take the ESR of the output capacitor into account in
the output voltage change. For ceramic capacitors, the ESR is usually small enough to ignore in this calculation.
However, for space applications and large capacitance values, tantalum capacitors are typically used which have
a certain ESR value to take into consideration.

3 15 calculates the minimum output capacitance needed to meet the output voltage ripple specification. Where
fsw is the switching frequency, VOUT e is the maximum allowable output voltage ripple, and ljpe is the
inductor ripple current. In this case, the maximum output voltage ripple is 20 mV. Under this requirement, 3 15
yields 168.75 pF.

1 Iripple
8 X fow ~ VOUTyippie (15)

Cour >

3\ 16 calculates the maximum ESR an output capacitor can have to meet the output voltage ripple specification.
3 16 indicates the ESR should be less than 7.41 mQ.

VOUT,;1
Rpsp < %
ripple (16)

For this specific design, taking into consideration the stringent requirements for space applications, an output
capacitor of 330 uF with ESR = 6 mQ has been selected.

9.2.2.4 Slow Start Capacitor Selection

The slow start capacitor Cgg, determines the minimum amount of time it takes for the output voltage to reach its
nominal programmed value during power up. This is useful if a load requires a controlled voltage slew rate. This
is also used if the output capacitance is very large and would require large amounts of current to quickly charge
the capacitor to the output voltage level. The large currents necessary to charge the capacitor may make the
TPS50601A-SP reach the current limit or excessive current draw from the input power supply may cause the
input voltage rail to sag. Limiting the output voltage slew rate solves both of these problems. The soft start
capacitor value can be calculated using 3\ 5. The example circuit has the soft start time set to an arbitrary value
of about 4 ms which requires a 10-nF capacitor. In TPS50601A-SP, lgg is 2-pA typical, and Vgge is 0.804 V.

9.2.2.5 Undervoltage Lockout (UVLO) Set Point

The UVLO can be adjusted using the external voltage divider network formed by R; and R,. R; is connected
between VIN and the EN pin of the TPS50601A-SP and R, is connected between EN and GND. The UVLO has
two thresholds, one for power up when the input voltage is rising and one for power down or brown outs when
the input voltage is falling. For the example design, the supply should turn on and start switching once the input
voltage increases above selected voltage (UVLO start or enable). After the regulator starts switching, it should
continue to do so until the input voltage falls below (UVLO stop or disable) voltage. = 2 and = 3 can be used to
calculate the values for the upper and lower resistor values. For the stop voltages specified in ¥ 4, the nearest
standard resistor value for R, is 10 kQ and for R, is 3.4 kQ.

9.2.2.6 Output Voltage Feedback Resistor Selection

The resistor divider network Rtop and Rgorrom IS USed to set the output voltage. For the example design, 10 kQ
was selected for Rygp. Using = 1, Rgorrowm iS calculated as 4.77 kQ. The nearest standard 1% resistor is 4.7 kQ.
9.2.2.7 Compensation Component Selection

There are several industry techniques used to compensate DC-DC regulators. For this design, type 2B
compensation is used as shown in Small Signal Model for Frequency Compensation.
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First, the modulator pole, fymed: and the Resg zero, f,meq must be calculated using & 17 and = 18. Use 3 19
and = 20 to estimate a starting point for the closed loop crossover frequency f.,, then the required compensation
components may be derived. For this design example, fyneq is 1.16 kHz and f,poq is 80.38 kHz. X 19 is the
geometric mean of the modulator pole and the ESR zero and 3 20 is the geometric mean of the modulator pole
and one half the switching frequency. Use a frequency near the lower of these two values as the intended
crossover frequency f,. In this case 3 19 yields 9.65 kHz and = 20 yields 7.61 kHz. A frequency of 7.6 kHz is
chosen as the intended crossover frequency.

¢ _ lour
pmod = 21 X Vour X Cour (17)
1
fZmod = 2 R C
T X Rgsr X Cout (18)
fco = fpmod X fzmod
19)
fSW
fco = fpmod XT
(20)

Now the compensation components can be calculated using = 10 and 3 11. The standard values for R; and C;
are 1.6 kQ and 82 nF, respectively.
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9.2.3 Parallel Operation

The TPS50601A-SP can be configured in master-slave mode to provide 12-A output current as shown in & 24.

VIN PVIN
VIN
Cin
I Vour
Lo 25V, 12A
EN EN PH rn .
Co
— —] PWRGD

= T sr
SYNC —| syNG -
ss VSENSE VSNS
SR EFcAP R2
RTICLK  GND L

COMP
R3 Exposed
c1

COMP
C2_|: %
Thermal 1
Pad =
VIN
Cin

Css

TPS50601A-SP
(Master)
PVIN
VIN

EN—] EN PH e

ol
— PwRGD T
SYNC —] SYNC =
VSENSE |—— VSNs
ss —| ssTrVSENS
REFCAP ——_

RT/CLK oD
COMP —] COMP
Exposed
Rt Thermal
Pad =

TPS50601A-SP
(Slave)
Copyright © 2017, Texas Instruments Incorporated

24. Parallel Configuration Showing Master and Slave

The design procedure to configure the master-slave operation using the internal oscillator is as follows:

The RT pin of the master device must be left floating. This achieves 2 purposes, to set the frequency to 500
kHz (typical) using the internal oscillator and to configure the SYNC pin of the master device as an output pin
with a 500-kHz clock, 180° in phase respect to the internal oscillator of the master device. For more details,
see Adjustable Switching Frequency and Synchronization (SYNC) section.

