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Description

This reference design is an automotive front-end
power supply that able to supply a 30-W maximum
output for the 12-V car battery. The first stage is a
buck-boost DC/DC converter, which maintains a stable
output voltage over the full DC range of the 12-V
battery conditions specified in ISO 7637-2 and 1SO
16750-2 standards. Then a low-cost, compact buck
converter is connected to the buck-boost converter
and enables up to a 20-W output. The system consists
of reverse battery protection, electrical transient
protections, and EMI filters. The EMI filter consists of
DM and CM respectively and is designed for
complying conducted EMI standards per CISPR25.
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Features

e Wide-V,, Buck-Boost Converter During Very Low
Dips in Input Voltage of 3- to 36-V DC, 42-V
Transient

* Low-Cost Buck Operates After the Buck-Boost With
5-V and 4.5-A maximum output

« Reverse Battery Protection With Fast Shutdown

« Designed and Tested for Severe Battery Cold
Crank Operations (ISO 16750-2 Level Ill)

* Designed and Tested for ISO 7637-2:2004 Pulse 1,
2a, and 3a/b Severe Conditions (Level IV)

e Tested for CISPR25 Conducted EMI (Class 5)

Applications

¢ HEV/EV Traction Inverter

e Dry Double Clutch Transmission
e Electronic Control Units

e Battery Front-End Power

An IMPORTANT NOTICE at the end of this Tl reference design addresses authorized use, intellectual property matters and other
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System Overview

System Description

This reference design is a wide input 30-W front-end power supply for a 12-V car battery in the HEV/EV
traction inverter system (see Figure 1). It consists of two DC/DC converters. The first converter is a buck-
boost converter, which handles a wide input range from the car battery and provides 15 V of constant
output voltage at a 2-A output current. This 15-V rail can be used to power the system basis chip (SBC),
the resolver, and the primary of the IGBT bias supply. Then a buck converter connected to the output of
buck-boost converts the 15V down to 5V at 4.5 A. This 5 V can power the microcontrollers, AD
converters, safety diagnostic circuits, the primary sides of the current sensing, voltage sensing, and so on.
The TIDA-01179 is able to handle all battery conditions, which includes:

» The system maintains a constant output voltage over the full DC range of battery conditions specified
in ISO 16750-2:

— Input V,yminy down to 3.0 V simulating a severe cold cranking condition
— Input V\ymay Up to 28 V simulating the upper range of normal battery operation

» The system must clamp and filter high-voltage electrical fast transients and maintain operation through
them:

— These pulses include clamped load dump (up to 38 V) and other transients outlined in ISO 7637-
2:2004.

» The system must properly respond to a reverse battery polarity event and shut down appropriately.
» Filter design targets at the CISPR 25 automotive EMI standard for conducted emission suppression.

» The layout of the board must be done in such a way to minimize the footprint of the solution while
maintaining high performance.
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Figure 1. HEV/EV Traction Inverter System Block Diagram and Position of TIDA-01179
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System Overview

1.2 Key System Specifications

The key specifications of TIDA-01179 are shown in Table 1.

Table 1. Key System Specifications

PARAMETER COMMENTS MIN | TYP | MAX | UNIT
SYSTEM INPUT
VN Input voltage Battery voltage range (DC) 3.00 13| 28.00 \Y
Veiames 5;?;3’: clamping Positive input protection TVS clamping range 28.90 — | 4210 \%
Veiave y;?aagtg/e clamping Negative input protection TVS clamping range 15.60 —| 25.80 \Y
Pex (Fj"ea!( pglse power Maximum TVS power dissipation 600 W
issipation

OUTPUT VOLTAGE
Vour1 Vsyst System output voltage, across load 14.70 15| 15.30 \%
Vour2 Vsyso System output voltage, across load 4.97 5 5.03 \%
OUTPUT CURRENTS

Max output current. Drawing more than 2.2 A is not
| | recommended for thermal reasons. See the Thermal . 5 220 A
out SYs1 Images testing to see the temperature rise at different ‘

load levels

Max output current. Drawing more than 4.5 A is not
| | recommended for thermal reasons. See the Thermal o 4 4.50 A
out2 Sys2 Images testing to see the temperature rise at different )

load levels

1.3 Block Diagram

The system block diagram is shown in Figure 2. The design consists of two DC/DC converters:

1. Buck-boost converter based on the LM5118-Q1. It converts the wide input battery voltage to a 15-V
constant output voltage and supplies up to a 2-A output current.

2. Buck converter based on the TPS54540-Q1. It is connected to the buck-boost converter and generates
a 5-V output voltage and up to a 4-A output current.

Prior to all the circuits, TVS diodes are connected to the 12-V battery for electrical transient suppression.
Then the LM74610-Q1 is implemented for battery reverse polarity protection. Two EMI filters, which are
implemented in front of the buck-boost converter and the buck converter respectively, are implemented for
suppressing the conducted emission.

This TI Design option for connecting the redundant power supply is included in case the 12-V car battery
is depleted or absent. The connection has two options and it is down through the oring diodes. The first

path (option 1) is connected to the output of LM74610-Q1, which requires 12 V. The second path (option
2) is connected to the output of the buck-boost converter, which requires 15 V.
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Figure 2. TIDA-01179 Block Diagram

Highlighted Products
The TIDA-01179 reference design features the following Texas Instruments devices.

LM5118-Q1

The LM5118-Q1 is an automotive grade buck-boost controller with 3- to 75-V input voltage range that is
ideal for handling large electrical transients’ conditions. The regulator switches smoothly from buck to
buck-boost operation as the input voltage approaches the output voltage. It integrates high-side and low-
side MOSFET drives capable of supplying peak currents of 2 A. The regulator control method is based on
current mode control using an emulated current ramp. Peak current mode control provides inherent line
feed-forward, cycle-by-cycle current limiting, and ease of loop compensation.

LM74610-Q1

The LM74610-Q1 is a controller device that can be used with an N-channel MOSFET in a reverse polarity
protection circuitry. It is designed to drive an external MOSFET to emulate an ideal diode rectifier when
connected in series with a power source. It provides a gate drive for an external N-channel MOSFET and
a fast response internal comparator to discharge the MOSFET gate in the event of reverse polarity.

TPS54540-Q1

The TPS54540-Q1 is a 42-V, 5-A, step-down regulator with an integrated high side MOSFET. The device
survives load dump pulses up to 65 V per ISO 7637. A low-ripple, pulse-skip mode reduces the no load
supply current to 146 pA. It integrated a 92-mQ high-side MOSFET.
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2 System Design Theory

2.1 Input Protection
Figure 3 shows a schematic of the input transient protection and battery reverse polarity protection.
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Figure 3. Schematic of Input Transient Protection and Reverse Polarity Protection

2.1.1 Reverse Battery Protection

Reverse battery protection is required in every electronic subsystem of a vehicle, both by OEM standards,
as well as ISO 16750-2, an international standard pertaining to supply quality. The goal is to prevent
reverse-biasing components, which are sensitive to polarity, like polarized capacitors and most integrated
circuits.

The circuit consists of a N-channel MOSFET (Q3), which is driven by the LM74610-Q1 smart diode
controller. Traditional methods that implement blocking diodes result in large power dissipation due to the
typical 400- to 700-mV forward voltage drop. The smart diode solution decreases the losses as per the
Rps(on) Of the MOSFET. The LM74610-Q1 controller provides a gate drive for an external N-channel
MOSFET and a fast response internal comparator to discharge the MOSFET gate in the event of reverse
polarity. A unique advantage of this scheme is that it is not referenced to ground and thus has zero |,. The
N-channel MOSFET is selected according to the following criteria:

» Continuous current rating higher than 10 A, which is the maximum input current at minimum input
voltage in this design

* Vg threshold must be 2.5 V maximum
* Source-to-drain voltage (Vgp) must be at least 0.48 V at 2 A
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2.1.2 Electrical Transient Protection
TVS diodes are implemented on the supply input of the system to protection against both positive and
negative electrical transients as per prescribed in 1ISO 7637-2:2004 pulses 1, 2a and 3a/b. OEM
specifications will define a "class of operation" for each test, which defines the required operational status
during and after the event. The TVS diodes are placed aiming at shut the transients while maintaining the
downstream circuits operation.
The TVS diode is selected based on the following criteria:
* The diode breakdown voltage is lower than the breakdown voltage of the downstream circuits.
» The positive clamping voltage is above twice of the input battery voltage (for jump start) and clamped
load dump voltages.
» The negative clamping voltage is slightly lower than the battery voltage is reverse connection so that it
will clamp all negative voltages while does not create short circuit during a reverse battery condition.
e The power rating of the TVS diode is higher than the power dissipation during the transient clamping.
The important parameters for calculating the TVS diode power rating are: the clamping voltage, the
voltage of the pulse it is clamping, and the source impedance of the pulse. One severe scenario according
to the ISO 7637 pulse 2a standard is [7]:
* Veuse =75V
* Rsource =4 Q
* Veawe =33V
Where:
*  Vpyuse is the voltage of the pulse that TVS diode is clamping
*  Rsource is the source impedance of the pulse
*  Vcawe IS the clamping voltage from TVS diode
The worst case assumption is that the load is drawing zero current and all the current flows through the
TVS diode. Thus, the power rating of the diode is calculated as:
v -V 75 - 33
R source 4 ()
Two SMB sized TVS diodes with a 600-W peak power rating are selected for positive and negative
clamping respectively for the design.
6 Automotive Wide V,, Front-End Power Reference Design With Cold Crank TIDUC53-0October 2016
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2.2 Buck-Boost Converter
The procedure for calculating the surrounding components of the buck-boost converter are given in this
section. The design specifications are shown in Table 2. A schematic of the buck-boost converter is
shown in Figure 4.
Table 2. Buck-Boost Converter Specifications
PARAMETER SPECIFICATION
Input voltage (V) 3to24V
Output voltage (Voyr) 15V
Output ripple + 2%
Maximum output current (Ioyr wax) 22A
Switching frequency 320 kHz
Maximum output power (Poyr wax) 33 W
vs»{rm ;W jt 36V 42V peak l l l DC._Link
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Figure 4. Schematic of Buck-Boost DC-DC Converter

Switching Frequency

Copyright © 2016, Texas Instruments Incorporated

The switching frequency of the LM5118 is set by the oscillation resistor, which is connected to the RT pin
(R8 in Figure 4). A switching frequency of 320 kHz is selected as a compromise between component size
and efficiency. The value of RT is calculated as:

Ry =

6.4 x 10°

FSW

where:
Fsw is the switching frequency

-3.02 x

108

=16.98 kQ

@
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2.2.2 Inductor Selection
The maximum ripple into the inductor is selected as 40% of the maximum load current. Target inductor
values are then calculated for both operating modes. Then a compromise inductance value between the
two calculated values must be chosen. The inductance in buck mode is calculated from Equation 3 and
Equation 4.
For buck mode:
~ Vour (VIN_MAX - VOUT) ~ 15x(28-16) 32 uH
For buck-boost mode:
\Y x V 1
L, - ouT IN_MAX _ 5x3 ' ~ 1149 uH
(VOUT + VIN_MAX)X Fow xlpppre (15 +3)x 320k x 1.7 x 40% )
where:
* Vg7 is the output voltage
*  Vi\_wax IS the maximum input voltage
* Vi un iS the minimum input voltage
* Fgy is the switching frequency
* lzppe iS the selected inductor peak to peak ripple current
The inductor value is selected as 10 uH as a compromise between the two calculated values. The
inductance must be selected as low as possible to remove the buck-boost right-half-plane zero to a higher
frequency.
Assuming 80% of efficiency of the converter, the peak inductor current at maximum V, is calculated in
buck mode (l;peac) and buck-boost mode (Ipeak) respectively:
For buck mode:
I I 2 1.81
| pea = ouT RIPPLE_BUCK _ o N T e 363 A
N 2x(1-Lyo) O x (1-20%) )
where:
* lgyr is the output current
* 1 is the efficiency
e L;o Is the inductor tolerance
* lriprLe_suck IS the inductor ripple current in buck mode
For buck-boost mode:
lout MmN (VOUT + VIN_MIN) |RIPPLE_BUCKBOOST
lopEAK = TV + 2><(1—L )
IN_MIN TOL (6)
1x(15+3 0.65
0.8x3 2x(1-20%)
where:
* lrippLe Bucksoost IS the inductor ripple current in buck-boost mode
* lour v iS the output current at the minimum input voltage (3 V)
» 1 is the efficiency of the converter
* Lo is the inductor tolerance
Therefore, the selected inductor must have a saturation current rating at least as high as 7.9 A. The AEC-
Q200 grade inductor from Coil craft with a 10-uH, 12.5-A saturation current is chosen for this design.
8 Automotive Wide V,, Front-End Power Reference Design With Cold Crank TIDUC53-0October 2016
Operation and Transient Protections Submit Documentation Feedback

Copyright © 2016, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDUC53

13 TEXAS
INSTRUMENTS

www.ti.com System Design Theory

223 Current Sense Resistor
K factors for each mode need to be calculated before selecting a current sense resistor. K represents the

slope compensation of the LM5118-Q1 and is different for buck mode Kgc« and buck-boost mode Kg k.
BOOST*

10

IN_max — Yout (7
10
Kguck _Boost 21+ —— = 4.33
IN_MIN ®)

where:

*  Vi\_wax IS the maximum input voltage
*  Vgur is the output voltage

* Vi un IS the minimum input voltage

The sense resistor (Rgys) is calculated for each mode of operation. A design margin (M) is selected as
15% to allow for component tolerances. Therefore:

1.25 x (1- M) _ 1.25x(1-0.15)

R =
BUCK IOUT PEAK IRIPPLE BUCK 10 x i + 1.81 «1.77

= 0.026

©
2.5x(1-M)

VIN_MIN + VOUT % IOUT_PEAK " IRIPPLE_BUCKBOOST

Rsuck _BoosTt =
10 x xKguck BoosT
n 2 -

ViN_MIN

2.5 (1-0.15)

RBUCK BOOST —
10x[3+10, 2 065 a9
3 08 2

(10)

=0.013 Q

where:

* Rguck is the required sense resistance in buck mode

*  Rguck soost IS the required sense resistance in buck-boost mode

* lriprLe_uck IS the inductor ripple current in Buck mode

* lriprLe_Bucksoost IS the inductor ripple current in buck-boost mode

* lour peax is the output peak current

* M is the current limit margin

Choose an Rgyse Value of around 13 mQ to ensure the required maximum output current in buck-boost
mode. A standard value of 15 mQ is selected for this design. Power rating is calculated as:

= 15.4%2 x 0.015 x 1515 =2.96 W

Vin_min + Vour 3+ (12)

Vour

2
Psns =l2peak” x Rgns

224 Input Capacitors

The input capacitor must supply the input current during the input voltage dip in cold crank conditions.
Input capacitors are essential in limiting the ripple voltage at the input pin of the LM5118-Q1 while
supplying most of the switch current during the buck switch on-time. When the buck switch turns on, the
current into the buck switch steps from zero to the lower peak of the inductor current waveform, then
ramps up to the peak value, and then drops to the zero and turn-off. The RMS current rating of the input
capacitors for the buck (Izus_suck) and buck-boost (lzys_sucksoost) Modes can be calculated as:
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15 15
| = x /D x(1-D =2x |—x|1-— =097 A
RMS_BUCK = lout \/ MAX _BUCK ( MAX_BUCK) 24 ( 24j 12)
where:
* gyt is the output current of the buck-boost converter
*  Dyax suck 1S the maximum duty cycle when converter is in buck mode
lout
|rMs_BUCKBOOST = 1-D X \/D MAX _BUCKBOOST * (1 - DMAX_BUCKBOOST)
~ Y MAX_BUCKBOOST (13)
2 15V 15V
I = x[1-— | =447 A
RMS_BUCKBOOST = 45V “{3V 115V ( 3V+15 vj
3V+15V
where:
*  Duax_sucksoost IS the maximum duty cycle when the converter is in buck-boost mode
The required input capacitance is calculated as:
| x D
C - .RMS_BUCKBOOST MAX _ 4.47x0.833 _ 193 uF
Fsw x ViN_min x 2% 320k x 3 x 2% (14)
where:

225

*  Dyax is the maximum duty cycle in buck-boost mode
*  Vi\y_wn iS the minimum input voltage
A 150-pF electrolytic capacitor with two 3.3-uF ceramic capacitors and one 0.033-uF ceramic capacitor are

applied at the input. One 10-Q resistor is added at the LM5118 input pin to limit the current and damping
the possible ringings.

Output Capacitors

The output capacitor must supply the entire output current during the switch on time in the buck-boost
mode. Both capacitance and ESR must be considered to ensure a given output ripple voltage. The
minimum output capacitance for buck-boost mode is calculated from:

louT y Vour 2A 15V

Crm = : x —17.4 yF

Fsw xAVour  ViN_mn + Vour 320kHzx15V x2% 3V +15V (15)
where:
* AV is the desired output ripple
* Fgy is the switching frequency
The maximum ESR (ESR,,,x) can be calculated by:

AV ouT 15V x 2%
ESRuax Vour + ViN_miN ‘lour + IrippLe_BuckBOOST 15V +3V , 154 A 152 mo
ViN_MmIN 2 3V 2 (16)

where:

IrippLE_BUCKBOOST IS the inductor ripple current in buck-boost mode
* Vi wn iS the minimum input voltage
*  AVgyr is the derivation of the output voltage
One 150-pF electrolytic capacitor is added for buck capacitance and at the mean time increase the Vqyr

hold-up time. Multiple 22-pF capacitors are applied to achieve the ESR required. Two 0.22-uF ceramic
capacitor are placed at the output pins of the LM5118-Q1 to reduce the high frequency noise.

10
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2.2.6

Bias Supply Path

The LM5118 has internal architecture, which allows the system to increase tolerance to the low input
voltage. This feature is introduced through the VCCX pin. Whenever the voltage at the VCCX pin is
greater than 3.9 V, the internal VCC regulator is disabled and the VCC pin is internally connected to
VCCX pin supply. With an auxiliary bias supply the device can function properly with input voltage down to
3V, which is the most severe battery cold cranking situation.

In this design, the output voltage of the LM5118 is connected to the VCCS pin (as shown in Figure 5) in
order to:

1. Reduce the IC power dissipation.
2. Bias the internal regulator and decrease the device UVLO level allowing for the input voltage drop.

. oL 10518 . CSD18563Q5A
=
| SYNC 5118 11 | gyng vour bt o
P6 s "
rgl.8  FB 5118 — Net-Tie
. VCCX 5118 T 9 COMP 5418 || R7 R9
2/CC 5118 xggx comp '_0|I18 . 750k 0.015
VCC=7.0V AeND S — @-¢ F
EP PGND TP7 (|3|18
LM5118Q1MH/NOPB 1
1uF 470pF
GND GND
e e = R11 =
GND  GND GND GND
300 vouT
v e Qo @
R1 511k TP8 100  TP9

2.2.7

D7
BZT52C12T-7
12v

I—P—s

@
zZ
O
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Figure 5. Bias Supply Path From LM5118 Output for Power Saving and Decreasing UVLO
During Input Voltage Drop

However, the voltage applied to the VCCX pin must never exceed 15 V. Considering reliability of the
design, one Zener diode (D7) with two current limiting resistors (R11 and R16) are placed at the pin for
over voltage protection.

Calculated Control Loop Frequency Response

The LM5118 implements Type Il error amplifier compensation which is provided by C14, R7 and C18
(shown in Figure 4). For most conditions, the regulator will need a phase margin between 60 and 90
degrees at the cross over frequency. The Right-Half-Plane (RHP) zero complicates the compensation.
The empirical approach is to reduce the loop gain to cross zero at about 25% of the calculated RHP zero
frequency. The second pole must be placed close to the RHP zero. Place the error amplifier zero near the
dominate modulator pole. The LM5118 component calculation tool [4] is used for compensation network
components calculation.

Figure 6 shows the calculated gain and phase margin plots in buck-boost mode and Figure 7 shows the
calculated gain and phase margin plots in buck mode. The converter mainly works under buck-boost
mode. Therefore, an overall phase margin of about 75° can be expected with implemented compensation
component values.
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Figure 7. Calculated Loop Response of LM5118 Buck Modulator
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2.3 Buck Converter

This section lists the procedure for calculating the surrounding components of the buck converter. The
design specifications are shown in Table 3. A schematic of the buck converter is shown in Figure 8.

Table 3. Buck Converter Specifications

PARAMETER SPECIFICATION
Input voltage (V) 9to 20V
Output voltage (Vour) 5V
Output ripple + 2%
Maximum output current (Ioyr wax) 45 A
Switching frequency 400 kHz
Maximum output power (Poyr wax) 225 W
vce U2
T b o o e Vin 540 2 [y 00T |_1__BOOT 540
4 L3 N
. ‘L » EN_540 3 Jen wle sw 540**521:”: : ‘ \/Oui_ 5V I ’%‘
::fff; c25 c26 c27 3825k COMP 540 6 | coup Pz 61uH e T
4.7uF 4.7uF 0.047pF 12v FB kel FB_540
T T T o RTICLK 7 ~ R20
R21 T_540 onD) 9 D9 5.6 —==C28 —=C29 ==C30 —==C31
= PAD
16.9k MBRD835LT4G 0.047pF | 47pF 4TuF 47yF
= o2 Lew lrs TPS54540QDDARQT E
GND 110k 47pF 3249k A1 o C33
C34 LIJ TSSODF J5
4700pF| )|
4 L L 7693

! R24 R25 r R26
TP15  10.0k 536k TP16 402 P17

GND
Copyright © 2016, Texas Instruments Incorporated

Figure 8. Schematic of 15- to 5-V DC/DC Buck Converter

2.3.1 Switching Frequency

The switching frequency of the TPS54540 is limited by the limited on-time of the internal power switch.
The switching frequency is set by the oscillation resistor, which is connected to the RT pin (R23 in
Figure 8). A switching frequency of 400 kHz is selected as a compromise between component size and
efficiency. The value of RT is calculated as:

Rt = % =243 kQ
W a7)
where:
* Fgy is the switching frequency
2.3.2 Inductor Selection
The minimum required inductance (L,,,) is calculated as:
Lan = Vin_max ~ Vour Vour _16-5 5 44 H
lout *KinD Vin_max xFsw  4.5x0.3 16 x 400k (18)
where:
*  Kyp IS a ratio of the inductor ripple current to the maximum output current
*  Vi\_wax IS the maximum input voltage
* Fgy is the switching frequency of the converter
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The RMS and peak current flowing through the inductor must not exceed the inductor RMS current and
saturation ratings. The ripple current flowing into the inductor is calculated as:

Vour x (VIN_MAX - VOUT)_ 5x(16-5) 136 A
Vin_max ¥ L x Fgy 16 x 6.3 pH x 400k (19)

IRIPPLE =

where:

*  Vgur is the output voltage

* Fgy is the switching frequency

e L is the output inductance

*  Vi\_wax iS the maximum input voltage

The RMS and peak inductor currents are calculated as:

2 1 VOUTX(VIN_MAX_VOUT) _\/(45)2+1 [ 5x(16-5) j:45A

| = (I + — X = — X
L_RMS (OUT 12 Vin_max x L x Fgy 12 | 5x 6.3 uH x 400k

(20)
where:

* gyt is the output current

* Vgt is the output voltage

* Fgy is the switching frequency

e L is the output inductance

IRiPPLE 1.36 A
2

I =1 +
L_PEAK =louT @1)

where:
* lgyr is the output current
* Igppie IS the ripple current flowing into the inductor

The AEC-Q200 grade inductor with a 6.1-uH inductance, 7.6-A rated current, and 8.6-A saturation current
is selected for this design.

