Application Note
TPS61381-Q1 Schematic and Layout Guideline
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Travis Wang
ABSTRACT

TPS61381-Q1 is a bidirectional boost converter/buck charger designed for back up battery applications such
as TBOX or e-call. Schematic design, proper external components selection and board layout is critical for a
successful design. This application note details how to route the TPS61381-Q1 to achieve correct function,
stable operation, and good thermal and low EMI performance.
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1 Introduction

The TPS61381-Q1 bi-directional boost converter and buck charger is designed for back up battery applications,
such as TBOX, E-call. A well-designed schematic and PCB layout is fundamental to a successful system

design of any DC/DC or AC/DC power converter. An optimized layout leads to better EMI performance, better
thermal performance, and good stability performance within a relatively smaller design size. So an optimized
layout means higher reliability, lower cost, and faster release time to market. This application note gives out the
TPS61381-Q1 bi-directional boost converter/buck charger schematic and layout guideline. Under the guidance
of this application note, the customers can achieve the above goals simply with a 4-layer PCB. The main content
includes identification of the schematic notice, layout critical switching loops, power-stage component placement,
power circuit, and signal circuit routing, AGND and PGND connection, power and GND copper plane design.

2 TPS61381-Q1 Schematic Guideline
2.1 GND Connection

TPS61381 features in high current limit, fast start-up strategy to make sure the system voltage can be taken over
instantly when a power failure is detected. The current can reach up to 25A (Set by 12C) during boost start-up.
Vout changes by 12C or short circuit protection-reboot conditions. So GND connection is very important to avoid
switching noise form affecting the IC. There is a risk that the IC internal circuit can lose control or even sustain
damage if AGND is not connected correctly. The typical schematic is shown in Figure 2-1.
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Figure 2-1. TPS61381-Q1 GND Connection

Make sure that there is a separate AGND from PGND and connect VCC, COMP, AGND pin, and the thermal pad
to AGND.

AGND must be connected to PGND by a single point (net-tie, 0Q resistor or wire with 10mil width). Do not
connect AGND with PGND by a wide polygon.
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2.2 Driver Design

TPS61381-Q1 adjusts the driver speed by gate resistor (Rs). While 1Q is enough for most MOSFETSs, apply a
larger resistance (1-2Q) if the Qgd is below 3nC.
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Figure 2-2. TPS61381-Q1 Driver Design

_|

4

Do not apply less than 1Q of resistance if the MOSFET has Qgd over 10nC. Slow driver speed can lead to lower
efficiency and even power-FETs shooting-through.

Rs must withstand thermal heat generated by driver loss, so do not select a small package for Rs. Driver loss
can be calculated by:

Pgloss = QgVCCfsw (1)

where V¢ can be calculated as 5V.
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2.3 10 Configuration

The digital inputs needs to be pulled up by the MCU power rail. Do not connect to the TPS61381 VCC or Vout.

AVI pin requires a decouple capacitor. The cap can be placed either near the IC or near the MCU ADC (100nF is

sufficient).

The STATUS pin is an open drain output that can be pulled up by TPS61381 VCC or MCU_GPIO_VDD.
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Figure 2-3. TPS61381-Q1 10 Configuration
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2.4 Output Capacitor

TPS61381 needs at least 100uF local total output capacitance. TI recommends both MLCC and electrolytic
capacitor placed in parallel

Electrolytic capacitors has large ESR and is ineffective for filtering high frequency ripple and switching noise.
Make sure the MLCC effective capacitance at Boost Vout target is over 40uF. The MLCC capacitance needs
further increase if the electrolytic capacitors has large ESR over 500mQ. Note that ESR of electrolytic capacitor
can increase by over 10 times under low temperature condition and can seriously affect loop stability. Make

sure low temperature ESR is considered when calculating loop stability (View Section 2.5 for loop stability
calculation).
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Figure 2-4. TPS61381-Q1 Output Capacitor

MLCCs has DC-bias derating that significantly reduce the effective capacitance when a DC-voltage is applied.
Check the DC-bias curve at boost Vout target voltage when calculating the capacitance.
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2.5 Compensation Design