The RT pin on slave device should be connected to a resistor such that the frequency of the slave device is
within 5% of the master's frequency, 500 kHz in this case. See K| 18 for reference.

SYNC pin of the master device must be connected to the SYNC pin of the slave device.

Only a single feedback network is needed connected to the VSENSE pin of the master device. Therefore,
both VSENSE pins must be connected.

Only a single compensation network is needed connected to the COMP pin of the master device. Therefore
both COMP pins must be connected.

Only a single soft start capacitor is needed connected to the SS pin of the master device. Therefore both SS
pins must be connected.

Only a single enable signal (or resistor divider) is needed connected to the EN pin of the master device.
Therefore, both EN pins must be connected.

Since the master device controls the compensation, soft start and enable networks, the factor of 2 must be

28
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taken into account when calculating the components associated with these pins.

The master-slave mode can also be implemented using an external clock. In such case, a different frequency
other than 500 kHz can be used. When using an external clock, only the RT and SYNC pins configuration varies
as follows:

* RT pins of both master and slave device must be connected to a resistor matching the frequency of the
external clock being used. See X 18 for reference.

e The external clock is connected to the SYNC pin of the master device. A 10-kQ resistor to GND should be
connected to the SYNC pin as well.

e An inverted clock (180° in phase respect to the master device) must be connected to the SYNC pin of the
slave device. A 10-kQ resistor to GND should be connected to the SYNC pin as well.

9.2.4 Application Curve

The evaluation module for the TPS50601A-SP was used to capture a load step response of the device. The
testing conditions were:

* VIN=PVIN=5V

e VOUT=25V

e Loadstep=0Ato5A

» Switching frequency = 100 kHz

1MQ By:20.0M a» 20.0MS/s 50.0ns/pt
D 3.0A/div 500 Hy:20.0M «» - Sample 1
T 200mV/div f By:20.0M P 3158 acqs RL:AD
@D 2.0v/div : Aute  August30,2017  11:03:36

K& 25. 5-A Step Response for 100-kHz Switching Operation

10 Power Supply Recommendations

The TPS50601A-SP is designed to operate from an input voltage supply range between 3 V and 7 V. This supply
voltage must be well regulated and proper local bypass capacitors should be used for proper electrical
performance from PVIN to GND and from VIN to GND. Due to stringent requirements for space applications,
typically additional input bypass capacitors are used. The TPS50601A-SP Evaluation Module uses 6, 22-uF
ceramic capacitors from PVIN to GND and a 4.7 uF and a 0.1 pF from VIN to GND.
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11 Layout

11.1 Layout Guidelines

Layout is a critical portion of good power supply design. Standard good practices should be applied. Some basic
guidelines follow:

The top layer contains the main power traces for PVIN, VIN, VOUT, and PHASE. Also on the top layer are
connections for the remaining pins of the TPS50601A-SP and a large top side area filled with ground.

The top layer ground area should be connected to the internal ground layer(s) using vias at the input bypass
capacitor and the output filter capacitor.

Thermal pad can be electrically floating or connected externally. If electrically connected externally then it
must be connected to GND. Customer should evaluate their system performance when thermal pad is
electrically isolated and thermally conductive.

Preferred approach is that GND pin should be tied directly to the power pad under the IC and the PGND.

The PVIN and VIN pins should be bypassed to ground with ceramic capacitors placed as close as possible to
the pins.

Since the PH connection is the switching node, the output inductor should be located close to the PH pins,
and the area of the PCB conductor minimized to prevent excessive capacitive coupling.

The RT, REFCAP and COMP pins are sensitive to noise so the respective components should be located as
close as possible to the IC and routed with minimal lengths of trace.

The feedback voltage signal VSENSE should be routed away from the switching node.

11.2 Layout Example

Close to device
and loop as
small as possible

GND 1y T T2 _Jewrap
| I
en[ ]2 (1o _ssir
RT_|s : :18 comp Trace away from
switching node
| L]
As close to the SYNC': ¢ | Thermal Pad |17 MOENSE
device as vn[ s | (Bottom Side) :16:|REFCAP
possible I
PVIN 6 | I15 PH VOUT
I | L
| Al 7 114[__|PH
| I
PGND 8 | s pH ™M ’
| I
PGND
GND[_ 9 | |12:pH Cour I
pano_J1ol i Iew
Rrop

I:{BOTTOM

Kl 26. PCB Layout Example
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