2.3.3 Input Capacitors
The TPS54540-Q1 requires a high quality ceramic type X5R or X7R input decoupling capacitor with at
least 3 uF of effective capacitance. Capacitance loss due to DC bias effects must be taken into account.
The ripple current rating of the capacitor must be higher than the maximum input ripple current of the
converter.
The input ripple current (I,y rvs) is calculated as:

Vour (VIN_MIN - VOUT) 5 (14-5)
Iin_rums =lout % x =4 x |—x~—2=192A
- VIN_MIN VIN_MIN 14 14 22)

where:
* gyt is the output current
* Vi wn iS the minimum input voltage
*  Vgur is the output voltage
A 47-uF electrolytic capacitor with two 4.7-pF ceramic capacitors and one 0.047-uF ceramic capacitor are
used at the input in this design.
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The input capacitance determines the input ripple voltage of the regulator. The maximum input voltage
ripple occurs at 50% duty cycle and can be calculated as:

| 0.25
ouT X _ 45A %x0.25 —49.8mV
CinxFgw  56.4 uF x 400 kHz (23)

where:

* lgyr is the output current

» C, is the selected input capacitance
* Fgy is the switching frequency

2.34 Output Capacitors

There are three primary considerations for selecting the value of the output capacitor. The output
capacitor determines the converter compensation network, the output voltage ripple, and the load transient
response of the converter.

To maintain the output voltage during load current abrupt change is the first criteria. The output
capacitance must be large enough to supply the difference for two clock cycles within the specified range.
To meet this requirement the output capacitance is calculated as:
2 x Al
ouT  _ 2x45A ~ 90 uF
Fswx AVgoyr 400 kHz x 5 x 5% (24)

Cour >

where:

* Algyr is the output current change

* Fgy is the switching frequency

* AV is the allowable change in the output voltage

The output capacitor must also be sized to absorb energy used in the inductor when transitioning from a
high to a low load. Three 47-uF ceramic capacitors are implemented and connected in parallel.

235 Calculated Control Loop Frequency Response

The TPS54540-Q1 voltage regulation loop is controlled by a trans-conductance error amplifier. The error
amplifier compares the FB pin voltage to the lower of the internal soft-start voltage or the internal 0.8-V
voltage reference. The trans-conductance (gm) of the error amplifier is 350 pA/V during normal operation.

The TPS54540 component calculation tool [5] is used for compensation network components calculation.
Figure 9 shows the calculated gain and phase margin plots of the TPS54540-Q1 buck converter.
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Figure 9. Calculated Loop Response of LM54540-Q1 Buck Converter

EMI Filter

EMI compliance is very stringent in current automotive environment in order to avoid interference with
other subsystems. The important automotive standards that are most applicable to front-end power
supplies are conducted in the test: SO7637-2, ISO16750-2, and CISPR25. The filter design discussed in
this section targets for suppressing conducted emissions. Radiated emission mainly depends on the board
layout and switching speed of the MOSFETSs.

DM Filter Design

The differential-mode (DM) filter suppresses the noise in low frequency range. Two C-L-C Pi filters, which

creates a two-stage filter for the whole system, are added at the input of the buck-boost converter and the

input of the buck converter, respectively. This is because:

1. For the buck converter, most of the conducted noise is generated at the input. The on and off switching
of the buck switch generates large switching currents.

2. For the buck-boost converter, the conducted noise is generated at both of the input and output.
Therefore, the EMI filter implemented at the input of buck converter serves for the buck-boost output at
the mean time.

The designed EMI filter is mainly for conducted emission suppression. Radiated emission mainly depends

on the board layout and switching speed of the MOSFETSs. Schematics of the filters are shown in
Figure 10 and Figure 11, respectively. The component values are calculated according to the application

report [1].

VBAT FILT

VBAT_Protect

4.7uH TP19

i

C40 ca1 C42 c43
10pF 10pF 10pF 10pF

TP21

GND
Copyright © 2016, Texas Instruments Incorporated

@
Zh
lw]

Figure 10. Schematic of DM EMI Filter for Buck-Boost Converter
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Vout_+15v L2 VFILT_+15V
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c23 C24
10pF 10uF
GND GND

Copyright © 2016, Texas Instruments Incorporated

Figure 11. Schematic of DM EMI Filter for Buck Converter

The CISPR25 spec does not define a limit at 320 kHz for components or modules, while at a middle
frequency range (from 530 kHz to 1.8 MHz) it is defined as a 54-dBuV peak for class 5 [6]. Therefore, for
the buck-boost converter the required attenuation is calculated as:

I .
msm(nD)
Att 45 = 20 x log Ty - VST(dB)
(25)
5 79 A sin(n x 0.833)
Att 4g = 20 x log| Z— 320k= 6.6 uF — 54 dB = 30.76 dB
TuVv
where:
e Atty is the required attenuation for the designed input filter
» D is the maximum duty cycle of the buck-boost converter
* |_is the DC inductor current
* Fgy is the switching frequency
» C, isthe low ESR ceramic type input capacitor of the converter
*  Vsrag IS the noise level prescribed by the EMC standard in dB.
The first order capacitor (C;) is calculated based on Equation 26 and Equation 27:
C. = Cin : _ 6.6 uF _ — 26.14F
Cp %L, X{MV] 4 6.6qu4.7pHx(2nX320kj 1
10 10 (26)
where:
e C, isthe low ESR ceramic type input capacitor of the converter
* Fgy is the switching frequency
* L is the filter inductance
1 (10Mte/40 )2 1 103076140 \2
C :L_X[anF J " 47 HX£2 x320k] =18uF
f S A T @7

A 10-pF capacitor is implemented as a compromise from values of C,, and C,,. Thus, the corner
frequency of the filter is placed at:

1 1

f, = = = 23.2kHz

2nx JL¢ xCy  2mx (/4.7 uHx 10 uF (28)
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24.2

The corner frequency is 10 times lower than the switching frequency. Since a second-order filter is
applied, 40 dB of attenuation at the switching frequency is expected. A damping capacitor C, with high
ESR is applied on the output of the filter. The purpose is to increase the input impedance of the boost
converter thus decrease the oscillations between filter and the converter. The value is selected as:

Cy24xC)y=4x6.6uF=264pF (29)

ESR of C, is calculated as:

L
ESR¢q > /C—f = /‘:g M _ 068 0
1 uF (30)

A high value 150-pF electrolytic input capacitor is implemented at the input of the buck-boost converter,
which also helps to hold-up the input power during battery cold cranking situation.

As the 23.3-kHz corner frequency is also effective for the buck converter which switches at 400 kHz, the
same values of the filter inductance and capacitance are implemented for the buck converter in order to
consolidate the BOM cost.

CM Filter

A common-mode (CM) filter is essential in filtering the noise in the high frequency range. CM chokes in
combination with Y capacitors are commonly used and placed at the input of the system for CM noise
suppression. The CM choke needs to present high impedance over a broad high frequency range. One
CM choke example is shown in reference [3]. The CM filter is not included into this design considering that
there is no connecting point to the Protective Earth (PE) for Y capacitors. However, EMI tests are
performed in Section 5 and guidelines are given for CISPR 25 conducted EMC compliance.

18
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Automotive Tests and EMC Standards

3 Automotive Tests and EMC Standards

Compliance with automotive tests and EMC standards is one of the main focuses for this design. The
focuses are those most applicable to front-end (off-battery) power supplies: ISO 7637-2, ISO 16750-2, and
CISPR25. The focused tests are detailed in this section. See their original standard documents for more
details [6][7][8]. Those standards are the guideline that the automotive OEMs will base on. Each OEM has
internal standards that specify the levels and testing that components used in their vehicles must meet.
The levels vary but are not significant:

1.

No ok owbdh

8.

ISO 7637-2 Pulse 1

ISO 7637-2 Pulse 2a

ISO 7637-2 Pulse 3a and 3b
ISO 7637-2 Pulse 5b

ISO 16750-2 Jump Start

ISO 16750-2 Reversed Voltage
ISO 17650-2 Cold Cranking
CISPR 25 Conducted Emissions

The electrical transient tests in this standard are designed to see how the subsystem behaves before,

dur

ing, and after these events. The required behavior can be classified into multiple "Functional Classes":

Functional Class A
All functions of the device or system perform as designed during and after the test.

Functional Class B

All functions of the device or system perform as designed during the test. However, one or more may
go beyond the specified tolerance. All functions return automatically to within normal limits after the
test. Memory functions remain Class A.

Functional Class C
One or more functions of a device or system do not perform as designed during the test but return
automatically to normal operation after the test.

Functional Class D

One or more functions of a device or system do not perform as designed during the test and do not
return to normal operation after the test until the device or system is reset by a simple "operator/use”
action.

Functional Class E
One or more functions of a device or system do not perform as designed during and after the test and
cannot be returned to proper operation without repairing or replacing the device or system.

This Tl Design targets at Class A where all functions of the device or system perform as designed during
and after the test.
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4 Getting Started Hardware

Figure 12 and Figure 13 show the PCB board image of TIDA-01179 from top side and bottomed side
respectively. Placement of the devices are indicated.

Input for 12-V
Reverse polarity redundant supply

protection

i3 Texas .
¥ INSTRUMENTS ||
w TIDA-01179F 1.

Connector . |

battery +
Buck-Boost
Connector converter
battery —
Input for 15-V
redundant supply
Buck-Boost output
GND  Buck output 15vV)
(5V)
Figure 12. TIDA-01179 PCB Board Top Side
Buck converter
Current sensing: resitor
of Buck-Boost
Figure 13. TIDA-01179 PCB Board Bottom Side
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5 Testing and Results

5.1 Start-up

The startup waveforms of the buck-boost and buck converters are shown in Figure 14 and Figure 15,
respectively. The soft start time is 12.4 ms for the buck-boost converter and 2.86 ms for the buck
converter.

File Vertical Timebase Trigger Display Cursors Measure Math Analysis Utiliies Help

i i | i i
Measure F1:max{C1) P21freq(C1) P3:ampl(C3) P41req(C3) P5:max(C3) P6:--- PT--- P8---

value 1503V
Trigger @)
5.00ms/diviNormal  2.10 V|
100kS 2.0MS/s|Edge Negative

status
X1= -16865ms AX= 124060 ms
X2= 107195 ms 1/AX= 80.606 Hz

Figure 14. Start-up Waveform of Buck-Boost Converter

NOTE: CH1: Output voltage of the buck-boost converter, CH2: Boost switch node (SW2) of the
buck-boost converter
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File Vertical Timebase Trigger Display Cursors Measure Math Analysis Utiliies Help

i f
1 ]

i : i | i i :
Measure F1:max{C1) P21freq(C1) P3:ampl(C3) P41req(C3) P5:max(C3) P6:--- FT--- P8---
value 518V
status v

base  -2.52 mg [Trigger c1)
2.00 Vidiv I 1.00 ms/div] Stop 212V
0 mV offset : 100 kS 10 MSis|Edge Megative

X1= -118.0ps AX= 28652ms
X2= 27462ms 1AX= 349.02Hz

Figure 15. Start-up Waveform of Buck Converter

INSTRUMENTS

NOTE: CH1: Output voltage of the buck converter, CH2: Switch node of the buck converter
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5.2 Efficiency

Efficiency of the buck-boost converter, the buck converter, and the total system (two converters connected
in series) are measured respectively under conditions of different input voltages. The measurement setup
is shown in Figure 16. Four digital multi-meters are used to measure the input voltage, input current, and
output voltage, respectively. Output current is measured through the electronic load. When measuring the
total system efficiency, two DC/DC converters are connected in series and load is connected to the buck
converter only, as shown in Figure 17.