The TPS61381-Q1 requires external compensation, which allows the loop response to be optimized for each
application. The COMP pin is the output of the internal error amplifier. An external compensation network,
comprised of resistor R3, and ceramic capacitors C7 and C8, is connected to the COMP pin. Compensation
parameter must be calculated case by case. The following section gives an example about how to calculate the
compensation network parameters with the selected inductor and output capacitor.
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Figure 2-5. TPS61381-Q1 Compensation Design

2.5.1 Small Signal Analysis

The TPS61381-Q1 uses the fixed frequency peak current mode control with an internal adaptive slope
compensation to avoid subharmonic oscillation. With the inductor current information sensed, the small-signal
model of the power stage reduces from a two-pole system, created by L and Cgoyr, to a single-pole system,

created by Royt and Coyt. The single-pole system is easily used with the loop compensation. Figure 2-6 shows
the equivalent small signal elements of a boost converter.
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R
L SENSE

Figure 2-6. TPS61381-Q1 Control Equivalent Circuitry Model

The small signal of power stage can be shown by:

(1+ 2o Fsr )~ 5 ar)
Royue(1—D) o 21 X f7ESR 21 X fZzRHP

KPS(S) - 2Rsense 1+ N (2)
2m X fppS
Where:
* Dis the duty cycle
* Ryt is the output load resistance
Rsense is the equivalent internal current sense resistor, which is typically 6mQ
The single pole of the power stage can be given by:
2
foPS = 20X Corp X Rt 3)

Where:

*  C,ut is the output capacitance. For a boost converter having multiple identical output capacitors in parallel,
simply combine the capacitors with the equivalent capacitance

The zero created by the ESR of the output capacitor can be given by:

_ 1
fZESR 2t X Cout X RESR (4)

Where:
* Regsr is the equivalent resistance in series of the output capacitor
The right-hand plane zero can be given by:

2
Ryye(1—D
szHP=% (5)

Where:

* Dis the duty cycle
* Ryt is the output load resistor
* L is the inductance

Equation 6 shows the equation for feedback resistor network and the compensation network.
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S
Ryp + Ry (1 2w X Focomp
Hcomp(s) = Gcomp X Rpg X uPRdOW;W” X s ZCOMP) s (6)
(51 T prOMPl) M prOMPZ)
Where:
*  Gcowp is the gain of the error amplifier, typically Gga = 24uS
* REa is the output impedance of the error amplifier, typically Rga = 5SMQ
*  focomp1. fpcomp2 is the pole's frequency of the compensation
* f,comp is the zero’s frequency of the compensation network
focomp1 can be given by:
f - 1 (7)
pCOMP1 2n X REa X Ccomp
Where:
*  Ccowmp is the compensation capacitor
focomp2 can be given by:
f -1 (8)
pCOMP2 2r X Rcomp X CHF
Where:
* Cuyf is the high frequency bypass capacitor on COMP pin
*  Rcomp is the resistor of the compensation network
fzcomp can be given by:
fzcomp = : 9)
ZCOMP = 2 X Rcomp X Ccomp

Where:

*  Ccowmp is the zero capacitor compensation
*  Rcowmp is the resistor of the compensation network
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2.5.2 Step by Step Loop Compensation Design

With the previous analysis on small signal models, we can calculate the compensation network parameters
with the given inductor and output capacitor parameters. Tl provides EXCEL calculation tools on designing

compensation parameters. This section gives an example on calculating loop compensation with the design
calculation tool.

1.

Set the Crossover Frequency, fc .

The first step is to set the loop crossover frequency, fc. The higher the crossover frequency, the faster the
loop response is. This is generally accepted that the loop gain crosses over no higher than the lower of
either 1/10 of the switching frequency, fsw, or 1/5 of the RHPZ frequency, f,rHp-

2. Set the Compensation Resistance, Rcoyp -
For a well compensated boost system, the fc is determined by Rcomp-Set your desired f¢ and the calculation
tool can output recommended Rcomp-
70 Boost Compensation Calculation
71 |Boost loop Calculation
72 Vin 2.50|V
73 Vout 550(V
74 lout 1.50/A
75 fp_PS 368|Hz
A |
76| | Ener Desired fz_ RHP 43122 |Hz )
77 Crossover Frequency fz ESR 39789|Hz
78 > f(BW) desired 2|kHz|
79 —|R3 recommended 10.11|kQ
80" 2 Guput R3 actual 12]kQ
Recommem 3. Select and Input Real Rcowmp 4?
Figure 2-7. Set the Compensation Resistance
The calculation tool recommends the Rout under these assumptions: For a properly designed boost system,
fzcomp must be placed below f¢ to make sure of phase margin. For common Reomp range, Rcovp must
be far smaller than the amplifier output resistance Rgp, which makes Rcompe | | Rea ~ = Recomp- Therefore,
looking at Equation 6, the initial gain Rcomp * Geomp * Krg is determined by Reopmp. Therefore the f. can be
calculated by the equation that the close loop total gain T ) = Kps(s) + Hcomp(s) is zero at fc.
Rg
Hcomp = ZOIH(GCOMP X Rcomp X W%) = —Kps(fc) (10)
where
* Kpg is the gain of the power stage
* Ggp is the transconductance of the amplifier, the typical value of Ggp = 24uS
3. Set the Compensation Zero capacitor, Ccomp -
The compensation zero needs to be placed at the power stage pole f,ps to compensate the phase drop near
fops. Set fz = fp, the Ccomp can be calculated . The calculation tool outputs the recommended Ccomp When
the actual Rgomp is entered in line 80.
R X C
Ccomp = —%tCOM‘;ut (11)
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78 | f(BW) desired 2|kHz
79 1. Ent(?r Selected Rcowe ommended 10.111kQ
80 — R3 actual 12/kQ
81 —| C7 recommended 42.78|nF
e~ 5 Cutput C7 actual 12.0[nF

Recommended Ccomp ?
L— 3. Select and Input Real Ccomp

Figure 2-8. Set the Compensation Capacitance

4. Set the Compensation Pole Capacitor, Cyfr .

The compensation pole needs to be placed to eliminate the ESR zero produced by Reggr and Ct. Set
fpcomp2 = fzesr, and get:

_ REsR X Cout

CHF = ~Rcomp (12)

The recommended C is located at the calculation tool line 84 after the ESR and Cout is correctly entered
in line 15-16.

1. Enter Selected Ccowr

|
82 — C7 actual 12.0nF |
83 fz_COMP 947|Hz
84 —|C6 recommended 462.70|pF
85" 2 Output C6 actual 33[pF
CHF
Recomm&» 3. Select and Input Real CHF 4f

Figure 2-9. Set the Compensation Capacitance
Check Phase Margin and Gain Margin

The calculated compensation parameters do not always make sure of stability, especially when the Cout has
large ESR which bring f,ggr into bandwidth. The calculation tool generates bode plot after all compensation
parameters are entered. Check the bode plot for stability after steps 1-4. Tl recommends phase margin >
60deg and gain margin > 10db. Reduce desired f; and re-calculate compensation in steps 1-4 if the margin
does not meet requirements.

Bode Plot

72 vﬂl 250V Boost Open Loop Bode Plot
73 Vout 550V
74 Tout| 150/A o I I J— 10
75 fp_PS 368|Hz 1 I T
76 Tz RHP) 43122[Hz “ 1 1 ——phase ——— 120
77 2 ESR 39789|Hz 3 \ t I 05 _
78 (BW) desired 2[kHz 30 1 l 0 3
79 R3 recommended 10.11]kQ S \/ : s %
80 R3 actual 12k 2 1 60 Q
81 C7 recommended 42.78]nF & b5 \ P hase\ 1 s 2
82 C7 actual! 12.0[nF 3 10 Margin T 30 £
83 fz_COMP! 947|Hz c 5 k 4 I 15 [
84 C6 recommended 462.70|pF ‘c 0 r 0 [
85 C6 actual 33[pF [C] 5 l@——Bandwidth | Gain 15 2
86 p1_COMP| 3|Hz -10 .‘V".d@” -30 9
8L p2 COMP. 307249 Hz -15 \ -45 2
88 f(BW) actural 6310|Hz -20 N -60 Y
89 Phase Margin 72[° 25 AN N 75
90 Phase Cross Frequency 50119|Hz -30 -90
91 Gain Margin| 15/dB 35 N\ A -105
92 Slope Compensation Good -40 - - e B . Coe - Co \ \ B -120
07| — 100 1,000 10,000 100,000 1,000,000
gg Check Stability Frequency
Figure 2-10. Evaluate Loop Stability
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3.1 Identification of the Critical Switching Loops