) Digital multimeter

(Voltage measurement)

L J

C 2!

Digital multimeter
(Voltage measurement)

Digital multimeter
(Voltage measurement)

L J

L J

Buck-Boost converter

Digital multimeter
(Current Measuerment)

L J

Buck converter

Copyright © 2016, Texas Instruments Incorporated

Figure 16. Experiment Setup for Measuring Efficiency of Two DC/DC Converters Separately

Digital multimeter
(Voltage measurement)

L J

Digital multimeter
(Voltage measurement)

Digital multimeter

Buck-Boost converter
(Current measuerment)

L J

Buck converter

Copyright © 2016, Texas Instruments Incorporated

Figure 17. Experiment Setup for Measuring Efficiency of Total System
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Figure 18 shows the measured efficiency of the LM5118 buck-boost converter solely. When 86%
efficiency is achieved in the nominal operation mode, a higher efficiency is obtained when the LM5118
works under buck mode.

96%

94%

92%

90%

88%

86%
84%

82%

80%
78%

76%
74%

2%
70%

Efficiency (Buck-Boost Converter)

68%
66%

64%
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60%
0.0

— . o o & & &
/
L—T* > “; —o\v . - * -
/ / I |
/e
' ~
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| N
| N\
| ¢ 8V
| o 12Vn
] & 24V
02 03 04 06 07 08 10 11 13 14 16 17 18 20 21 22 2425

Output Current (A)

Figure 18. Measured Efficiency of Buck-Boost Converter

Figure 19 shows the measured efficiency of the buck converter solely. A peak efficiency of 92% is
obtained at the 12-V input voltage. Most of the losses are dissipated on the external freewheeling diode.

93%

92%

91%

90%
89%

88%

87%

86%
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84%

Efficiency (Buck Converter)
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- ]
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v ] ~
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P ~— !y Supay
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/ | N
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{
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Figure 19. Measured Efficiency of Buck Converter
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Figure 20 shows the measured efficiency of the total system. An overall efficiency of 75% can be expected
when the input voltage is 12 V.

84%
82%
80% Ly le———e—o —ee
78% /’
76% - e —t—
= 4% e -;;% r—s
*&i 72% // A —e
D 70% oy
S 68%
3 64% S
5 o /4
[}
] 62% I//
T 60%
58%
56% ¢ 3V
54% ¢ 8V
¢ 12V
52% I o 24V
50%
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 225 250 26.6

Ouptut Power (W) D006

Figure 20. Measured Efficiency of Total System

5.3 Load Regulation

Load regulation measurements show the percent deviation from nominal output voltage as a function of
output current at input voltages of: 3.0 V, 8 V, 12 V, and 24 V. The experiment setup is the same as that
of the efficiency measurement, as shown in Figure 21.

) Digital multimeter
(Voltage measurement)

L J

~

Digital multimeter
(Voltage measurement)

Digital multimeter
(Voltage measurement)

L J

L J

Buck-Boost converter

Digital multimeter
(Current measurement)

L J

Buck converter

Copyright © 2016, Texas Instruments Incorporated

Figure 21. Experiment Setup for Measuring Load Regulation of Two DC/DC Converters
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Figure 22. Load Regulation of Buck-Boost Converter
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Figure 23. Load Regulation of Buck Converter
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5.4 Output Voltage Ripple

The output voltage ripple of the buck-boost converter and buck converter are measured respectively under various input voltages and different
load conditions.

5.4.1 Buck-Boost Converter

The output voltage ripples of the buck-boost converter under different input voltages (3 V, 8 V, and 13 V) and different loads (0.1 A, 0.6 A, and 2.2
A) are shown from Figure 24 to Figure 29.

i i i 1 i i i i i S 1 i i
Measure P1:max(C4) P2freq(C1) P3:ampl(C3) P4freq(C3) P5:max(C3) Pé&:--- PT:--- P&8--- Measure P1:max(C4) P2freq(C1) P3:ampl(C3) P4Areq(C3) Pa:max(C3) PG--- FT--- P&---
value 1478V 9.0mV 2485004 MHz value 14.54 Vv 4060mv  311.77T1kHz
status i 4 h.d status 4 4 iy

imebase -2.00 ps) (Trigger C1) imebase -2.00 ps] [Trigger C1]
2.00 psidiv) Stop 350V 50.0 mVidiv| | i 2.00 psidiv] Stop 350V
100kS 50GS/sjEdge Positive) 50.00 mV| 5 100kS 50GSisjEdge  Positive)

Figure 24. Output Voltage Ripple of Buck-Boost Converter Under Figure 25. Output Voltage Ripple of Buck-Boost Converter Under
Vi =3.0Vandlg, =0.1A V,y=3.0Vand g, =06 A

-36.5 mv]----

NOTE: CHS3: Output voltage ripple of the buck-boost converter, CH4: Output voltage of the buck-boost converter
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c4 c4|
|
Measure P1:max(C4) F2freg(C1) P3:ampliC3) P4freq(C3) Pa:max(C3) Pé--- FT--- Pa--- Measure P1:max(C4) P2freq(C1) P3:ampliC3) P4freq(C3)  Pomax(C3) PG--- FT--- Pg---
value 1471V 6.8 mV 424.4134kHz value 1481V 1631 mV 311.3615kHz
status v b 4 - % s
imebase -2.00 ps| (Tri imebase -2.00 ps| [Tri
2.00 ps/div] Stop 2.00 ps/div] Stop
100kS 50GSis 100kS 5.0GSis
Figure 26. Output Voltage Ripple of Buck-Boost Converter Under Figure 27. Output Voltage Ripple of Buck-Boost Converter Under
Vy=8Vand Iy =0.1A Vy=8Vand lo,, =22 A

NOTE: CH3: Output voltage ripple of the buck-boost converter, CH4: Output voltage of the buck-boost converter
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c4 c4)

Measure P1:max(C4) F2freg(C1) P3:ampliC3) P4freq(C3) Pa:max(C3) Pé--- FT--- Pa--- Measure P1:max(C4) P2freq(C1) P3:ampliC3) P4freq(C3)  Pomax(C3) PG--- FT--- Pg---
value 1470V 105 mV  205.9090 kHz value 1477V 188 mV 311.2968kHz

status v £ £ status v & £

imebase  -2.0 ps| (Tri imebase  -2.0 ps| [Tri
5.00 us/div] Stop 5.00 psidiv| Stop
500kS 10GSis 500kS 10GSis
Figure 28. Output Voltage Ripple of Buck-Boost Converter Under Figure 29. Output Voltage Ripple of Buck-Boost Converter Under
Vy=13Vand lo,;=0.1A Vn=13Vand lo,; =22 A

NOTE: CH3: Output voltage ripple of the buck-boost converter, CH4: Output voltage of the buck-boost converter
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5.4.2 Buck Converter
Output voltage ripples of the buck converter under a 15-V input and different loads (0.1 A and 4.1 A) are shown in Figure 30 and Figure 31.

P1:max(C1) P2freg(C1) P3:ampl(C3) P4freq(C2) P5:max(C3) Pé&:--- PT:--- P&8--- P1:max(C1) P2freq(C1) P3:ampl(C3) P4Areq(C2) Pa:max(C3) PG--- FT--- P&---

508V 29mv  1.09103 MHz 515V 527mV  388.7T41kHz
= 8 ® o
Stop
s |Edge
Figure 30. Output Voltage Ripple of Buck Converter Under Figure 31. Output Voltage Ripple of Buck Converter Under
Vy=15Vand Ig; = 0.1 A V=15V and lg; = 4.1 A

NOTE: CH4: Output voltage ripple of the buck converter, CH1: Output voltage of the buck converter, CH2: Switching node of the buck converter
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5.5 Load Transients

551 Buck-Boost Converter

NOTE: For Figure 32 through Figure 35:
CH2: Output voltage ripple of the buck-boost converter, CH1: Load current of the buck-boost

converter

Figure 32 shows the load transient response of the buck-boost converter. The load is switching from 1 to
2.2 A with a period of 36 ms. The input voltage is set to 13 V.

Stopped 129 20 Jun 16 15:27:4%
Stonge hw — | anons,
o e e e L PR T R TR o R R R SRR R Curs1 Pos
.'Tm:—|
Cuis? Pos
T e
g ¥z 300.0en¥
&Y G45OmY
! |owicl) 957 Srné
L 1w 95T 4999 7m
[y I A5TEm M 857 5n
- leo: 00 n: 130
CLATEH
T
1+
.................... M e
Chi 104 o ha 200y % B M 4 Orre: 250650 LT

& Ol s 1884

Figure 32. Load Transient Response of Buck-Boost Converter Under V,y =13V
and Iy, Switching Between 2.2 A and 1 A
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Figure 33 shows the load transient response of the buck-boost converter. The load is switching from 1 to
2.2 A with a period of 36 ms. The input voltage is set to 24 V.

_ Etopped e 20 Jun 16 158059
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4 ¥z2: 140.0m¥
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I 957 FE250m

T L |m: =2 5m A 957 5n
e W n 28500

L

—
4
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................... | PP IS A T R e |
Chi 1.04 ] ha DOy % Bw M 4 Orre: 250650 LT

Figure 33. Load Transient Response of Buck-Boost Converter Under V,y =24V
and lg,r Switching Between 2.2 A and 1 A

Figure 34 shows the load transient response of the buck-boost converter. The load is switching from 1 to
2.2 A with a period of 36 ms. The input voltage is setto 8 V.

Frevies 0 Acigs 20 Jun 16 15:28:13% m
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{u: 957 48391m

4| 957 5m ;957 Sn

B T e
x 2 I l1a- 0.0 mo10

Chi a2 Ghe  200mY % Bw M 4.0 250655 4 Dyt
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Figure 34. Load Transient Response of Buck-Boost Converter Under V=8V
and lo,r Switching Between 2.2 A and 1 A
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Figure 35 shows the load transient response of the buck-boost converter. The load is switching from 0.3 to

0.8 A with a period of 36 ms. The input voltage is setto 3 V.
Btug_!.d “.”‘ﬁ. R T, 20 Jun 16 15:36:15 | m

Figure 35. Load Transient Response of Buck-Boost Converter Under V,, =3.0V
and lo,; Switching Between 0.8 A and 0.3 A

55.2 Buck Converter

NOTE: For Figure 36 through Figure 38:
CH2: Output voltage ripple of the buck converter, CH1: Load current of the buck converter

Figure 36 shows the load transient response of the buck converter. The load is switching from 2 to 4.7 A

with a period of 5 ms. The input voltage is set to 3 V.
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Figure 36. Load Transient Response of Buck Converter Under V=13V
and lo,r Switching Between 4.7 A and 2 A
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Figure 37 shows the load transient response of the buck converter. The load is switching from 2 to 4.7 A
with a period of 5 ms. The input voltage is set to 8 V.
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Figure 37. Load Transient Response of Buck Converter Under V=8V
and lo,r Switching Between 4.7 A and 2 A

Figure 38 shows the load transient response of the buck converter. The load is switching from 2 to 4.7 A
with a period of 5 ms. The input voltage is set to 24 V.
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Figure 38. Load Transient Response of Buck Converter Under V=24V
and o, Switching Between 4.7 A and 2 A
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5.6 Thermal Images

Thermal performance of the design board is measured by taking the thermal images. The circuit is running
at the room temperature (25°C) for 30 minutes. The allowed maximum, normal and minimum input
voltages are applied. The measurement setup is shown in Figure 39. The test conditions for evaluating the
thermal performance are listed in Table 4.