3.1.1 Low Side Driver Loop

Driver loop is one of the most critical loops for all switching regulators. When the IC turns on the MOSFET,
current flows from the VCC capacitor through internal driver and gate resistor to charge the gate capacitance

of low side MOSFET. The return current flow from the source of low side MOSFET(PGND), through net-tie to
and return to VCC capacitor(AGND). When the IC turns off the MOSFET, gate capacitance of low side MOSFET
is discharged. Current flows from the MOSFET gate through gate resistor into the LO pin, and eventually to

the AGND pin. The return current flow from the IC AGND pin, through net-tie to and return to MOSFET gate
capacitance (PGND). These charge and discharge current is generated within several ns and the peak current
can reach up to 2A. So parasitic inductance in this current loop can create ringing on MOSFET gate and thus
affect the effectiveness of the driver. Switching ringing can even cause boost leg shooting through and damage
the device if the layout is not carefully designed. Low side driver current path is depicted in Figure 3-1.

c Batt Vsystem
ar Battery I AH ‘I
L
IL vouT ‘I -I »
2.2uH C3 —LC4
0.47pF _— BOOT
Cs TWF | 4x10pF 100uF
VDS>23V o T LoV 4oV
> < (=S4 - - =
Qi Wy
Rs VCC or
MCU _VDD
= VCC to MOSFET Gate R4
» » BUB 10kQ
10pF—L o 1pF—L C STATUS STATUS
| o |
L L
Backup | = —"VW = TS [
Battery R1 R2
Control
_ ° Signal
= | ? AVI g PGND to VCC AGND
noOnF
ADC
COMP
EN_BST
EN_CHGR Net.T
MCU GPIO SDA et-Tie
SCL GND EP T
STATUS v =
* AGND PGND
AGND AGND
MOSFET Gate to PGND

Figure 3-1. TPS61381-Q1 Low Side Driver Current Path
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3.1.2 Boost Leg Switching Loop

Boost leg switching loop is the most critical loop for boost devices. Long and thin traces in these two loops

can cause excessive noise, overshoot, and ring on the switch node, and the ground bounce because of the
parasitic inductance. During a MOSFET switching event, the slew rate of the commutating current can exceed
3-5A/ns, so a 2nH parasitic inductance can result in a voltage spike of 6V. The pulsed current flowing in these
critical loops during switching are rich in harmonic content and can cause a large radiated energy emission and
electromagnetic interference issue if the loop area is not carefully minimized. This is crucial to minimize the trace

length and the enclosed area of loop.

Car Battery

—»t

L

T
1

L

VOouT

Y
2.2pH
MY 0.47yF_—{ BOOT 12 [ L ics
t Gy v T %ﬁ/ 4x10uF
VDS>23V Boost Leg 40V
Q1 }4\/\/\/* Lo Switching Loop = = =
Rs / VCC or
RAPEE MCU _VDD
- R4
:L L BUB 10kQ
muFI Cs 1uF [A STATUS STATUS
= = Ts vce
L R1 R2 Cs
4.TyF
’f Al
100nF
ADC
comP
EN_BST R3
eu EN_CHGR 10kQ Cs
SDA c 33pF
GPIO scL GND EP ﬁ
STATUS

AGND AGND

Vs
1
1

Net-Tie

il

AGND PGND

Figure 3-2. TPS61381-Q1 Boost Leg Switching Loop
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3.1.3 High Side Driver Loop

High-side gate driver circuits are supplied by the bootstrap capacitor. Since TPS61381-Q1 is a bidirectional
boost and buck converter in which both high side and low side MOSFETs can become the main switch. This is

similar to low side driver circuit. Parasite inductance in high side driver loop creates extra switching noise in buck
charger mode and affects the IC life span.

Vsyslem
Car Battery ‘I *ll -1
L L VOuT
YY) . o o
2.2pH 1yl 1yl [
0.47%F_|_—f c3 c4
3 1uF | 4x10pF 100pF
vDs>23v| Ly sSwW High Side Driver 40V | 40v 40V
Q1 l—’\/\/\/— LO and I1SO Driver = = =
Rs VCC or
MCU _VDD
= R4
I I BUB 10kQ
10uF Ci 1uF C. STATUS STATUS
™ L 1T
Backup| = = AN = TS vee
Battery R1 R2 Cs
4.7uF
= AVI
. I
100nF
ADC
COMP
EN_BST R3
EN_CHGR 10kQ Cs )
Mcu SDA C; 33pF Net-Tie
GPIO
SCL GND EP —12nF
STATUS * =
+ AGND PGND

AGND

AGND

Figure 3-3. TPS61381-Q1 High Side Driver Loop
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3.2 Power Component Placement

Figure 3-4 shows the placement of the power MOSFETSs, input and output ceramic capacitors, main inductor,
and the TPS61381-Q1 silicon on the top layer.

And_connect 'LDO_EN’ to ‘L’

Figure 3-4. TPS61381-Q1 Power Component Placement Example

Output capacitors are placed adjacent to the VOUT pin of the TPS61381 external MOSFET source. The main
inductor L1 is placed near the IL pin. The IL and SW nodes are poured with small copper plane to reduce the
capacitive coupling relating to the SW node high dv/dt transitions. A large SW node copper plane helps the
thermal, but can cause severe radiated emissions.
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3.3 Layout Example

3.3.1 Optimizing Low Side Driver Loop Example

According to the analysis in Figure 3-1, driver current must go through the net-tie before returning to VCC to
reduce the length and enclosed areas of the low side driver current path. The net-tie between AGND and PGND
must be connected between source of the low side MOSFET. Driver current return path is cut out from PGND
copper and routed closely in parallel with the gate trace as differential pairs so that the mutual inductance can
eliminate parasitic inductance. The VCC capacitor must be placed as close to the IC as possible.

Top Layer

Bottom Trace cmmm»

Top Trace —

Driver
Return

Figure 3-5. TPS61381-Q1 Low Side Driver Layout Example

3.3.2 Optimizing Boost Leg Switching Loop Example

Figure 3-6 shows an example of a boost leg switching loop. To reduce the length of this current path, MLCC
must be placed as close to Vout pin as possible (within 1mm) and the low side MOSFET Q1 must be placed as
close to SW pin as possible. Tl also recommends a smaller Cout (100nF-1uF, 0603 package) closest to the Vout
pin to bypass the high frequency noise.
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Figure 3-6. TPS61381-Q1 Boost Leg Switching Loop Layout Example

3.3.3 Optimizing High Side Driver Loop Example

Figure 3-7 shows an example of high side driver loop routing. Placing the bootstrap capacitor very close to the
SW and the boot pins can reduce the gate loop enclosed areas. Route the gate drive traces from the silicon to
the MOSFET as short as possible, routing the gate drive and the return traces side by side can minimize the
gate-loop inductance and the gate-loop area.

Bottom Trace
Top Trace =

Figure 3-7. TPS61381-Q1 High Side Driver Layout Example
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3.3.4 Signal Circuit Routing Example

The area of the switching node SW and IL must be as small as possible. If the SW and IL are poured with big
area copper planes, the high dv/dt noisy signal can couple into other traces nearby though capacitive coupling
and causes electromagnetic interference issues. Signal traces must avoid the area near or under SW and IL
nets.

C

-
'
[

L) 4

; [:-[] 2ORS

Figure 3-8. TPS61381-Q1 Signal Circuit Routing Example

COMP pin is vulnerable to CM noise and the compensation parts must be placed near the IC to make sure the
high frequency cap Cg can bypass the noise.

4 Summary

This application note describes how to route the TPS61381-Q1 bidirectional boost and buck converter with a
4-layer printed circuit board. This begins with the identification of the critical switching loops. By proper power
component placement, keeping critical loops small, placing a whole layer GND copper plane under the switching
loops, and carefully routing the sensitive traces, a successful converter design can be achieved.

5 References

+ Texas Instruments, TPS61381-Q1 Automotive 400kHz, 40V, 15A Boost Converter with LDO Charger and
Battery State of Health Detection, datasheet.
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