Buck-Boost converter

Buck converter

Buck-Boost
output

Buck output

Copyright © 2016, Texas Instruments Incorporated

Figure 39. Experiment Setup for Measuring Thermal Performance of TIDA-01179

Table 4. Thermal Test Conditions

kv CK/;BO%‘;'T BUCK Vourllour TO | 1o1aL ouTPUT AMBIENT
INPUT VOLTAGE | youtllour 10 ELECTRONIC vt RUNNING TIME | o AMBIENT
LOAD
13V 15 V/0.77 A 5V/4.0 A 31.55 W 30 minutes 25°C
13V 15 V/0.5 A 5V/25 A 20w 30 minutes 25°C
24V 15 V/0.77 A 5V/4.0 A 31.55 W 30 minutes 25°C
24V 15 V/0.5 A 5V/25 A 20w 30 minutes 25°C
6V 15 V/0.5 A 5V/2.7 A 21w 30 minutes 25°C
6V 15V/0.3 A 5V/I1A 0w 30 minutes 25°C
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The thermal images of the board under various conditions are shown from Figure 40 to Figure 51.

Figure 40. Thermal Image of Board Top Side With Figure 41. Thermal Image of Board Bottom Side With
Vv =13V and Py, =31.55 W Viy =13V and Py, = 31.55 W

Figure 42. Thermal Image of Board Top Side With Figure 43. Thermal Image of Board Bottom Side With
V=13V and Py,; =20 W V=13V and Py,; =20 W
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Figure 44. Thermal Image of Board Top Side With Figure 45. Thermal Image of Board Bottom Side With
V=24V and Pg,; = 31.5 W V=24 Vand Pg,; =315 W

~60.6

Figure 46. Thermal Image of Board Top Side With Figure 47. Thermal Image of Board Bottom Side With
Vin =24V and Py, =20 W Vin=24Vand Py,; =20 W

Figure 48. Thermal Image of Board Top Side With Figure 49. Thermal Image of Board Bottom Side With
Vy=6Vand Py, =21W V= 6Vand Py, =21 W
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5.7

Figure 50. Thermal Image of Board Top Side With

Figure 51. Thermal Image of Board Bottom Side With
Vy=6Vand Py,; =10 W

Vy=6Vand Poy, =10 W

Control Loop Frequency Response

The control loop responses are measured for the buck-boost and buck converters under various loads and
input voltages, respectively. The measurement setup for the buck-boost converter is shown in Figure 52.
Output of the network analyzer is connected to the test points TP8 and TP9, which is cross the injection
resistor R15. TP8 and TP9 are also connected to the input channel A and channel B, respectively.

O Vin

- HO

1 .

LM5118
Buck-Boost converter

Vour

MT'—O

Network analyzer

LO —]

If = | Z}

am oooo
FB
e
ooooooog 1
oo —
oo ooom -
=] EAI:IB: -c -R R15
Q
-
Output
> —L_ P8 TP9
Input A -
<
Input B
<

Copyright © 2016, Texas Instruments Incorporated

Figure 52. Control Loop Frequency Response Measurement Setup
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5.7.1 Buck-Boost Converter

The loop frequency response of the buck-boost converter is tested under various conditions as shown in
Table 5. The measured results are shown from Figure 53 through Figure 60.

Table 5. Test Conditions of Frequency Response of Buck-Boost Converter

INPUT VOLTAGE OUTPUT CURRENT lgyr OUTPUT POWER
05A 7.4W
13V
22A 32.56 W
05A 7.4W
24V
22A 32.56 W
05A 7.4W
6V
09A 13.32 W
0.2A 2.96 W
3V
05A 7.4W
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Loop frequency responses of the buck-boost converter with a 13-V input voltage are shown in Figure 53 and Figure 54.

Tl T/R Log Mag 10.00 de/ Aef —30.00 d8
000y 5. 4017080 KRz -0.0256 db

20.00
i, 0 A
. 00 i
0. 0 "—‘—-'f-\_._._\_

FO.00 -
.0 ”
Ml T/r Fhase 40,00 °/ mef 50,00 °

#10:-0 =1 5.4017080 ¥nz 107,69

Figure 53. Loop Frequency Response of Buck-Boost Converter With
Vy=13Vand Iy =05 A

FEE T/R Log Mag 10,00 de/ mef -30.00 de

-
M08 1 6.4385670 KMz -0.098% dB
0.00
| .
10. 00 —
= 1
0.000 ST

—

——

-30. 00K a4
40. 00

50. 00 !

50. 00 I | b

Tr2 T/R Phase 40.00 "/ mef 50.00 -

0.0
=1 E.4385670 khz 97,068 °

Figure 54. Loop Frequency Response of Buck-Boost Converter With
V=13V and o= 2.2 A

NOTE: Tracel: Buck-boost converter loop response gain, Trace2: Buck-boost converter loop response phase
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Loop frequency responses of the buck-boost converter with a 24-V input voltage are shown in Figure 55 and Figure 56.

Trl T/R Log Mmag 10.00 4B/ Ref -30.00 dB Wil /= Log Mag 10.00 dn; Eel -30,00 do
0, 00 -, - N T
>1 6.7543320 Knz 0.2377 do -0 51 78 973808 knz -0.0436 08
. PR Ly
20, O 20, Ol l_\_\_\_‘-—\..\__
—_— T —
10 0K el 3 10, 0O —— 3
‘-\"-\—._._ e ——
), Qo "-'-E"-...___‘_ 0. 00 e ey |

7, 00 ! ! - - - - Tr? T/8 Fhase 35.00 */ Ref 50.00 *
T/R Phase 35.00 */ Ref 50.00 - 50, 0
» R TS B 74073804 knz 05,110

X |

1900
>1 6.7543320 EMz 100.56 °

155.0

125.0

160.0

Figure 55. Loop Frequency Response of Buck-Boost Converter With Figure 56. Loop Frequency Response of Buck-Boost Converter With
Vy=24Vand I, =05A V=24 Vand gy =2.2 A

NOTE: Tracel: Buck-boost converter loop response gain, Trace2: Buck-boost converter loop response phase
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Loop frequency responses of the buck-boost converter with a 6-V input voltage are shown in Figure 57 and Figure 58.
T- T/R Log Mag 10,00 de/ nef =30.00 d& [*lll T % Log Mag 10.00 dn; =ef -30.00 db
0. T e W00 1 3. orEzv0 WMz 0.004Z dB
0. o 20, 00
10,00 | 10.00 | .
Tt & r. 00 T
1, 000 ""--:I_\_\_\_ 0-20a ——
I [ 10, 00 i —
10. 00 ——— < S gy
0. 00 T — 0. 00
-30. 00} \ y ’ 30.00) ”
40.00
40, O 1
0. 00 i
50. 00 W‘,
&0, 00
50. B0 (
70. 00 =
. 0 == TrZ T/R Phase 50.00 */ mef 50.00 °
Tr2 T/R Phase $0.00 */ Ref 30.00 * 250-0 =y 3.0782170 Enz 88,777 °
00 513 3816020 BNz .795 200.0
S -
z 150.0 b |
T h, L )y |
150, O ) \ \ |I 100, 0 i e \‘\ .II‘
1000 | . - - - — \\\ { l I|| 50. 00y i o e \'.
— \ { |
50, 00 ¢ ~— 1 | i ] e \ H
0. 000 -.-l"‘"\. h! !I" 50, 00 Tl \ N!
\ 1 | e |

Figure 58. Loop Frequency Response of Buck-Boost Converter With
Vy=6Vandly,;=09A

Figure 57. Loop Frequency Response of Buck-Boost Converter With
Vy=6Vandly,;=05A

NOTE: Tracel: Buck-boost converter loop response gain, Trace2: Buck-boost converter loop response phase
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Loop frequency responses of the buck-boost converter with a 3-V input voltage are shown in Figure 59 and Figure 60.
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Figure 59. Loop Frequency Response of Buck-Boost Converter With
Vi =3.0Vandly; =02A

Figure 60. Loop Frequency Response of Buck-Boost Converter With
Vn=3.0Vand Il =05A

NOTE: Tracel: Buck-boost converter loop response gain, Trace2: Buck-boost converter loop response phase
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5.7.2 Buck Converter

The loop frequency response of the buck converter is tested under various conditions as shown in
Table 6. The measured results are shown from Figure 61 to Figure 64.

Table 6. Test Conditions of Frequency Response of Buck Converter

INPUT VOLTAGE OUTPUT CURRENT Iyt OUTPUT POWER

1A 5W

15V
4 A 20w
1A 5W

9V
4 A 20w
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Figure 61. Loop Frequency Response of Buck Converter With Figure 62. Loop Frequency Response of Buck Converter With
Vy=15Vandly,;=1A Vy=15Vand lg,; =4 A

NOTE: Tracel: Buck converter loop response gain, Trace2: Buck converter loop response phase
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Figure 63. Loop Frequency Response of Buck Converter With Figure 64. Loop Frequency Response of Buck Converter With
Vi=9VandIlg,;=1A Ve=9Vandl,,=4A

NOTE: Tracel: Buck converter loop response gain, Trace2: Buck converter loop response phase
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5.8 Electrical Transient Testing

Three electrical transient test pulses, 1ISO 7637-2:2004 Pulse 1, 2a, 3a, and 3b are performed. For all the
tests, the battery DC voltage of 13.5 V is applied to the input, and a 3.5-A load current is applied to the
buck converter.

The measurement setup for electrical transients testing, the equipment model, and functions are shown in
Figure 65.

NSG5600
Pre-amplifier

NSG5500 — (
Pulse generator - - IS Power
amplifier
Figure 65. Measurement Setup for Electrical Transients Test
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5.9 Electrical Transient Testing Parameters From OEMs
As stated previously, OEMs (and other standards organizations) maintain their own versions of these
pulses in their own standards. Table 7 shows an example comparison of the ISO 7637-2 defined pulses
with various OEM's definitions.
Table 7. Comparison of ISO 7637-2 Defined Pulses From Various OEMs
PARAMETER ‘ Viax (V) Rsource () T, TouraTion
ISO 7637-2: PULSE 1
OEM#1 -100 10 1us 2ms
OEM#2 -100 10 1us 2ms
OEM#3 -100 10 1us 2ms
OEM#4 -100 4 1us 2ms
ISO 7637-2: PULSE 2A
OEM#1 75 4 1us 50 ps
OEM#2 100 10 1us 50 ps
OEM#3 50 1us 50 us
OEM#4 75 1us 50 pus
ISO 7637-2: PULSE 3A
OEM#1 -150 50 5ns 0.1 s
OEM#2 -150 50 5ns 0.1t0 0.2 ps
OEM#3 -150 50 5ns 0.1 s
OEM#4 -150 50 5ns 0.1 s
ISO 7637-2: PULSE 3B
OEM#1 100 50 5ns 0.1 s
OEM#2 100 50 5ns 0.1t0 0.2 ps
OEM#3 100 50 5ns 0.1 s
OEM#4 100 50 5ns 0.1 s
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5.9.1 ISO 7637-2 Pulse 1

ISO7637-2 Pulse 1 is defined as "a simulation of transients due to supply disconnection from inductive
loads. It is applicable to DUTs which, as used in the vehicle, remain connected directly in parallel with an

inductive load."

The waveform of the applied pulse for the Pulse 1 test is shown in Figure 66. A minimum voltage of —150
V is reached. Find detailed parameters for the test in Table 7.
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Figure 66. Pulse 1 Test Pulse
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Figure 67 shows the performance of the system during the test. Figure 68 shows the pulse falling slope in expanded scale. The circuit functions
recover as designed after the test. The TVS diode clamped the voltage at —19.7 V.

B S0ns -183.00ms _ _ Birizd E500ps -2, 0000ms _ _ OSton
. - Cursor
Tvp
*- *- =
o R B P L o K Ll T M B Bl SRy ot Amp | i tude
P P SPE, | [X).SPCL. | SROR S S| luelle PO R, S L | luelle
L e i cHl L e e cHl
2 2
13 Anol i tude 13 Anp | 1 tude
~150aV —  =150aV
) -9 [ -19.3v

Figure 67. Outputs of Power Rails During Pulse 1 Test Figure 68. Falling Slopes During Pulse 1 Test

NOTE: CH1: Test pulse applied to the system input. CH2: Output voltage of the buck converter, CH3: Output voltage of the buck-boost converter
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5.9.2 ISO 7637-2 Pulse 2a
ISO7637-2 Pulse 2a is defined as "simulates transients due to sudden interruption of currents in a device
connected in parallel with DUT due to inductance of the wiring harness."

The waveform of the applied pulse for Pulse 2a test is shown in Figure 69. A peak voltage of 130 V is
reached. Find detailed parameters for the test in Table 7.
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Figure 69. Pulse 2 Test Pulse
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Figure 70 shows the performance of the system during the test. An overshoot of 23.4 V with a duration of 2 us is observed at the output of the
buck-boost converter. An overshoot of 14.3 V with a duration of 2 ps is observed at the output of the buck converter.
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Figure 70. Outputs of Power Rails During Pulse 2a Test

Figure 71. Output Overshoot During Pulse 2a Test

NOTE: CH1: Test pulse applied to the system input, CH2: Output voltage of the buck converter, CH3: Output voltage of the buck-boost converter
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593 ISO 7637-2 Pulse 3a

ISO7637-2 Pulse 3a and 3b are defined as: "These test pulses are a simulation of transients which occur
as a result of the switching processes. The characteristics of these transients are influenced by distributed

capacitance and inductance of the wiring harness."

The waveform of the applied pulse for Pulse 3a test is shown in Figure 72. A minimum voltage of —235 V
is reached. Find detailed parameters for the test in Table 9.
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Figure 72. Pulse 3a Test Pulse
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Figure 73 shows the performance of the system during the test. A undershoot of —43.4 V with a duration of 25 ns is observed at the output of the
buck-boost converter. An overshoot of —34.2 V with a duration of 25 ns is observed at the output of the buck converter.
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Figure 73. Outputs of Power Rails During Pulse 3a Test Figure 74. Output Voltage Undershoots During Pulse 3a Test

NOTE: CH1: Test pulse applied to the system input, CH2: Output voltage of the buck converter, CH3: Output voltage of the buck-boost converter
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594 ISO 7637-2 Pulse 3b
The waveform of the applied pulse for Pulse 3b test is shown in Figure 75.
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Figure 75. Pulse 3b Test Pulse
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Figure 76 and Figure 77 show the performance of the system during the test. An overshoot of 43.4 V with a duration of 25 ns is observed at the
output of the buck-boost converter. An overshoot of 54.1 V with a duration of 25 ns is observed at the output of the buck converter. The oscillations
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Figure 76. Outputs of Power Rails During Pulse 3b Test Figure 77. Output Voltage Overshoots During Pulse 3b Test
NOTE: CH1: Test pulse applied to the system input, CH2: Output voltage of the buck converter, CH3: Output voltage of the buck-boost converter
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5.10 ISO 16750-2: Jump Start

ISO 16750-2 jump start simulates the condition where two 12-V batteries are connected to the supply lines
in series. This is an overvoltage condition, which is sustained for a period of time. The jump start
waveform applied to the system input is shown in Figure 78. A step-up voltage from 1.8 to 24.8 V is

applied.
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Figure 78. Applied Jump Start Waveform
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Figure 79 shows output power rails of the system during the jump start test, which lasted for 60 seconds.
Both the buck-boost converter and the buck converter remain stable and function normally as designed.
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Figure 79. Outputs of Power Rails During Jump Start Test

NOTE: CH1: Jump start waveform applied to the system input, CH2: Output voltage of the buck
converter, CH3: Output voltage of the buck-boost converter

5.11 ISO 16750-2: Reversed Voltage
ISO7637-2 reversed voltage test is defined as: "This test checks the ability of a DUT to withstand against
the connection of a reversed battery in case of using an auxiliary starting device." The waveform of the
reversed voltage, which is applied to the system input, is shown in Figure 80. A step-down voltage of —14

V is applied.
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Figure 80. Applied Reversed Voltage Waveform

Figure 81 shows output power rails of the system during the reversed voltage test, which lasted for 60
seconds. Both the buck-boost converter and the buck converter recover and perform as designed after the

test.
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Figure 81. Outputs of Power Rails During Reversed voltage Test

NOTE: CH1: Reversed voltage waveform applied to the system input, CH2: Output voltage of the

buck converter, CH3: Output voltage of the buck-boost converter
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5.12 Cold Crank Test

Cranking tests simulate the droop in supply voltage when the engine is started due to the large current
draw of the starter motor. The voltage levels are very dependent on the temperature of the car during
start-up, with severe cold leading to the largest drop in voltage ("cold crank™).

Us

The starting profile values for systems with a 12-V nominal voltage are listed in Table 8. The TIDA-01179
is tested under severe cold cranking pulses (level 3) where the battery voltage droop down to 3.0 V for 15
ms. This is one of the key objectives of this design. The buck-boost converter needs to sustain the output
voltage when the battery voltage falls very low, which also prevent the downstream circuits from

malfunctioning.

v

1

A

\ 4
A

time
test voltage
falling slope
rising slope
ts duration parameters (in accordance with Table 8)
supply voltage for generator in operation (see ISO16750-1)
supply voltage
supply voltage at ts

f=2Hz

Figure 82. Battery Cranking Profile per ISO16750-2 Standard

Table 8. Starting Profile Values for Systems With 12-V Nominal Voltage

LEVEL
PARAMETER
| 1 11 1\
U 8 (-0, 2 4,5 (-0, 2 3 (-0, 2 6 (-0, 2
Voltage (V) 6 ( ) (-0, 2) ( ) ( )
Us 9,5 (-0, 2) 6,5 (-0, 2) 5 (-0, 2) 6,5 (-0, 2)
t 5 (0, 5) 5 (0, 5) 5 (0, 5) 5 (20, 5)
ts 15 (#1, 5) 15 (+1, 5) 15 (£1, 5) 15 (£1, 5)
Duration (ms) |t; 50 (£5) 50 (£5) 50 (£5) 50 (£5)
tg 1000 (+100) 10,000 (£1000) 1000 (+100) 10,000 (+1000)
t, 40 (+4) 100 (+10) 100 (+10) 100 (+10)
A2 B? B? A?
AP B® (o B®
Minimum functional status
B¢ ce ce ce
B¢ cd c c
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5.12.1 Level 2 Test
The system outputs during the clod cranking test are shown in Figure 83. The system remains loaded with

3.5 A during the test.
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Figure 83. Cold Cranking Test Pulse (Level 2)

Figure 84 shows the expanded time scale at the beginning transient of the input pulse. The minimum

voltage droop reached 4.06 V. Both the buck-boost and buck converter outputs remain constant.
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Figure 84. Expanded Time Scale at Beginning of Cold Cranking Pulse (Level 2)

NOTE: CHZ1: Test pulse applied to the system input, CH2: Output voltage of the buck converter,
CH3: Output voltage of the buck-boost converter
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5.12.2 Level 3 Test

Level 3 is the most stringent cold cranking pulse, where the minimum voltage droop can reach 3.0 V (as
shown in Figure 85). The system outputs during the test are shown in Figure 86. During the test, the
system remains loaded as 3.5 A.
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Figure 85. Severe Cold Cranking Test Pulse (Level 3)

E200ns -600. 00ns Roll O5toe @ 1/ 1

Tvp

Amp | i tude

Buelle

£ Anpl i tude
O] 3o2v
] 1.5V

Edge + @B oG S0

d: 100nV M1, 00V

M9 TH1T] CH1 # CHZ

A =10, B Emp ty Empty

Figure 86. Outputs of Power Rails During Severe Cold Cranking Test (Level 3)

NOTE: CH1: Test pulse applied to the system input, CH2: Output voltage of the buck converter,
CH3: Output voltage of the buck-boost converter
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Figure 87 shows the expanded time scale at the beginning transient of a cold cranking pulse. The
minimum voltage droop reached 3.02 V with a duration of 15 ms. Both the buck-boost and buck converter
outputs remain constant.
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Figure 87. Expanded Time Scale at Beginning Transient of Cold Cranking Pulse (Level 3)

NOTE: CH1: Test pulse applied to the system input, CH2: Output voltage of the buck converter,
CHa3: Output voltage of the buck-boost converter
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5.12.3

Summary of Electrical Transient Tests

Table 9 summarizes the performed transient pulse tests, the applied parameters, and the test results.

Table 9. Summary of Electrical Transient Pulse Tests

PARAMETER VMAX/MIN (V) RSOURCE (Q) Tr TDURATION TTOTAL |LOAD (A) VINDC (V) RESUI—T
ISO 7637-2: -150 10 1us 2 ms 42 minutes 35 13.5 Pass
Pulse 1
ISO 7637-2: .
Pulse 2a 112 2 1ps 50 ps 42 minutes 3.5 135 Pass
ISO 7637-2: -220 50 5ns 0.1 us 60 minutes 35 13.5 Pass
Pulse 3a
ISO 7637-2: .
Pulse 3b 150 50 5ns 0.1 ps 60 minutes 35 135 Pass
Jump Start 26 4 10 ms 60 s 60 seconds 35 26 Pass
Reversed -14 4 10 ms 60's 60 seconds 35 -14 Pass
Voltage
Cold Crank 45 4 100 ms NA 10 seconds 35 NA Pass
level 2
Cold Crank 3 4 100 ms NA 1.2 seconds 35 NA Pass
level 3

where:

Vuax IS the maximum peak voltage of the pulse
Rsource IS the source impedance
T, is the rising slope time
Touration IS the duration of the pulse
TroraL IS the total testing time
I oap is the load current

V\noc i the input DC voltage

NA — not applicable
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5.13 CISPR25 Conducted Emissions Testing

CISPR 25 contains limits and procedures for the measurement of radio disturbances in the frequency
range of 150 kHz to 2.5 GHz. The standard applies to any electronic or electrical component intended for
use in vehicles, trailers, and devices. The emission standard consists of conducted emission and radiated
emission, respectively. The TIDA-01179 focuses on the conducted emission tests. Radiated emissions are
not of interest because this subsystem as part of the HEV/EV traction inverter system is placed into an
aluminum case where most the radiated emissions will be shielded.

5.13.1 Conducted Emissions Test Setup and Conditions

The test setup for conducted emission is shown in Figure 88 as per outlined in the CISPR 25 standard
documentation. The EUT is powered through an artificial network or LISN and loaded. The EUT must be
placed on a non-conductive, low relative permittivity material er < 1.4) at (50 £ 5) mm above the ground
plane. The power supply lines between the connector of artificial network and the connector of the EUT
must have a standard length of 200 mm. The load simulator is placed directly on the ground plane. A
spectrum analyzer is connected to the artificial network through a BNC cable to measure the conducted
emission of the EUT.

R = W q‘, rom—-

12-V batter | 1
g Ground plane Load resistor

Artificial TIDA-01179

network -5 \ ey T i)

Coaxial cable

Figure 88. Conducted Emission Measurement Setup
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Table 10 and Table 11 show the peak limits and average limits from CISPR 25 standard. OEMs define which class a specific subsystem must

satisfy.
Table 10. Conducted Emission Peak Limits per CISPR 25
LEVELS IN dB(uV)
SERVICE
OR BAND FREQ (MHz) CLASS 1 CLASS 2 CLASS 3 CLASS 4 CLASS 5
PEAK QUASI-PEAK PEAK QUASI-PEAK PEAK QUASI-PEAK PEAK QUASI-PEAK PEAK QUASI-PEAK
BROADCAST
LW 0.15t0 0.30 110 97 100 87 90 77 80 67 70 57
MW 0.53t0 1.8 86 73 78 65 70 57 62 49 54 41
SW 591t06.2 77 64 71 58 65 52 59 46 53 40
FM 76 to 108 62 49 56 43 50 37 44 31 38 25
TVBand| | 41to88 58 — 52 — 46 — 40 — 34 —
TV Band lll
DAB Il 174 to 230
TV Band 171 to 245
VIV 468 to 944 Conducted emission — Voltage method
DTTV 470to 770 Not applicable
DAB L 1447 to 1494
band 2320 to 2345
SDARS
MOBILE SERVICES
CB 26 to 28 68 55 62 49 56 43 50 37 44 31
VHF 30to 54 68 55 62 49 56 43 50 37 44 31
VHF 68 to 87 62 49 56 43 50 37 44 31 38 25
66 Automotive Wide V,, Front-End Power Reference Design With Cold Crank TIDUC53-0October 2016
Operation and Transient Protections Submit Documentation Feedback

Copyright © 2016, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDUC53

13 TEXAS

INSTRUMENTS
www.ti.com Testing and Results
Table 11. Conducted Emission Average Limits
LEVELS IN dB(uV)
SERVICE
OR BAND FREQ (MHz) CLASS 1 CLASS 2 CLASS 3 CLASS 4 CLASS 5
AVG AVG AVG AVG AVG
BROADCAST
LW 0.15 to 0.30 90 80 70 60 50
MW 0.53t01.8 66 58 50 42 34
SwW 59106.2 57 51 45 39 33
FM 76 to 108 42 36 30 24 18
TV Band | 41 to 88 48 42 36 30 24
TV Band Il
DAB Il 174 to 230
TV Band 17110245 Conducted emission — Voltage
IVIV 468 to 944 method
DTTV 470 to 770 Not applicable
DABL | 1447 to 1494 PP
band 2320 to 2345
SDARS
MOBILE SERVICES
CB 26 t0 28 48 42 36 30 24
VHF 30 to 54 48 42 36 30 24
VHF 68 to 87 42 36 30 24 18
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Figure 89. Ambient Noise (150 kHz to 30 MHz)
® *REW 9 kHz
*VBW 5 kHz
Ref 87 dBpv ALt 5 dB " SWT 1.75 =
100 MHz
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| A
=1
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Start 30 MHz Stop 108 MH=
Figure 90. Ambient Noise (30 to 108 MHz)
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5.13.2 Filter Implementation

Conducted EMI is tested with implementing DM and CM filters, respectively. The DM filter is implemented
on board as introduced in Section 2.4.1.

The CM filter for TIDA-01179 is implemented externally on a separate board. It is connected to the TIDA-
01179 design board for high frequency noise filtering. The schematic is shown in Figure 91. The CM
choke appears high impedance over a broad high frequency range.

ACM1211-102-2PL-TLO1

L1
+Line 2 3 *L Cc2
AAN
1. AN

T 1pF _
—Line 1 W 4

c3
T 0.047 pF

GND
Copyright © 2016, Texas Instruments Incorporated

Figure 91. Schematic of Implemented CM Filter

Table 12. TIDA-01179 CM Filter BOM

DESIGNATOR | VALUE PARTNUMBER DESCRIPTION FOOTPRINT QTY
c1 1uF | MKS4D041003FOOKSSD | CAP, film, 1 pF, 100 V, +10% Bulk 1
L1 4TWF | ACM1211-102-2PL-TLOL 1 kQ at 100-MHz CM choke Horizontal, 4 PC pad | 1
c2,C3 0.047 uF | GCM21BR72A473KA37L | O-047HF, 100 ceramic capacitor 0805 2

5.13.3 With 13.5-V Input voltage

First, the conducted EMI is tested with 13.5-V nominal input voltage. The emissions are measured under
various circuit configurations as listed here. The system is loaded at 3.5 A under all the test conditions. All
tests are done on the +Line at the input of the board.

o Test condition 1 as shown in Figure 92

» Test condition 2 as shown in Figure 97

» Test condition 3 as shown in Figure 99

» Test condition 4 as shown in Figure 101

The experiments show that the system passed the Class 5 peak limit in the range from 150 kHz to 30

MHz with DM filter only, but fails in the average test. With the designed CM and DM filters, the system
successfully passed CISPR 25 Class 5 tests (both average and peak limits).
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1oV Artificial ¥ LM5118-Q1
(Buck-Boost —p 15V,0A

network controller)
15V, 117 A
A 4
Spectrum
analyzer 5V.35A
TIDA-01179 Design Board TPS54540-Q1 > Load

(Buck converter) resistor

Copyright © 2016, Texas Instruments Incorporated

Figure 92. Test Circuit 1 With DM Filter

® * REW 9 kHz
*VEW 5 kHz

Ref 87 dBpv ATt 5 dB SWT 540 ms
1 MHz 10 MHz
[ =
ENER | cpop oF
o
CLEWE]
60
50
| ” | i
- 1 [-
30 ]

=
—

—F]
| =
=
———

Start 150 kH=z Stop 30 MHz

Figure 93. Measured Peak Noise of Test Circuit 1
(150 kHz to 30 MHz, Limit Line: CISPR 25 Class 5 Peak, Limit Check: Pass)
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® * RBW 9 kH=z=
*WVBW 5 kH=
Ref 87 dBpv AtC 5 dB SWT 1.4 s
100 MH=
&0 B
«| o1
|
I 1 1 | 1] -|
30
10
--10
Center 56.92092788 MHz Span 78 MH=z
Figure 94. Measured Peak Noise of Test Circuit 1
(30 to 108 MHz, Limit Line: CISPR 25 Class 5 Peak, Limit Check: Fail)
® *RBW 9 kH=z
Ref 87 dBpv Attt 5 dB ;::r :CI’\ :I‘.\s B8.4123499
1 MHz Mantkc e =1
1 v
&0
L0 -
" || | W \
~30 T m 6DB
| "
ﬂw—-
L 10
Center 2.121320344 MH= Span 29.85 MH=z
Figure 95. Measured Average Noise of Test Circuit 1
(150 kHz to 30 MHz, Limit Line: CISPR 25 Class 5 Average, Limit Check: Fail)
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® * REW © kHz
*VEW kHz

75 =

= oo

Ref 87 dBuv ACt 5 dB SWT

1 100 MHz

&0

[-60

[~V

=10

Start 30 MHz Stop 108 MH=

Figure 96. Measured Average Noise of Test Circuit 1
(30 to 108 MHz, Limit Line: CISPR 25 Class 5 Average, Limit Check: Fail)
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I I

135V Aniicial ANZ4 LM5118-Q1
n;t'v\"‘(’)':( (Buck-Boost |} b 15V,0A
controller) 15V, 1.17 A
A
4
Spectrum
analyzer \ 4
5V,35A
TIDA-01179 Design Board TPS54540-Q1 ~ Load
(Buck converter) resistor

Copyright © 2016, Texas Instruments Incorporated

Figure 97. Test Circuit 2 With Both Buck-Boost and Buck DM Filter Inductors Bypassed
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Figure 98. Measured Peak Noise of Test Circuit 2
(150 kHz to 30 MHz, Limit Line: CISPR 25 Class 5 Peak, Limit Check: Pass)

Artificial

Open
@)

Open

I

30 MH=z

y

network

Spectrum
analyzer

Zl

TIDA-01179 Design Board

LM5118-Q1
(Buck-Boost |} p 15V,0A
controller) 15V, 1.17 A
\ 4
\ 4
5V,35A
TPS54540-Q1 <
(Buck converter) =

Load
resistor

Copyright © 2016, Texas Instruments Incorporated

Figure 99. Test Circuit 3 With Buck DM Filter Inductor Bypassed
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@ * RBW 9 kHz
*VBW 5 kHz
Ref 87 dBuv Att 5 dB SWT 540 ms 8.
1 MHZ W oz
»
4] A
=| c12F SPK

a0
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————
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Start 150 kHz Stop 30 MH=z

Figure 100. Measured Peak Noise of Test Circuit 3
(150 kHz to 30 MHz, Limit Line: CISPR 25 Class 5 Peak, Limit Check: Pass)
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135V Avtificil ¥ LM5118-Q1
i 'c'i CM filter (Buck-Boost —p 15V,0A
networ controller)
15V, 1.17 A
A
Spectrum
analyzer 5V,35A
TIDA-01179 Design Board TPS54540-Q1 5| Load
(Buck converter) "1 resistor
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Figure 101. Test Circuit 4 With Both CM and DM Filters
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Figure 102. Measured Peak Noise of Test Circuit 4
(150 kHz to 30 MHz, Limit Line: CISPR 25 Class 5 Peak, Limit Check: Pass)
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Figure 103. Measured Peak Noise of Test Circuit 4
(30 to 108 MHz, Limit Line: CISPR 25 Class 5 Peak, Limit Check: Pass)
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Figure 104. Measured Average Noise of Test Circuit 4
(150 kHz to 30 MHz, Limit Line: CISPR 25 Class 5 Average, Limit Check: Pass)
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Figure 105. Measured Average Noise of Test Circuit 4
(30 to 108 MHz, Limit Line: CISPR 25 Class 5 Average, Limit Check: Pass)

76 Automotive Wide V,, Front-End Power Reference Design With Cold Crank TIDUC53-0October 2016

Operation and Transient Protections Submit Documentation Feedback
Copyright © 2016, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDUC53

13 TEXAS
INSTRUMENTS

www.ti.com Testing and Results

5.13.4 With 6-V Input voltage

Secondly, the conducted EMI is tested with a 6-V input voltage. The emissions are measured under
various circuit configurations as listed. The system is loaded at 3.5 A under all the test conditions. The
experiments show that the system passes CISPR 25 Class 5 peak limit however fails in average limit.
With the designed CM and DM filters the system successfully passed CISPR 25 Class 5 tests (both
average and peak limits).

» Test condition 1 as shown in Figure 106
» Test condition 2 as shown in Figure 111

Open Open
— [ I
Artificial ¥ LM5118-Q1
network (Buck-Boost _» 15V,0A
controller)
15V, 1.17A

4
Spectrum
analyzer 5V.35A
TIDA-01179 Design Board TPS54540-Q1 > Load

(Buck converter) resistor

Copyright © 2016, Texas Instruments Incorporated

Figure 106. Test Circuit 1 With DM Filter, Without CM Filter
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=

~-10
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Figure 107. Measured Peak Noise of Test Circuit 1
(150 kHz to 30 MHz, Limit Line: CISPR 25 Class 5 Peak, Limit Check: Pass)
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Figure 108. Measured Peak Noise of Test Circuit 1
(30 to 108 MHz, Limit Line: CISPR 25 Class 5 Peak, Limit Check: Pass)
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Figure 109. Measured Average Noise of Test Circuit 1
(150 kHz to 30 MHz, Limit Line: CISPR 25 Class 5 Average, Limit Check: Fail)
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Figure 110. Measured Average Noise of Test Circuit 1
(30 to 108 MHz, Limit Line: CISPR 25 Class 5 Average, Limit Check: Fail)
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Figure 111. Test Circuit 2 With Both CM and DM Filters
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Figure 112. Measured Peak Noise of Test Circuit 2
(150 kHz to 30 MHz, Limit Line: CISPR 25 Class 5 Peak, Limit Check: Pass)
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Figure 113. Measured Peak Noise of Test Circuit 2
(30 to 108 MHz, Limit Line: CISPR 25 Class 5 Peak, Limit Check: Pass)
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Figure 114. Measured Average Noise of Test Circuit 2
(150 kHz to 30 MHz, Limit Line: CISPR 25 Class 5 Average, Limit Check: Pass)
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Figure 115. Measured Average Noise of Test Circuit 2
(30 to 108 MHz, Limit Line: CISPR 25 Class 5 Average, Limit Check: Pass)
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6 Design Files

To download the schematics, see the design files at TIDA-01179.

To download the bill of materials (BOM), see the design files at TIDA-01179.

6.1 Schematics
6.2 Bill of Materials
6.3

PCB Layout Recommendations

The TIDA-01179 implements a four-layer PCB. The board material, copper thickness, and the dielectric
distance in between are shown in Figure 116. A 36-mil thickness dielectric is placed between the ground
layer (second layer) and the third layer, where most of the switching nodes are placed. The aim is to
minimize the noise couplings.

Layer Stack Manager

[ save | Load Presets -| 30 o le] |
|LayerNune Type Matesial | Trickness ) | Disectric atedal m Pullback fmil) o |9’"e"a"
| Top Overay Oveday |
Top Solder Solder Mask/Cov... | Suface Material |04 Solder Resist 35 lo

O N N E B B[ Signal Copper 14 Top
Dislectric1 Dielectric | Prapreg 5 FR4 42

B BN BN B BN B B ([ondLaye Signal Copper 1 Not Allowed |

I ] | Ditectric 2 Dielectric Core B FR4 42

H . B B B |3dlayer Signal Copper 14 Mot Allowed
Dielectnc 3 Dielectric Prepreg 5 FR4 42

. . I B B |Bottom Layer Signal Copper 14 Bottom
Botiom Solder | Solder Mask/Cov. . | Suface Matenial | 0.4 Solder Resist 15 lo
Bottom Owveday Oveday

Figure 116. Layer Stack of TIDA-01179

Figure 117 shows the placement of the input capacitors of the buck-boost converter. They are placed as
close as possible to the chip.

Figure 117. Place Input Capacitors Close to Buck-Boost Controller
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Figure 118 shows the placement of the input MOSFETSs of the buck-boost converter. They are placed as
close as possible to the chip in order to ensure reliable turn-on and turn-off of the power transistors.

LM5118-Q1

Figure 118. Place MOSFETs Close to Buck-Boost Controller

Figure 119 shows the switching loop when the LM5118-Q1 works in buck mode. The loop consists of the
input capacitors, MOSFET Q1, freewheeling diode D3, and the current sensing resistor R9.

LM5118-Q1 Input caps

Sensing resistor R9

Figure 119. Buck Switching Loop of LM5118-Q1
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Figure 120 shows the switching loop when the LM5118-Q1 works in boost mode. The loop consists of the

output capacitors, MOSFET Q2, and the boost diode D1.

\J ® so o

ooo

Output cap o LM5118-Q1

®goo00 %0000
1 °

ok,

Figure 120. Boost Switching Loop of LM5118-Q1

Figure 121 shows the placement of the input capacitors of the buck converter. They are placed as close

as possible to the chip.

Figure 121. Place Input Capacitors Close to Buck Converter
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Figure 122 shows the placement of the output capacitors of the buck converter. They are placed as close
as possible to the chip.

Output caps

TPS54540-Q1

© O
o)

© O

Figure 122. Place Output Capacitors Close to Buck Converter

Figure 123 shows the placement of the components in the LM5118-Q1 compensation network. They are
placed away from the switching node. Their underneath is shielded by the ground plane. The aim is to
minimize the noise couplings into the compensation so that the buck-boost converter is maintained stable.

Compensation
network of LM5118-Q1

SW node
plane of
LM5118-Q1

Figure 123. Place Compensation Network Close to Controller and Away From Any Switch Node
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Figure 124 shows the placement of the components in the TPS54540-Q1 compensation network. They
are placed away from the switching node. Their underneath is shielded by the ground plane. The aim is to
minimize the noise couplings into the compensation so that the buck converter is maintained stable.

GND plane

SW node
plane of
LM5118-Q1

Figure 124. Place Compensation Network Close to Controller and Away From Any Switch Node

Figure 125 shows the placement of thermal vias surrounding the diode D3. Heat dissipation for this
component is important for this design. The power losses onto D3 are significant due to the large peak
current and relatively large forward voltage comparing to a MOSFET.

Figure 125. Thermal Vias Placement for Increased Cooling of Schottky Diode D3

6.3.1 Layout Prints
To download the layer plots, see the design files at TIDA-01179.
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6.4 Altium Project
To download the Altium project files, see the design files at TIDA-01179.

6.5 Gerber Files
To download the Gerber files, see the design files at TIDA-01179.

6.6 Assembly Drawings
To download the assembly drawings, see the design files at TIDA-01179.
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transient conduction along supply lines only
8. 1S016750-2: Road vehicles — Environmental conditions and testing for electrical and electronic
equipment
8 Terminology
AFE— Analog front-end
AEC— Automotive electronics council
ESR— Equivalent series resistance
EMI— Electromagnetic interference
EMC— Electromagnetic compatibility
DM— Differential mode
CM— Common mode
UVLO— Undervoltage lockout
MOSFET— Metal oxide semiconductor field effect transistor
CISPR— International special committee on radio interference
PE— Protective earth
ISO— International organization for standardization
BOM— Bill of material
OEM— Original equipment manufacturer
AN— Atrtificial network
LISN— Line impedance stabilization network
EUT— Equipment under test
PCB— Printed circuit board
HEV— Hybrid electric vehicle
EV— Electric vehicle
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IMPORTANT NOTICE FOR TI REFERENCE DESIGNS

Texas Instruments Incorporated (‘TI") reference designs are solely intended to assist designers (“Designer(s)”) who are developing systems
that incorporate Tl products. Tl has not conducted any testing other than that specifically described in the published documentation for a
particular reference design.

TI's provision of reference designs and any other technical, applications or design advice, quality characterization, reliability data or other
information or services does not expand or otherwise alter TI's applicable published warranties or warranty disclaimers for Tl products, and
no additional obligations or liabilities arise from TI providing such reference designs or other items.

Tl reserves the right to make corrections, enhancements, improvements and other changes to its reference designs and other items.

Designer understands and agrees that Designer remains responsible for using its independent analysis, evaluation and judgment in
designing Designer’s systems and products, and has full and exclusive responsibility to assure the safety of its products and compliance of
its products (and of all Tl products used in or for such Designer’s products) with all applicable regulations, laws and other applicable
requirements. Designer represents that, with respect to its applications, it has all the necessary expertise to create and implement
safeguards that (1) anticipate dangerous consequences of failures, (2) monitor failures and their consequences, and (3) lessen the
likelihood of failures that might cause harm and take appropriate actions. Designer agrees that prior to using or distributing any systems
that include TI products, Designer will thoroughly test such systems and the functionality of such TI products as used in such systems.
Designer may not use any TI products in life-critical medical equipment unless authorized officers of the parties have executed a special
contract specifically governing such use. Life-critical medical equipment is medical equipment where failure of such equipment would cause
serious bodily injury or death (e.g., life support, pacemakers, defibrillators, heart pumps, neurostimulators, and implantables). Such
equipment includes, without limitation, all medical devices identified by the U.S. Food and Drug Administration as Class Il devices and
equivalent classifications outside the U.S.

Designers are authorized to use, copy and modify any individual TI reference design only in connection with the development of end
products that include the TI product(s) identified in that reference design. HOWEVER, NO OTHER LICENSE, EXPRESS OR IMPLIED, BY
ESTOPPEL OR OTHERWISE TO ANY OTHER TI INTELLECTUAL PROPERTY RIGHT, AND NO LICENSE TO ANY TECHNOLOGY OR
INTELLECTUAL PROPERTY RIGHT OF Tl OR ANY THIRD PARTY IS GRANTED HEREIN, including but not limited to any patent right,
copyright, mask work right, or other intellectual property right relating to any combination, machine, or process in which Tl products or
services are used. Information published by Tl regarding third-party products or services does not constitute a license to use such products
or services, or a warranty or endorsement thereof. Use of the reference design or other items described above may require a license from a
third party under the patents or other intellectual property of the third party, or a license from TI under the patents or other intellectual
property of TI.

TI REFERENCE DESIGNS AND OTHER ITEMS DESCRIBED ABOVE ARE PROVIDED “AS IS” AND WITH ALL FAULTS. TI DISCLAIMS
ALL OTHER WARRANTIES OR REPRESENTATIONS, EXPRESS OR IMPLIED, REGARDING THE REFERENCE DESIGNS OR USE OF
THE REFERENCE DESIGNS, INCLUDING BUT NOT LIMITED TO ACCURACY OR COMPLETENESS, TITLE, ANY EPIDEMIC FAILURE
WARRANTY AND ANY IMPLIED WARRANTIES OF MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE, AND NON-
INFRINGEMENT OF ANY THIRD PARTY INTELLECTUAL PROPERTY RIGHTS.

TI SHALL NOT BE LIABLE FOR AND SHALL NOT DEFEND OR INDEMNIFY DESIGNERS AGAINST ANY CLAIM, INCLUDING BUT NOT
LIMITED TO ANY INFRINGEMENT CLAIM THAT RELATES TO OR IS BASED ON ANY COMBINATION OF PRODUCTS AS
DESCRIBED IN A TI REFERENCE DESIGN OR OTHERWISE. IN NO EVENT SHALL TI BE LIABLE FOR ANY ACTUAL, DIRECT,
SPECIAL, COLLATERAL, INDIRECT, PUNITIVE, INCIDENTAL, CONSEQUENTIAL OR EXEMPLARY DAMAGES IN CONNECTION WITH
OR ARISING OUT OF THE REFERENCE DESIGNS OR USE OF THE REFERENCE DESIGNS, AND REGARDLESS OF WHETHER TI
HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES.

TI's standard terms of sale for semiconductor products (http://www.ti.com/sc/docs/stdterms.htm) apply to the sale of packaged integrated
circuit products. Additional terms may apply to the use or sale of other types of Tl products and services.

Designer will fully indemnify TI and its representatives against any damages, costs, losses, and/or liabilities arising out of Designer’s non-
compliance with the terms and provisions of this Notice.
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